Range-Resolved Cross-Wind Remote Sensing Using a Polychromatic

AlGaAs Semiconductor Laser

Feng Chen

B.S.. Physics, Anhui University, China, 1985
M.S., Laser Remote Sensing, Anhut Institute of Optics & Fine Mechanics,
Academia Sinica. China. 1988
M.S.. Electrical Engineering, Oregon Graduate Institute of Science & Technology, 1993

A dissertation submitted to the faculty of the
Oregon Graduate Institute of Science & Technology
in partial fulfillment of the
requirements for the degree
Doctor of Philosophy
in
Electrical Engineenng

January. 1996



The dissertation “Range-Resolved Cross-Wind Remore Sensing Using a Polychro-
matic AlGaAs Semiconductor Laser” by Feng Chen bas been examined and approved by

the following Examination Committee:

U J. Fred Holmes, Dissertarion Advisor
Professor

V. S. Rao Gudirfetia
Assistant Professor

\—Tony Bell

Associate Professor

Aslam Khalil
Professor
Portland State University



Acknowledgements

T would like to thank my advisor, Dr. J. Fred. Holmes for giving me the opportu-
nity to work on this research project; for his help and encouragement throughout the work;
for his profound knowledge and great personality. I would also like to acknowledge Drs.
Holmes, Gudimetla, Bell, and Khalil for serving in my dissertation examination
committee.

I would like to take this opportunity to thank John Hunt for his guidance and
contributions to this research project; for his strict disciplines of being a good engineer. [
appreciate my fellow students Dr. Badih Rask and Chunyan Zhou for the help and friend-
ship and for good suggestions they made to the development of the project.

Finally I wish to thank my wife Yang Niu for her love and support. tor her great

contribution to the experiments.

ii



Table of Contents

Page

ACKNOWLEDGEMENTS . .. e 11

TABLE OF CONTENTS ... o e e e 1v

LIST OF FIGURES . . .o e e e vi

LIST OF TABLES .. e e ix

ABS T RACT . X

Chapter 1  INTRODUCTION . .. ... e 1
Chapter2 THEORETICAL BACKGROUND OF LASER REMOTE

SENSING SYSTEM ... oo e 6

2.1 The Intensity Correlation Function for a Polychromatic Source .. ... ... 7

2.2 Time-Delayed Covariance of the Received Intensity . ............... 13

2.3 Wind Sensing Techniques . .. ... . . 17

Chapter 3 NUMERICAL ANALYSIS OF VARIANCE AND COVARIANCE. . .. 22

3.1 Some Simplifications for Numerical Analysis ..................... 23

3.2 TDC and Autocovariance for the Point Detectors. .. ................ 31

3.3 Aperture Averaging Effect on TDC and Autocovanance. . ............ 38

Chapter 4 SYSTEM DESIGN AND EXPERIMENT SETUP .................. 47

4.1 The Optics of the “White Light” Systern . .. .......... ... ... .... 50

411 The TranSmitter . ... .. oot e e 50

4.1.2 The Recetver Telescope. ... .. ... o v 51

4.1.3 TIntensity vs. Range for “White Light” System . .......... ... 55

4.1 Signal Processing Schemes and Signal to Noise Ratio. . .............. 60

42.1 CodingSchemes. . ... ... 61

v



4.2.2 Signal Noise Ratio and Simulation Results. . ............ ... 66

4.3  Signal to Noise Ratio for the “White Light” Systern. . ............... 75

4.4 EleCtrONICS . .. ..o i 79

4.5 Experiment Setup. . .. ... . 85
Chapter 5 EXPERIMENTALRESULTS ...... ... ... ... ... ... ... ...... 87
5.1 Experiment Procedure and Results of Autocovariance and TDC. . ... ... 91

5.2 Experiment on Aperture Averaging Effect. .......... . ... ... ... 105

5.3 More Wind Measurements . .. ... ..ottt 113

5.4 New Receiver and Processing Design ............................ 122
Chapter 6 CONCLUSIONS AND FUTUREWORK . ......... .. .. ... ..., 131
References. . . ..o 136
APDEnAIX A o e 142
Appendix B .. e 145
Appendix C. .o 153
Appendix D. o 163
Appendix E. .o 188



2.1
2.2
3.1

3.2

3.3

3.5

3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13

3.14

List of Figures

Page
Configuration of the path geometry for a lidar system. .................... 7
Techniques for wind remote SEpSINg. . ... ... i 18

Effect of the simplification on the exponential term of r with strong turbulence.. 25

Effect of the simplification on the exponential term of r with weak turbulence. . 26

Comparison of exp (4Cx) and cxp(-%j) .............................. 27
4
Comparison of exp (4Cx) and CXP(_E_a) .............................. 28
TDC for the point detectors with Ci = 10e-14 ,P=25mm.............. 32
TDC for the point detectors with Ci = 10e-16 ,P=25mm.............. 33
TDC for point detectors, with C. = 1.0e—16,P=Smm. ... ............. 34
TDC for point detectors, with Ci = 1 0e—14,.P=Smm........... ... ... .. 35
Auto-covariance of point detectors, Ci =10e-14 ... ... 36
Auto-covariance of point detectar, Ci =10e—16 ... ... .. ... ... 37
TDC of two half-moons with radius r=Smm. .. .......... . ... .. .. ... ... 41
TDC of two half-moons with radius r=25mm. ........................... 42
Auto-covariance of half-moon shaped receiver, radius r=Smm. . . . ........... 43
Auto-covariance of half-moon shaped receiver, radivs r=25mm. . . .. ... ...... 44

Vi



3.15
3.16
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8

4.9

4.10

4.12
4.13
5.1
5.2
53
5.4
5.5

5.6

5.7

vi

TDC of rectangular shaped receiver with width of 20mm. . ............. ... 45
The autocovariance of rectangular shaped receiver of width of 20 mom.. ....... 46
Configuration of “White Light” system. . ... ... ... ... .. .. .. .. ... ... 49
Schematic of the telescope. .. ... . . 52
Simplified diagram of the transmitter and receiver system (not in scale).. .. . . .. 53
Theoretical intensity profile for a coaxial system.. ............... ... ... ... 58
Received signal profile for “White Light” system. . ... ... ... .. ... ..... .. 59
Schematic of pseudo-random code generator. . .. ... .. .. L 62
Simulated results of cross-correlation functions of #; and &’,. .......... .. .. 65
Recovered signal for different modulation codes, no background noise. ... .. .. 73
Recovered signal for different modulation codes, severe background

NOISE 1S PreSented. . . . .. o e 74
Pseudo Random Generator and control logic for the receiver. . .............. 81
Detector and preamplifier. . .. ... ... 82
Two channel receiver. .. ... . . &3
Timing diagrams of the “White Light” system.. .. ... ... .. ... ... ... ... 84
Cross wind measurements with both “White Light” and Campbell unic. .. ... .. 89
Intensity vs. range of the return signal off hard target at 250 meters. . ... ... ... 93
Two channe] Iidar signal from hard target at 250 meters. .. ......... ... .. .. 94
Autocovariance of two channel signals from a hard target at 250 meters. . ... .. 95
Time delayed cross covariance of intensities. . ........... .. ... .. ... ... 96

Processed results. (a) TDC from different ranges;
(b) calculated cross wind speed. . ...... . ... ... 97

TDC oft hard target at 800 meters. 3 inches receiverisused.. . .............. 101



5.8
5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

5.22

vill

Auto-covariances of two channel intensities from hard target at 800 meters.. ... 102
TDC with hard target at 800 meters and receiving aperture of 5.5 inches. .. ... . 103
Autocovariance with hard target at 800 meters and receiving aperture

Of 5.5 INCheS. (. e 104
Two different receiving apertures: (a) two half-moons; (b) two rectangles. . . .. . 105
Aperture averaging effect on time delayed covariance for two

half-MoON rECEIVETS. .. .. 107
Autocovariance of both experiment and numerical analysis of two

half-moon reCeIVeTS. . .. ... 108
Aperture averaging effect on time delayed covariance for two

TeCtANgUIAr TECEIVETS. . . o oot et e e e e e 110
TDC'’s of both numerical analysis and experiment of two

TECtANZUIAT TECEIVEIS. « o o v v vttt et e e e e et e e e e e 111

Autocovariance of both experiment and numerical analysis with

TECEANZUIAT TECEIVRIS. L+ o . v o it et e et et et et e e e e e e e e 112
The TDC of experiment with two rectangular receivers of width=20 mm. ... .. 114
Cross wind measurements by both “White Light” and Campbell unit.. . ... .. .. 115

The TDC of experiment with rectangular receiver of width=20 mm,

double pulse A/D trigger wasused. .. ... ... 117
Cross wind measurements by both “White Light” and Campbell unit,

double pulse A/D triggerwasused. .. ......... ... 118
Intensity vs. range profiles from aerosols produced by

“White Light” system. ... .. ... ... 120

Two channels signals from aerosols at about 300 meters.. .................. 121



5.23

5.25
5.26
5.27
5.28

5.29

4.1

1X

Diagram of receiver optics, where a 50/50 beam splitter

and two knife edgesareused. .. ... . .. 123
Equivalent receiver area for the receiver system shown in figure (5.23).. ... ... 124
Cross covariance with autocovariance, bigger common area wasused. . . .. .. .. 126
Cross covariance with autocovarance, smaller common area was used. . .. .. .. 127
Cross covariance with autocovariance subtracted from figure (5.26).. .. ... .... 128
Cross covariance with autocovariance subtracted from figure (5.25)........... 129
Cross covariances before and after autocovariance is subtracted.. ... ......... 130
List of Tables
page

List of components in “White Light” system. . .. ......... ... ... ... .. 86



ABSTRACT

Range-Resolved Cross-Wind Remote Sensing Using a Polychromatic

AlGaAs Semiconductor Laser

Feng Chen

Oregon Graduate Institute of Science & Technology

Supervising Professor: Dr. J. Fred Holmes

Laser generated speckle and its interaction with turbulence have been studied for
more than twenty years and have been utilized in atmospheric wind sensing. When a
diffuse target or randoraly distributed aerosols generated speckle pattern propagates back
to the receiver, a scintillation pattetn is created due to the speckle turbulence interaction.
If a cross wind is present, the scintillation pattern will move with time across the field-of-
view of the receiver. As a result, the average cross wind velocity can be obtained using
the time-delayed statistics of the speckle field at the receiver.

Previously developed statistics of the polychromatic laser speckle field were
adopted. Some development and simplifications were made on the autocovariance and

Time-Delayed covariance(TDC) so that numerical analysis can be implemented for a



finite receiving area. Numercal calculations were performed on the SUN work station
using the Gauss Quadrature approximation. The aperture averaging effect which was
simulated, corresponded to that actually observed from the experimental results.

Pseudo-random code modulation made it possible to run the transmitter CW and
still have range resolving capability. Semiconductor Jasers have the advantage that modu-
lation can be applied to the laser directly as a driving current. Small and reliable laser
diodes and optical fibers made it possible to build a reliable and compact lidar system with
potential practical applications such as wind shear detection for airplane safety. A coaxial
lidar was built with an 8-inch receiving telescope. An AlGaAs laser diode with pigtailed
Sum single mode fiber was used as a transmitter. A single mode, multi-frequency laser
working at 830 nm with a CW power of SO mW was transmitted for better aerosol back-
scattering. Highly sensitive photomultiplier tubes were used as detectors and an integra-
tion detection scheme was employed. Different receiver systems were also designed and
tested for the purpose of increasing the TDC ang detectability.

Experiments were conducted over a variety of atmospheric conditions and receiver
configurations. The aperture averaging effect was observed from the experimental results
and comparisons were made with the numerical predictions. Large amounts of data were
taken to produce cross wind speed estimates using the Peak Shift method. Time sevies of
cross wind speed measurements were also produced and compared with the results of
other equipment. The rtesults of a new receiver and processing scheme are presented.

Suggestions for improvements and future work are also discussed.



Chapter 1

Introduction

Optical remote sensing of atmospheric parameters using the effects produced by the

atmosphere on optical propagation started in late 1960’s.1> The measurements of the spa-

tial averaged turbulence strength (represented by the refractive index structure function

2 : : .. :
C ) and wind velocity are some of the great applications of Jaser remote sensing. Early
version of laser remote sensing systems for atmospheric wind and turbulence using dou-

ble- ended configuration have been demonstrated during the early 1970°s%*? and has been
proven to be reliable over the years. However, the use of these sensors are limited to
applications where both ends of the path are accessible, because it requires a laser source
at one end and a receiver at the other end. More research work have devoted to the devel-
opment of single ended laser remote sensors since late 1970’s for such applications as the

study of global weather changes, environmental monitoring and control, and even wind

shear detecting and warning for aviation safety.lo' 14

When a coherent laser source illuminates a diffuse target. a speckle pattern will be

gencl'atcd.15‘16 The effect of turbulence on the target-generated speckle pattern can be
utilized in single-end optical remote sensing of atmospheric cross winds. The speckle pat-
tern 1s perturbed by the atmosphere as it propagates back to the transmitter end. This cre-

ates a scintillation pattern at the receiver which will move across the field of the recejver
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in the presence of a cross wind. As a result, the average vector crosswind along a horizon-
tal path perpendicular to the direction of the outgoing taser beam can be obtained by using
the time delayed statistics of the speckle field at the recetver.

Pulsed laser systems that utilize the speckle-turbulence interaction and direct detec-

tion have been developed by some researchers and their results indicated the potential of

the speckle-turbulence technique.'”2! The range resolved wind profile can also be
obtained using a pulsed system. But such systems are inadequate due to the limit of laser
technology such as pulse repetition rate restrictions and processing techniques. Further-
more, a pulsed laser remote sensing system requires a complicated and expensive trans-
mitter and a complex electronic receiver which suffers from the additional problems of
beam alignment and stability.

Coherent heterodyne detection combined with the effect of speckle-turbulence has the

advantage of good signal to noise ratio and high sensitivity.”> An optimum SNR can be
reached by controlling the local oscillator signal level. Furthermore, the crosswind
obtained using speckle turbulence interaction can also be a by-product of a coherent het-
erodyne detection doppler lidar remote sensing system. A doppler lidar system uses the
aerosols in the atmosphere to backscatter some of the transmitter energy from a pulsed
laser back to the receiver where the doppler shift is used to measure the magnitude of the
wind velocity along the line of the sight. Because non-uniformities of the turbulence do
not effect the doppler shitt, the doppler systems are very well suited for global measure-
ment from the earth’s orbit.>>?* However, the disadvantages of large and complicated

pulse system are still a big issue which prevents building a reliable system for practical

applications.



Pseudo random code (PRC) modulation has been around for quiet 2 long time. It
makes it possible to run the transmitter as CW and still be capable of having range infor-
mation. The simplicity of the design of both the optical control system and electronics
make it very attractive to the laser wind remote sensing applications. It has been very

active in the research and development of compact and reliable CW laser remote sensing

systems using both heterodyne and direct detection schemes.?>?7 A coherent Jidar using
PRC modulation in conjunction with heterodyne detection was developed in the Remote

Sensing Group at Oregon Graduate institute to measure the three dimensional wind speed

by doppler techniques and statistics of speckle-turbulence interaction effect.?® Some good
results obtained demonstrate the feasibility of future uses.

Some disadvantages have to be mentioned related to heterodyne detection. A good
phase match between local oscillator and backscattering beam has to be reached in order
to obtain the optimum detection. Relatively longer wavelength lasers have to be chosen as
transmitter for better alignment and detection but lower interaction with aerosols 1s
observed. In addition, the cornplexity of optical modulation may be a problem. All these
1ssues make the use of higher frequency lasers at near infrared with PRC modulation and
direct detection very attractive.

With the development of the communication and semiconductor laser technology,
high power, small and reliable diode lasers ate available with the ease of applying PRC
modulation directly to laser diodes as a driving curtent. Pseudo random code modulated
semiconductor laser and direct detection was first used to detect chemicals in the atmo-

sphere and later used for atmospheric water vapor 1n differential absorption lidar. 2230



Range resolution and successful measurements were also rcportcd.31'35

A single transverse, multi -longitudinal mode at wavelength around 830 nin AlGaAs
laser with about 100mW CW power was used as transmitter for this thesis project. The
primary gaol of this project is to build a low power, CW, compact and reliable laser system
to measure range resolved atmospheric cross wind using interactions between aerosols-
created speckles and turbulence. Optical direct detection and a pseudo random code of
code length of 511 us are used. Integration of code length is used to increase the signal to
noise ratio. Fibers can be directly pigtailed to the laser diode and used for delivering the
received light. This also make it possible to have a reliable and compact system.

Early theoretical work on speckle propagation in the turbulent atmosphere was

136 A monochromatic Jaser source was used and the

accomplished by Holmes et a
extended Huygens Fresnel principle was unlized to make it possible to express the second

order statistics analytically. A diffuse hard target was used for both coherent heterodyne

detection and direct detection system. Later this work was generalized by Holmes et al?’

to include the effect of the log-amplitude fluctuations and feasibility of remote sensing of
cross wind was determined. In his thesis dissertation, V. S. Gudimetla extended the work

to the polychromauc source and partially coherent laser source generated speckle pattern

propagation in turbulent atmosphere was studied in detail *8

In this thesis, the theory about polychromatic Jaser speckle propagation is adopted
and several wind sensing technigues are introduced. Extension is made trom a point
detector to a finite receiving area. Simplifications are made to the formulations of the sec-

ond order statistics, so numerical analysis is possible. In chapter 3, Gauss Quadrature



approximation subroutines in the NAG library are used for numerical analysis of autoco-
variance and time delayed covariance. Different sizes and shapes of receiver are consid-
ered and aperture averaging effect is studied in detail.

A great deal of effort was devoted to the construction and development of the direct
detection lidar “White Light” system used in gathering data. In chapter 3, the experimen-
tal set-up is outlined and the optics and electronics are described. The detected signal 1s
calculated and the signal to noise ratio is analyzed. Different coding schemes are intro-
duced and signal to noise ratios are simulated. The parameters of components used for the
system are also listed in table(4.1).

The experimental results are presented in chapter 5. The received intensities off of a
hard target, processed autocovariance, TDC and cross wind speed are presented. The
aperture averaging effect is experimentally tested. Different shapes and sizes of receiver
are used in the experiment and the results are compated with the numerical predictions.
Practically optimum receivers are chosen for cross wind measurements and the time senes
of cross wind measurements are compared with the cross wind measurements from a
Campbell Scieotific Crosswind Sensor. Some results of acrosol measurement are pre-
sented and some problems are discussed. New receiver and processing schemes are intro-
duced to increase the TDC and the performance of the system.

In chapter 6, the conclusions for the theoretical and experimental work in this thesis
are given and future extensions of this work are also discussed.

Some computer simulation programs, A/D programs and signal processing programs

are listed in the appendices.



Chapter 2

Theoretical Background of Laser Remote Sensing Systems

The atmosphere is constantly moving. Solar radiation, heat transportation and wind
are the main contributors to random motion. Energy 1s consumed by the random spatial
and temporal fluctuations of parameters such as pressure, temperature and velocity. This
phenomena of the atmosphere, called turbulence 1s characterized by its rotational, three-
dimensional, nonlinear, diffusive and stochastic process. Turbulence not only exists in the

atmosphere, it can be found in any material with a fluid nature. Studies on turbulence

characteristics can be found in many books and papcrs.”'41

One of the most important aspects about atmospheric turbulence 1s 1ts interaction with

electromagnetic waves.*>* Because of the random characteristics of turbulence. distor-
tion is introduced to the electromagnetic field, which is seen in optical and microwave
communications, laser ranging, etc. A lot of effort has been made on adaptive system to
eliminate the error of phase and intensity introduced by turbulence. On the other hand. it
1s possible to measure atmespheric properties using the interaction between electromag-
netic waves and turbulence provided that the statistic properties of turbulence are known.
Laser wind remote sensing of aunospheric winds is one of the great applications of this. It
should be pointed out that there are two categories of optical wind remote sensing cadar:
coherent and incoherent. A heterodyne detection scheme is used for coherent systen,

direct detection scheme is used for incoherent system.



2.1 The Intensity Correlation Function for a Polychromatic Source

The fluctuations of refractive index of atmosphere change effect electromagnetic
wave. To study the statistics of turbulence, one generally starts with the refractive index

given by

n(r)y = 1+nl(r) 2.1

here n| (r) is the fluctuating part and n, « 1. Applying this to the Helmboltz equation,

gives

Turbulence

Transmitter \

Receiver

Diffuse
Target

Figure 2.1 Configuration of the path geometry for a lidar system.



(TP )y, = 0 22)

where k 1s wave nurober, U, is electrical field.

One of the most important statistical parameters in optical remote sensing is the cor-
relation function of the received intensities from two space points. Cross-wind speed s
obtained by processing the cross-correlation function of the intensities. The general form
of the correlation function of the received intensities at two space time points in the

receiver plane is defined as
B](Pl, I];Pz) tz) = <1(P1>[|)I(_P2> tz) > (23)

where 7 (p,, t;) is the intensity at a point p; at time ¢; in the receiver plane. This function

1s evaluated by determining the intensities at two space time points and taking an ensem-
ble average over both space and time as well as over an ensemble of rough surface and

atmospheres. From this general form. other important parameters can be obtained. By
choosing p, = p,, Eq (2.3) gives auto-correlation; =1, gives the covariance;
p, = p, and f; = t, give the variance.

The derivation of the general form of correlation of intensities for a coherent laset
source was performed under the assumptions of a diffuse target and independent paths of
outgoing and incoming laser beamn.**% More complicated form for a polychromatic laser

source can be found in Rao Gudimetla’s Ph.D. dissertation.>® Fig. (2.1) is the path geom-



etry for the problem under consideration. The transmitter and receiver are located at one
end of the path and the laser beam propagates through the turbulent atmosphere and scat-

tered back by the diffused target or from the aerosols. Itis assumed that the transmitter

consists of a number of discrete frequencies given by k, i =12 .. Nand that the

recelver bandwidth is very much smaller than any difference frequency present in the

ransmitter (A® « 0; — ;) but large enough to recover all the amplitude fluctuations due

to the turbulent atmosphere. Let P, pand } denote the transverse coordinates in the
receiver, target and transmitter planes, respectively, which are perpendicular to the line of
sight path for coaxial system or biaxial system with small distance between transmitter

and receiver. It is known that the intensity fluctuations in the turbulent atmosphere at dif-

ferent frequencies are perfectly correlated for small bandwidths of the transmitter.”- !

Widely separated frequencies are needed in order to see inteunsity fluctuations at different
frequencies decorrelated.
For a laser beam with TEMOO wave at several frequencies, the electric field distribu-

tion at the transmitter is given by

N N ,_"2 —ik.r2
Uy, (?) = 2 Uy (%, kj) = z Uojexp{——2+ 2} } (2.4)
j=1 =1 20

where U (F, kj) corresponds to the field distribution at the frequency kj, ando, and F are

the characteristic beam radius and focal length respectively. The field at the target plane

before backscattering can be written, using the extended Huygens Fresnel principle. as
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2 U' (k) = i(szchxp {zk( g—z)}

j=1 Jj=1
2 L. N
_r__~2_J_( AN GLE))
X chp{ e i3y ! FJ ik; 2 +vy, (p,r, k) p &P (2.5)
=g

where the random function W, (...) represents the effect of the turbulent atmosphere on

the propagation of the spherical wave from a point Pin the transmitter plane to a point P
in the target plane, k is the wave number and L is the path length.

Similarly, the electric field at the receiver can be written in terms of the fields

U (P, k;) at the target after scattering as

Uup) = i( zk chxp( ( )derw(is k)exp( (p ~2ps 6))

Jj=1

x exp (W, (B, B, k) (2.6)

where v, (P, D, k j) represents the effect of the turbulence on the wave from the target o

the receiver plane.
The field before and after scattering from the target are related by the scattering prop-

erties of the target. The complex random function is given as

V=) +io 2.7)

where ¥ represents the log-amplitude perturbation of the spherical wave due to the atmo-
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spheric turbulence and ¢, the phase perturbation. Two other functions are two frequency

structure function

!

2 2 r -8/3[,2 2 2 LYl 1
D, = 01320 L{diCl (1) [ duu [k1+k2—2k2k2cos{(u 11 _r)zj(k_l—k—zj}}
0 0

xJo{ult(py=p) + (1=0 (py-py) =Vt —1) |} (2.8)

and log-amplitude covariance function

1 oo
2 2 -8/3 . [ 2 L
€, = 01327’ L[diC} (1) [ duu™*sin [u £(1-1) z—kl} x
0 0

sin[zfr(l ) %]Jo{ufz(ﬁz—ﬁl) + (=0 By =V 1)) (2.9)
2

The dummy variable t represents the distance from the source to the field point normalized
by the total path L. V is the vector wind, J, is the Oth order Besse) function, C, (1) is the

strength of turbulence. Since the target is perfectly diffuse, it can be assumed that at the
target the fields due to any particular frequency are gaussian (spatially incoherent). If the
coherence length of the source is larger than the surface correlation length, the fields

before and after scattering can be related as

<UP, 0, k) U (D 0, k) U(pi, T, kj)U* (Bt k) >

2
=(%J <IB,0) > <I(Py D >8P P8 (By—py)



2
+(%)<U(¢4, YU Byt > <UPpDUP,0) >8P, B0 (Py—Py) if i =)

4m\2

- (/T) <TB0k) > <T(Pytk)>8(D P8, —B,) if i=j (210
L)

Then the correlation of the received intensity is given by
B(p,v) = By (B.1) +B, (B, D) (2.11)

The final expressions of B;; and B, are

B, = { %o ]22(}010 S| a3 [rdriy (o)

S IN

2
o 2
CXP(_r{?O](]—%j ]CXPMC (PP Tk k) } (2.12)

and

4
B, = S U, [—02][ &y dpexp{-riL’/ (u j—DW(O,—L?‘3/ki—T)}

2
r 2 k.
eexp {[_53}0‘3( - %) } ex"(ifﬁ *ppe 7'3)17’2 (.57 (2.13)
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where

Hy(0.0,0 = oxp (-, (0.5,0) ~D, (5,0,0) +(3 )p, (0.8,

X exp {(%)Dv (P, p, 1) +2CX(]3, -B, 1) +2C, b.p.1)) (2.14)

2.2 Time-Delayed Covariance of the Received Intensity

The time-delayed covariance (TDC) of the received intensity 1s a measure of the cor-
relation between the intensity fluctuations 4t two points in space and time. Cross-wind is

directly related to the TDC. By definition, TDC is given by

-

Cr(Ppt) Dy ty) = <I(P 1)1 (Pyty) > <I>
2
= B, (},1) +B, (P, 1) - <I> (2.15)

In general eq.(2.12)-eq.(2.15) must be used to calculate B, and Bl2 1o get the final TDC.

This requires knowledge of the average intensity of each uncorrelated speckle pattern at

zero turbulence level. However for many practical problems, the span of wavenumbers is
small enough that the midpoint value of k can be used in those equations. This restriction
is not severe because the atmospheric fluctuations are strongly correlated even for widely

separated wavenumbers.



14

Since the average value of the intensity at each frequency is given as

al2
<I> = UO,{—‘;) (2.16)
L

The covariance can be written as

Cp = AINT,Y Y <I> <[> =AINT <I> °
P

2
C,, = AINT,Y <I> (2.17)

where

2,2 2
! . P 2 PLN3 %( LT
A[NTl = EJ‘ dﬁj?‘d?]o(pr;cxp {—[me—z(k—poj — 7 {jj 1—?
0

xexp {4C, (5,9, 1)}

2 2
k Iy 2, 2 L2
A[NT2 = ATI}J- d)"z-l‘ (Z’ﬁ exp l::dz — DW (0, =Ty, —'l:) — )'Zkuo( 1 — ﬁ) ]
*0
X exp [%ﬁ (ﬁ+>2):|H2 (0.p. 1. k) (2.18)

1t should be mentioned here that the substitution has been made
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(2.19)

~v

1~

where ?l is real coordinate.

By choosing appropriate parameters. we can get variance and covariance. Letting

0 and p = 0, the TDC becomes the variance

T =
6y = <ISAINT|| o +% <[> "AINT)| _ . = <[> (20
i .
in which
2.2
1 rL |2 rLY3
= — : o — =2 —
AN\ p 0 = 35 dﬁjrd",‘)(pr)m{ {403}13 '(kpj }
0

| oo
C,(0.5.0) = 0132k’ L| drCo(n) | duw*sin 2[L121‘(1—1‘) 2L—k].70{u|(1 “0p|)
0 0

) 2 7
k P! N
AINT = TI}J (ﬁ’zj [lﬁexp [_ZD\V(O —7'2, O)J
0

2|r=0.p=0 4 e

2
a " \2 .
X exp [—rﬁkﬁ(l - } oxp[ 530, ]H, (0.3.0. 1) (221)
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It is convenient to normalize the TDC by the average intensity,

z <I> 2
Cpy = AINT, + ———AINT, -1 (2.22)
<[>

When there is no turbulence, AINT, and AJNT, are unity, so Eq. (2.21) becomes

Z <I> 2 5
Cpy = =—— = [VSCR] (2.23)

<I>

VSCR is called the Vacuum Speckle Contrast Ratio which represents the degree of
speckle contrast reduction.

For a “White Light” source which has single transverse mode but with many longitudi-

nal modes. the speckle contrast ratio is very small. Therefore, B, can be neglected. Con-

sequently, a simplified normalized TDC can be written for polychromatic source
C,, = AINT,~ 1 (2.24)

In some cases of interest, the TDC is normalized by the variance

Ciw' = (AINT1<I> 2—12)/05 = (AINT,-1) <I> °/q,

= (AINT,— 1)/} = Cp/ Gy (2.25)
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Since the TDC depends on the cross-wind. the following chapter will focus on the
numerical analysis of the two-point TDC and aperture averaging effects on the TDC when
the receivers have finite area instead of simple point. The reason for using finite receiving
area 1s to increase Jevel of backscattering signal.

The next section discusses, wind sensing techniques. The complete analytical solu-
tion of the cross wind speed from the TDC and the autocovariance is obtained using point
detector and “‘frozen turbulence” assumptions. Polychromatic laser source can be treated
as single central frequency plus the effect of VSCR effect when frequency differences are
small. For finite receiving areas, the approximation is to treat them as point detectors with
an effective detector spacing. More accurate results can be obtained if aperture averaging

effect 1s included using numerical methods.

2.3 Wind Sensing Techniques

There are several well-know processing techniques that should be useful in determin-

ing the wind speed from the received signal. Some of the techniques are illustrated in

Fig.2.2. The briggs method measures the time delay T, at which the autocovariance and
TDC curves cross. The delay to peak method measures the time delay T, where the TDC

peaks. The width of the autocovariance method measures the time delay T, . at which the

autocovariance curve decreases to 67% of the peak value. The slope method measures the

slope of the TDC at zero time delay. To process the signals for the wind, the relationships
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Autocovariance

Time Delayed
Covariance

/

2Tw

Tire Delay T

Figure 2.2  Techniques for wind remote sensing.

between the time delays, slope, and the wind must be derived from the previous equations.

[t was found that the delay to peak and Braggs techniques yield the wing directly, whereas

the width of the autocovariance and slope techniques either require a knowledge of py, the

transverse phase coherent length, or must be used in conjunction with one of the other

techniques to determine the wind and p,, .

The tirne delayed covariance function for point detector of polychromatic laser source
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can be simplified and written as 0

2.2 z
a 1 A 7L rL\373 20‘0(. L)Z
C,(p,1) = AINT, -1 = EJ dp|[rdri, (pr) exp|:-2a2k2—2(6) -r - F
2

X exp {4 x 0.1320°K'LC, | diH (ay, b) } -1 (2.26)

where

t(1-10)L
2k

5/3 2
3b I (1/3) Cos(g]+

]VQ |h+ (1-Np-V1|]} =
> 7 ~ 0 /2L (1176)

H(a,, b) =H{|:

/
3a,"T (1/6) expli(n/12)] . 5 ib’ exp [-i(n/12)] . ( (5 ib’
s)V" 2 e g2 2i 116 g2

a,

(2.27)

and

2 1(l-nL
“T T

b= pr+ep(1-1 -V (2.28)
The slope of the Eq. (2.26) is given by

0
=0 (2.29)
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When the wind and the turbulence are uniform along the path, Eqg. (2.29) reduces to

2/3

§; = const- C(p, )55V, (2.30)

Po
where Vp is the wind component along p and can be obtained when p, is know. This

implies that slope method must be used in conjunction with one of the other methods in
order to be useful.

The method that is usually used in conjunction with the slope method is the width of
the autocovariance. In this method, the time delay, 1, at which the autocovariance falls
to 67% of 1ts peak value 1s measured. The slope of the autocovariance curve 1s a maxi-

mum at this time delay. With p = 0 and © = 1, for uniform wind and turbulence.

Eq.(2.26) gives

0.1395
v« 212950

w

(2.31)

This method is best utilized with the slope method in determination of both the wind speed
and turbulence coherence length (pO) which 1s related to the strength of the turbulence.

The time delay corresponding to the peak is obtained by differentiating Eq. (2.26)
with respect to T and setting the result equation to zero.

Sy = a%q (p.1) = 0 (2.32)



For the case where V and D are colinear and V is uniform along the path, Eq. (2.32) can

be solved analytically, giving T, = 5y OF V= % For the case where Vand D are
-p

orthogonal, the solution to Eq. (2.32) is T, = 0. This means that there js no shift of the

peak of TDC function. The accuracy of this method is defined by the time resolution of
the TDC which 1s sampling period and spacing between the detectors.

The other methods are Briggs method which is often used in the line of sight case of
wind measurements and Z-Log Ratio method. Detailed discussion and simulation of the

application and accuracy can be found in Dr. Farzin Amzajerdian’s dissertation.



Chapter 3

Numerical Analysis of Variance and Covariance

The analytical expressions of the second order statistics of polychromatic LIDAR sig-
nals are very complicated as it was seen in the previous chapter. Numerical analysis is
necessary to realize and visualize the behavior of the autocovariance and time delayed
covariance and compare them with experimental results. It is computer time consuniing
to analysis numerically these formulations developed in the previous chapter because
series expansions and multidimensional intzgrals are involved. Previous work on this
matter was done by Rao Gudimetla with some good results but it was incomplete to some
extent because of the constraint of computer facilities at that time. In this chapter, with
some simplification on the formulation. numerical analysis was done on SUN-workstation
for both a point detector and a finite receiving aperture. Gauss Quadrature integration

subroutines in the NAG library were used for numerical integrations. A Newton trapezol-

dal method was also used for comparison. The aperture averaging effec?33 was
observed and good results have been reached. Comparison of numerical results with
experimental results will be presented in chapter 5 and as it will be seen that good agree-
ment was found. Itis also very important to notice where the experimental system stands

by Jooking at these results, so improvements can be made.
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3.1 Some Simplifications for Numerical Analysis

As it is mentioned in the previous chapter, for a “White Light” system. the second

term, AINT, in the TDC is so small that it can be negiected. Much of the effort has been

put on the numerical analysis of the TDC behavior of two point detectors and the finite
area receivers. The aperture average effect is observed. Some simplifications are needed
in order to effectively evaluate the time delayed covariance. For the point detector case,
the integration is three fold; for two finjte receiving area, it becomes four fold; for the
aerosol case, the integrals grow up to five fold. The new computer technology makes the

numerical analysis possible in a reasonable amount of time.

The complete expression of AINT, 1s

2.2

| A r'L rLY3 20 LY?

A[NTI = Z‘[J dpjrdrjo(p))cxp{-m—2(k—p) - 7(] —Fj}
2

2,2 2 -
X eXp {4><0.1327t LG, | dtH(al,b)} (3.1)

where

1 -1 L1172 R 3b5/3 ]_,2 1/3
H(a,.b) =H{[[(2—kl)] B+ (1=np-V1|} = 90n'/2r(g1/6icos(gj*

3a°T(1/6) {exp [i (x/12)] F1(—g, 1 isz_ exp [i (1/12)] F{_[s/ 1 ﬁn}

5(2)1/5 2i ’ 8a? 21 6 ’805/

(3.2)



and

2 _t(1-nL

) P b= |pt+p(1-n V1l (3.3)

a

To accomplish the integral, the integration over F is first performed. A simplification is

made, that,
rL )5/ 3 rL \?
— _> —
(kpo (kpoJ

so the integration can be completed analytically.

AINT, = 5-[ dp[rariy (pr) exp [-arexp (4C))

2
1 (1
= 5;(-Z)Jexp[_gg]dpexp(4c%) (3.4)
where
2 L \2 (xg I\2
a 22+2(7—j-»—(1—-j (3.5)
200,k kpy 2 F

Some analysis must be done on the effect of the simplification. The following figures
show the exponential term as a function of } with and without the simplification at difter-

ent turbulence strength. It is seen that the effect becomes substantial only when

-13 o . : - .
Ci 210 ', which is very high. It must be noticed that it is not because the square is a

good approximation of 5/3. The real reason is that this term comes trom phase structure
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function which is induced by phase fluctuations. The effect of the phase fluctuation is closely
related to the coherence of the laser source. As the coherence decreases, the contribution of
the phase fluctuation to the covariance decreases. A more accurate analysis is to use Bessel

expansions instead of approximations. Detailed derivations was done by Dr. Rask. In his

thesis work,?3 Bessel expansion was used for the complete integration. Little difference was

found even with 5/3 term dropped which is another simple approximation.

1.0 < . . .
— Cn**2 =1.0e-13
g 05 - -
[4}]
—— use r::E-S/B)
------------- use r**(-
00200 — 400 600 800 160.0

"r(0.1 mm)

Figure 3.1 Effect of the simplification on the exponential term of r with strong turbulence.
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0.0 500 400 600 800 " 700.0
r (0.1 mm)

Figure 3.2 Effect of the simplification on the exponential term of r with weak turbulence.

The integration over P can be made by using another approximation. Compare

cxpL—p2/ (4a) J and exp (4Cx) for different Ci, L, F, it is found that the former term

drops much faster the latter term as it can be seen mn Fig.(2.4) and Fig.(2.5). Only when the

turbulence strength is extremely high. exp (4 Cx) will decrease at a rate comparable to
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expL—pz/ (4a) J So it is reasonable to treat exp (4CX) as constant and take it out of

the integral to complete the integration. So the final expression of AINT| becomes

1.0

0.8

0.6

0.4

0.2

\ 1 \ ' 1
O‘%.OO 0.10 0.20 0.30 0.40 0.50

2n
| .
AINT, = on J sin@exp (4Cx) dae
0

(3.6)

\ exp (4CX)

I ‘ Cl = 1.0e-16
\ T = 2.5ms

4
Figure 3.3 Comparison of exp (4CX) and cxp(—‘%) _
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Figure 3.4 Comparison of exp (4Cx) and cxp( P )

The Confluent Hypergeometric functions in Eq.(3.2) can be written as®!
M(acx) =

mzl‘l’ ,C?‘-‘O,‘],—Z,...



X @)

when x is small. Since the confluenct hypergeometric series converges slowly for large
values of x, the Asymptotic series should be used in Eq(2.26) when x>4 1 6

R-1Ir (l+a (+a-o),

M((I., C, Z) r](—‘c(i)a) tina —(l z (a) . . (_Z) -n

F(C) ZZII—CS_1 (C—(l)”

T ()¢ &l

+ (1-a)Z" (3.8)

The + sign 1s used when —%n <argZ< %n‘ and the - sign is used when —%n <argZ< —%n

With above expansions, following the procedure in Appendix A, the confluent hyper-

geometric function term can be written as

2i Ra 2i 6 o 2

exp(;(n/lz))m[ S_I_isz exp (- z(n/12))F{_; 1 _;b__] )
o 12 l 8a,

3 5
ay ala+l)(a+2)y a(a+1)(a+2) (a+3) (a+4)y ]
COS(B)[ TeH ) (c+ D)3 c(cHD) (cr2) (cad) (cxrdyst

2 4
. ~a(a+l)y fa(a+l)(a+2)(a+3)y
+sin () [1 c(ct )3l (c(c+ D (c+2) (c+3)4l +)] (3:9)
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where B = ©/2, a =5/6 ,c

= b'/[ 84} ).

When asymptotic expansions are used, the final expression is

exp (1(71:/12))F1[ . ,isz exp (- r(n/12))F{_§ I LJ _
: 1 -
B 6 8012 21 6 8(1]

a)zn’; —(“""‘) (ﬁh (a+n)§)+

r(a)E L _(n+l_a)5in|:f3—y+(n+l—a)g:| (3.10)

It was found that about nine terms are accurate enough for the normal expansions,
about 11 terms are needed for the asymptotic case. Numerical analysis was done on Sun-
workstations. Gauss Quadrature integration subroutines in the NAG library are used for
the numerical integrations. Gauss Quadrature integration subroutines can do the multidi-
mensional integration up to 11th fold under some constraints. A Newton trapezoidal
method was also used for comparison. It was found that Gauss Quadrature runs and con-
verges much faster than the Newton method. The autocorrelation and TDC for the point
detector case are simulated for different wind speeds and turbulence strengths. It has been
shown that the formulation for a focused beam and collimated beam are the same. Other
parameters such as the wavelength or the output beam size are chosen according to the

parameters of the incoherent LIDAR system designed.



31

3.2 TDC and Antocovariance for the Point Detectors

Numerical analysis for the point detectors was done using program in Appendix B.
The results presented in this section were obtained with wavelength of 830 nm which is
used for the “White Light” system. In the following figures dashed line at T = 0 is plot-
ted as a reference of lag time of TDC function. With the same detector spacing and turbu-
lence strength but different wind speeds, the time shift of the peak of the TDC function
decreases as the cross wind speed increases. This intuitively makes sense because wind
speed is proportional to the detector distance and inversely proportional to the peak shift
time. The TDC function is wide for smaller wind speeds as it is shown in figure (3.5). The
TDC function 1s normalized by the average intensity, so the magnitude of the TDC is
higher when turbulence s stronger but with similar shape as can be seen in figure (3.5) and
(3.6). It is the coherence of the turbulence 1nduced variance which contributes to the cor-
relation. In some cases, it may be useful to normalize the TDC by variance instead of the
average intensity. Figure (3.7) shows the TDC functions with different detector spacing
which should be compared to figure (3.5). A short lag time has been observed with short
detector spacing when the cross wind speed 1s the same. Figure (3.7) and (3.8) is another
comparison with different turbulence strengths. Figure (3.9), and (3.10) are simulated
results of the autocovariance. Different wind speeds and turbulence were used. As itis
shown, the autocovariance has a smaller width when the cross wind speed is higher
because the correlation time is smaller. All the simulations used a distance of 800 meters.
It should be noted that the path length also has a contabution to the magnitude of the auto-

covariance and the TDC before they start to saturate.
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3.3 Aperture Averaging Effect on TDC and Auto-covariance

All the previous theoretical development was based on the assumptions of point
detectors. and uniform turbulence along the propagation path. Itis an ideal sitvation to
have a point detector, but it helps to gain insight into tbe phenomenon and characterize the
physijcal behavior in an accurate and easy fashion. Because of the small coherence length
of atmospheric turbulence, avery small detector area 1s preterred for accurate and sensitive
detection. Butin a real LIDAR system, finite receiving area is almost always used in order
to increase the level of detected signals. However, increasing the area of the receiving
aperture introduces aperture averaging. Aperture averaging is a complex operation on the
received signal, which is closely related to the small coherence length of the atmospheric
turbulence. Aperfure averaging comes into effect in two ways as receiving area increases:
1) As area increases, the distance between any two points in the receiver plane also
increases. As can be seen in the point detector case. the cross-covariance decreases, so the
total cross-covariance decreases. 2) The signal in one receiver should add up coherently if
the recetving area is much smaller than the atmospberic coherent length. As the area
becomes bigger, the incoherent part of the signal begins to add up tn random fashion,
resulting in an averaging effect which reduces the information. It is very important to
understand this phenomenon, to lead to a correct design of a LIDAR system.

The theory about the point detector can be directly applied to the finite receiving area
case. However caution must be used for the incoherent, direct detection system. Because
direct detection systems detect the signal power, instead of the electric field, the signal pre-

sented is spatially averaged intensitics. Cross-cosrelation of intensities happens after the
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fields are spatial averaged. Applying surface integrals on the receiver plane to the right
side of Eq.(2.3), and taking therm inside the assemble average. The high frequency terms
created by two different laser wavelengths are block out because of the limited bandwidth
of the receiver. The averaging effect happens before correlation is calculated.

Gauss Quadrature is used for the multi-dimensional integrals. The programs are listed
in Appendix C. Different receiver sizes are used correspond to the actual apertures used in
the experiment. The accuracy of the numerical calculation depends on the number N cho-
sen for Gauss Quadrature estimation. But the CPU time increases as 2 to the Nth power.
Therefor, limited accuracy must be accepted to get the results in reasonable amount of
computer time. It was found that for the hard target case, a four fold Gauss Quadrature 1s
needed to get one point on the TDC or autocovariance curve. If same number of N is used
for each dimensional Gauss Quadrature estimation, N=16 gives about 6 minute for each
point. About 10 hours are needed for a plot of 100 points.

The result of two half-moons of radius S mm 1s shown in figure (3.11). Other param-
eters chosen for the simulation are as written in the figute. When the radius of the receiver
is small, the TDC behaves like the point detector case. As the radius increases, the magni-
tude of TDC decreases and the shape becomes asymmeiric because the aperture averaging
effect becomes more severe. This result can be seen in figure (3.12). This phenomena is
verified by experimental results. Figure (2.13) and (3.14) are autocovariance for two half-
moons of different sizes. The aperture averaging effect makes the autocovariance
decrease as the size of receiver increases.

Two rectangles next to each other are also used as receivers. Numerical analysis was
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conducted to study the aperture averaging effect. Figure (3.15) and (3.16) are the TDC
function and autocovariance function of rectangular receiver with total width of 40 mm.
Similar results as of two half-moons are obtained. Many simulations were done for differ-
ent widths of rectangle and different radii in order to develop a curve, so practically opti-
mum siz¢ of receiver can be found. More simulation results will be presented in chapter 5
where experimental results are used for comparison. It should be noted that good agree-
ment was found between experiment and stmulated curve of peak TDC value vs. apertture
size. Excellent agreement was also found between experiment and simulated results of

autocovariance as it will be seen in chapter 5.
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Chapter 4

System Design and Experiment Setup

As was mentioned in Chapter 1, many lidar systems have been developed in the past
two decades for different measurement appiications. Different detection schemes and sig-
nal processing schemes have also been developed along the way as more laser sources and
detector devices have been developed. Coherent doppler lidars have been widely used to

measure the radial wind and recently it has also been successfully used to measure the

cross wind®®. However, coherent lidars using heterodyne detection are usually Jarge. In
addition, modulation could be another problem of the big gas lasers such as a CO2 laser
used for coherent Jidar. Because good phase overlap is essential tor heterodyne detection,
1t 18 necessary to have a stable optical table and more room to make it possible. Since in
some applications, the compactness and relability are very important, it is useful to
develop lidar systems using new laser sources and detection and processing schemes to
meet these requirements.

Semiconductor lasers are very good candidates. They are small and reliable and with
a thermal electric cooler (TEC), can run very stably over a long time period. There 15 a
wide frequency range to be chosen for different applications. High frequency modulation
can be applhed directly to the driving current of the laser diode which can be used in opti-

cal communications. Power up to 100mW running CW makes it possible to measure the
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signal off of aerosols without eye safety being an issue. Single mode or multi-mode opti-
cal fibers can be pig-tailed to the diode laser so that the design of the transmitter is simpli-
fied. Since direct detection is used, receiving optics can be very simple as well. Optical
fibers can be used for delivering the signal to the detector. High sensitivity Photo Multi-
plier Tubes are the best choices for detectors because of their high gains.

Pseudo random code (PRC) modulation has been around for quiet a long time. It
makes 1t possible to run the transmitter CW and still be capable of having range informa-
tion. Some analysis is done in this chapter on the improvement of signal to noise ratio for
different coding schemes. By implementing hardware for the demodulation and integra-
tion, a very low sampling rate is needed and storage space can also be saved. The specific
range of interest is selected by choosing the delay time of the local PRC’ which can be
controlled by the PC through the A/D board.

Data processing can be done on the PC or the SUN workstation. Permanent storage
may also be needed to store data for future use. It is possible to use a single DSP chip to
generate the PRC code and do mult-channel signal processing. Therefore, real time wind
speed can be obtained and displayed if needed. The use of DPS chips for the processing
can greatly reduce the complexity of the hardware design and make the system even more
compact.

As 1t is shown in figure (4.1), the “White Light” system includes a 8-inch telescope, a
diode laser with controller and cooler. some optics for both transmitter and receiver, opti-
cal fibers, detectors, electronics, A/D board and a PC. Detailed parameters of these com-

ponents are listed in table (4.1).
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f=63.5mm
fiber(5u) :{}%
Telescope ! .
laser fiber fiber (300u)
TEC Campbell
Unit
Laser controller PMT PMT
T L[ 1T PRC Receiver
A/D |tigger # t
=S
A/D board e

PC

Figure 4.1 Configuration of “White Light” system.
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4.1 The Optics of the “White Light” System

4.1.1 The Transmitter

A pigtailed semiconductor laser diode is used as the transmitter. It has a single trans-
verse mode and multt longitudinal modes running around 830nm. The pigtailed fiber is a
Sum single mode fiber with Numerical Aperture(NA) of 0.11. The intensity distribution is
Gaussian. The waist size at the fiber end can be calculated using the V number defined as

2 2
27a, /nl —-n

V= — 4.1

where a=5/2=2.5um, is the radius of the single mode fiber, and A = 830nm is the wave-
length of the laser. Applying these numbers gives V=2.08.

The waist size is calculated to be>’

o = 065+ 1619V 42879V Ju = 12254 = 3.0um (4.2)
The bearn divergence angle at the fiber end is

A 830nm

ro T, X3 lum

6 = 85% 10 *rad (4.3)

The output beam s1ze o, depends on the focal length F of the output lens,

(4.4)
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The output beam divergence is

02: A - 830nm (4.5)

Tl x8S5x10F

The beam divergence must be chosen much smaller than the field of view of the receiving

telescope. Choosing 6, < 50urad is reasonable, then the focal length F becomes

-6
F=—330X10 mm 55, (4.6)

5% 10 xex8.5x% 107

The output beam size is o, = 6, - F = 5.3mm. The lens diameter D can be calculated

using 3X rule D = 3w, = 15.9mm. So the standard | inch diameter lens can be used as

transmitter lens.

4.1.2 The Receiving Telescope

An eight inch telescope is used as the receiver. With two mirrors on the diagonal at
the optical axis. a coaxial system is constructed. The laser is brought up to the top of the
telescope. and the fiber output end 1s put at the focal point of the transmitier lens. The col-
limated laser beam is mirrored down onto the diagonal mirror by a 45° mirror on the top
of the telescope and the laser 1s transmitted out on the optical axis by the diagonal mirror.
The backscattering optical signal is collected and focused by the 8 inch mirror, directed

out and then split into two parts. Multi-mode fibers with various sizes can be put on the
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telescope, at the focal point of the receiver. The receiving fibers bring the optical signal to
the detector box. The telescope has three dimensional freedom so 1t can point to any
direction without adjusting the optics on the telescope. The receiving fiber holders that sit
on the stages have three dimensional freedom for the convenience of alignment. Because
the transmitter laser is in the infrared, another visible laser (635nm) is put on the top of the
telescope for alignment and also as a waming for human beings.

As it can be seen from Fig.4.2. the diagonal mirror will block some of the receiving
area, so the effective recetver 1s smaller than 8 inches. But the benefit from the diagonal
mirror is that it can completely block the near field backscattering to some distance
depending on the field of view of the receiver. This will effectively reduce the unneces-

sary dynamic range of the receiver electronics.

|

8 inches # \ =

2 inches

l F=36 inches

26 inches

Figure 4.2 Schematic of the telescope.



Because the spider blocks some of the near field, as can be seen in Fig.4.3, the received

signal 18 not proportional to 1/r . It 1s important to characterize the received signal vs.
range to help design the receiver electronics and explain the experiment results, As is

explained in Fig.4.3, when L < Z, , the signal is completely blocked; when Z, < L < Zoy

part of the signal will be blocked, part of the signal can get into the receiver but under the

constraint of the field of view; when the distance is in the range of Zpb <L< D1 . there 1s no

blocking, but there 1s still field of view limitation; when D, < L < D, part of the signal is

still under the field of view constraint, part of the signal will reach the receiver without the .

receiver
lens
w’ -

- ’1’1 fiber
_.,::’::-____-.._—1‘:_—:#_____-__ .. e’_’./_-_-_
Dz* b, Lo 4 2 ¢ —

spider F

Figure 4.3 Simplified diagram of the transmitter and receiver systemn (not in scale).
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field of view constraint; beyond D2 , there 1s no field of view constraint because all the

rays can reach the receiver will have the angle of arrival smaller than the FOV.

In Fig.4.3, o is the field of view defined by the size of the fiber. Usually, 100um to
Imom fiber can be used. With the picture of Fig.4.3 in mind, it is easy to estimate all these
distances if the size of fiber, size and focal length of the telescope. and the beam size and
divergence angle of the laser are known. The following equations will be used for the cal-

culation:

(R,~©(2,))/Z, = 0/2

(R~w (D)) /D, = 0./2

Ry/Z,, = 0/2

R/D, = a/2 (4.7)

where R, and R, are the radius of telescope and spider respectively. For the “White

Light”. 1if 100um fiber 1s used then,

Zb = 201 meters Zpb = SO8meters

D, = 86l.4meters D, = 1828.8merers (4.8)

With these numbers available, it is possible to calculate the received intensity from differ-

ent ranges, considering that the Taser beam has a Gaussian distribution.



w
wn

4.1.3 Intensity vs. Range for “White Light” System

For a Gaussian beam with waist of @, the energy in the circle of radius, a, 1s
2,2
P(a) = Pr(l —expL—Za /0 JJ (4.9)

where P, is fransmitted power, 50

4ua azw
dP(a) = Pt—26xp —2—2 da (4.10)
® o)

In the range L < Z, . the received power from that range is zero, P (L) = 0.

In the range Z, < L < Zpb, the received power from a small range of AL at distance L is

w

P(L) = | dP(f‘)BALLEz((L%”)Q"R;)

®,

(O] 2 5
= PIBALEJ4%exp[—2a—2J%((L%+a) —Rj)da
o, @ w /L

° o\ 4a 2a2 ° 4a2 1 202\
= CJ(E) _QCXP{__Q][ZU-‘-CJu_L__chP{_LZ-Jda

o, co 0] ° 0]

Yad 1 24 2 4aRy 24
+CjTjexp{—%]da—cj—%%exp(—%}da 4.11)
w L o ©

where C = P, x X AL xm . and P is the backscattering coefficient of the aerosols.



56

Completing the integration, then

3o’ R4 (‘3?
— ;cxp (-2) - ;2 exp| —2— |~ exp (-2) (4.12)

2
= (aj (I —exp(-2)) ~%cocxp (-2) +%w(g(1—cxp(—2)))l/2

(]|

w 3 2
+— - ——wexp(-2) —R, (1 -exp(-2)) (4.13)

21?212

In the range of Dl <L« Dz, P(L) can be written as

"
P(L ,(40 [ 2a2] 1 ( o 2 2 4 2
_ = _exp =L (L__'_a) _R )d + 4(1 l( 2_ 2) 2a

€ 0 o’ )2 )9 |\ R“exp_?da

(ﬁ}
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2 2 2
K +7Rd [exP((—MQ ]-cxp (<2) D (4.14)
L W

Beyood D, l/r2 begins o take over. The intensity 1s

[0}
P(L) = | dP(a) BAL%[R%R?,)
0

2 2
P(L) _ LR: +Rd)(1 ~exp (=2)) (4.15)
c I

The intensity vs. range is calculated and plotted in figure (4.4) for the receiving fiber

of 100um. The curve of 1/r° is also plotted for comparison. The received intensity is

normalized by C which is P BRAL. As it can be seen. the contribution from ditterent

range starts at zero, then stays nearly constant for about 300 m then drops off as 1/ ¥

The dynamic range is greatly reduced, so it is possible to design a receiver with higher

sensitivity for very weak signals from further distances.
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Figure 44 Theoretical intensity profile fora coaxial syster.

To recover the signal from different ranges, pseudo random code(PRC) modulation is
used. The multiplication of the delayed bipolar pseudo random code (PRC’) is equivalent to

the convolution of signal from different ranges and correlation of PRC and PRC’. So the

actual signal vs. range for the “White Light” is
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4e-06 — ' '
3e-06 | )

1

;5®RP,C(T)
2e-06 ]
1e-06 |
0e+00y 5 —od00 20000 30000

Distance (meters)
Figure 4.5 Received signal profile for “White Light” system.
P (L) = P(L) ®Rpm('c) (4.16)

As it will be seen in the following sections, the correlation function of PRC and PRC’ is a
symmetrical triangle with a basic pulse width of, 1us for “white Light” systern which corre-

sponds to a range bin of 150 meters at each sides. The final result is plotted in figure (4.5).
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avoided. Their results showed that the DC part of the background is removed and they
also claimed that new sequences also improve the signal to noise ratio.

Simulations have been performed to generate different sequences and to simulate the
modulation and processing schemes. Range resolved signals are recovered from the back-
ground noise and signal shot noise. In these simulations. it 1s assumed that shot noise
dominates the received signal which is true in almost all lidar systems. Different signal to
noise ratios are assumed to compare these three different sequences. The resulis are also
compared with the cesults of reference. Some consistencies are found. but the big advan-
tage of the Al and A2-sequences over the M-sequence they claimed, great improvement
of SNR over accumulation time, is not observed.

Signal to noise ratio for different atmospheric conditions and different back-scattering
sources are calculated to help the design of the receiver electronics and to determine the
possibility of measuring backscattering signal from aerosols. Numbers of samples needed

are also estimated from the signal to noise calculation.
4.2.1 Coding Schemes

To coustruct a pseudo-random sequence of length n = 2" (M-sequence). one

needs a prmitive polynomial, h(x), of degree m.>® Asan example of degree m=4, h(x) 1s

h(x) = x +x+1 (4.17)

This polynomial specifies a feed back shift register as in Fig.4.6. The symbol @&  repre-



sents a mod-2 adder or exclusive-or gate, defined by 0+0=1+1=0, 0+1=1+0=1.

ing a 0 or 1. Using shift registers and delay elements we can generate M-sequence of

Each of the little boxes in Fig.4.6 represents a memory element or flip-flop, contain-

length up to 2% using a polynomial h(x) given in reference 58.

’
a.

!

The sequence, a;, which represent (0,]1) code is used to modulate the laser,

2a,- 1, represent (-1,1) code which is to take phase-shift cross-correlation with the

detected signal. The delayed code, a ,.’ ,and the multiplication and integration can be done

M-
—— .
output
x4 + X + 1
(a). Feedback shift register corresponding to x*+x+1.
Ai44=2j41 T34
(N
443 4j42 diyy a
— ——{
output

(b). The shift register specifies a recurrence relation.

Figure 4.6 Schematic of pseudo-random code generator.
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by hardware or by computer, in order to recover the signal from different ranges (lidar
profile). The advantages of doing the integrated detection by hardware are that the signal
to noise ratio 1s greatly increased by integration, the sampling rate is greatly decreased, so
high speed A/D is not needed and, since the # of data samples is decreased, large computer
memory is not needed for signal processing

As mentioned earlier, the M-sequence has the property that the number of ones 1n a
sequence always exceeds the number of zeros by one. To remove this extra one, new
sequences are proposed for RM-CW lidar. These new sequences (Al and A2-sequence)
are based on the M-sequence in the way that the Al-sequence has sequence length of 2N,
the A2-sequence has period length of 4N, where N represents the period length of the M-

sequence. The Al-sequence 1s
a,;/ = (-1)ia’, i=0,1,..,2N-1. (4.18)
Similarly, the A2-sequence is given by

a’ [ =4mdm~+ |
m=40,1,...,N-1 (4.19)

—a. i=4m+2,4m+3

Signal recovering can been seen explicitly from the cross-correlation of (0,1) codes and (-

1,1) codes. For the M-sequence



(N+1)/2N

Raa'(k) = { 0

For the Al-sequence

1/2 k =
1/2N k=2n-1
-1/2N

-1/2

Ra a'(k) =

and for the A2-sequence

1/2 k=20
1/2N k=4n-2
0 k=2n-1

-1/2N k=4n
-1/2 k = 2N

Raa'(k) =
292
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k=0 (4.20)
k%0 | '

=1,2,.., (N=1)/2, (4.21)

L2, ., (N=-1)/2. (4.22)

These three cross-correlation functions are plotted in figure (4.7).
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Figure 4.7 Simulated results of cross-correlation functions of o, and a’)..
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4.2.2 Signal to Noise Ratio and Simulation Results

The backscattering optical signal at the receiver is the summation of the contributions

of aerosol scattering all over the path, plus the background noise,

S, (1) = jpoa(z— 2—5)6 (R)A(R)Pp(R. 1) dR +n (1), (4.23)
0

where P, is the output laser power, R is the distance to the scattering particles, a 1s the
modulation code, C is the speed of light, G (R) 1s the geometric factor which is defined

by the optical system, A (R) 1s atmospheric attenuation factor which is defined by

R 1
A(R) = exp |:JOL () a’rJ . For the short distance we are interested and simplicity, we
0

assume & = O which gives A (R) = | which yields no attenuation in the path.
PJ.(R, t) is the aerosol distribution profile in which we are interested, # is the background

radiation that the telescope receives.

The gain of the system is omitted here without Joosing consistency. In deriving the
following equations, single aerosol scattering is assumed. In case of heavy background
light and weak signals, the background shot noise dominates, therefore the electronic
noise and signal shot noise can be neglected.

Correlation detection 15 used to recover the signal related to the profile,
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S,(t) = | S;(na’(1-1du, (4.24)

-1

where a’ (+—1") is the delayed version of the M-sequence converted to a bipolar (-1,1)
code.

Use Eqg.(4.23), Eq.(4.24) becomes

&0 !} !J
S, () = J‘POG (R) dR I P(R, 1) a(r—gc—,R)a'(t—r') dr+ J na’ (t-r)ydsr  (4.25)
0 ! .

-t 1

j=1

is the period of the pseudo random code which 1s on

The integration time Afr = t=1t )

the order of milliseconds. During this time pf(R, 1) s assumed constant. Eqg. (4.25)

becomes.

1.
J

S,(1) = Py[G(R)PL(R, 1) Ja(:—%]a'(f—r') di+ [ na’(1-1)dr
0 I 1,

J-1 i-1

o l
/ 2R 7 ’
= MTP,[G (R)P(R, t)RM,(t —f)dR+ [ na’ (1=1)dr

0 r.

i-}

(4.26)

where MT is the code length,R, . (T) is the cross correlation between the modulation
code and delayed (-1,1) code discussed in the previous section. R .(7) is triangle like

and periodic with the period of the pseudo random code. It is obvious to see that the range
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resolved signal (profile) is recovered by choosing ¢ = 2R/ C. Notice that the limit of the
integral of the signal term goes to infinity, but the ambiguity of range resolution induced

by periodic property of R, .is very well taken care of by geometric factor G (R) which

decreases very fast when R gets large. The detecting range is defined by the code length
for the M-sequence

The signal power expressions for M,Al and A2-sequences are

oo 2
, 2R
§ = [NTPO_[G (R)P(R, x)RM,(x - ?)d}?] , (4.27)
0
o0 SR 2
S, = [zNTPOJG(R)Pf(R, 0 Ra[al,(t'—f)d}?j , (4.28)
0
oo 2
, 2R
s, = (4NTP0 [G(RYP,(R, D) Raz_a_l,(: —f)dRJ (4.29)
0

Since it is assumed that the background shot noise dominates, the mean value and vari-

ance of the background shot noise at the output of the receiver can be described using

Campbell’s theorem,sg.

n= <N> =\[h@ad. o' = [ h(n d (4.30)

—t0 —
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where A is the mean value of the background shot noise, h (1) is the system impulse

response function. In our case it is easy to see that h (1) can be expressed as

(MT— < MT
niy = (9 MT=D O<r<h 431
0 otherwise

For the three different modulation codes, the mean values and varjances are

oo

n = kia’(MT—t) dt = Th (4.32)
s = Xia’ (MT—1)dt = NTA (4.33)
n, = Xia]’(MT—z)dr =0 (4.34)
ol = Kial'(MT—r) dr = INTK (4.35)
n, = X}az’(MT—r)dr = 0 (4.36)

—co
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6, = & [ ay (MT—1)’dr = ANTA (4.37)

—_

The signal to noise ratios are:

o 2
s NTP, C 2R |
== (IG(R) P;(R, t)RM,(t —E)dRJ (4.38)
6 0
S, 2NTP. (% 2R :
| o z
== — {JG(R) P (R, t)Ra]al,(t _f)dRJ (4.39)
61 0
S, ANTPY™ ?
2 0 , 2R
=3 [JG(R) P (R, x)R%,(r —f)dRJ (4.40)
2 0

From the cross correlation functions in Fig.4.7. itis casy to see that R, and R,
i 2%2

|
are not exactly triangle, there are ripples evenly distributed along x axis (time lag).
Because of the nonuniform distribution of the geometric function and aerosol profile,
these ripples don’t cancel out when integrations are performed. Cross talk between differ-
ent ranges occurs and will give substantial noise when the code length 1s short. This can
be seen from the simulation results in Fig.(4.8). For moderate or long code length and
severe background noise the values inside the brackets of Eq.(4.38)-Eq(4.40) are almost
the same. Therefore. a factor of 2 increase of signal to noise ratio 1s seen for the Al-

sequence over the M-sequence and A2 over the Al-sequence. This SNR improvement
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makes sense because a factor of 2 of code length is introduced to get new sequences from
M-sequence.

The factor of code length increase results in a factor of sampling rate decrease.
Therefor, the number of samples decrease by the same factor for a given data collection
time. This factor will cancel out with the increase factor of SNR the new sequences intro-
duced. When we average over samples collected within the same time frame. eventually
the same (or close if cross talk is considered) SNR'’s for the recovered profiles would be
expected and this is verified by the simulation results.

Simulations are conducted using the technique introduced in the previous section to
generate the coding sequences with different Jengths. Cross correlations between modula-
tion (0,1) code and demodulation (-1,1) code are calculated and found to be consistent
with the theory derived. The Nag library random number generator subroutines are used to
simulate a Poisson distributed signal and white background noise. The signal from a tar-
get is simulated by delaying the modulation code to the equivalent distance, and then mul-
tiplied by poisson numbers with an appropriate mean value. Signals from different targets
are simulated and added up to examine the ability of recovering the signals from different
ranges. The geometric factor is set to be constant for simplicity. In the following results,
each range is an average over 200 samples for the M-sequence, 100 samples for the Al-
sequence, 50 samples for the A2-sequence, so that the total accumulation times are the
same. The same input signal to noise ratio is chosen for three different modulations.

In Fig.4.8, range resolved profiles are recovered for three different coding schemes.

No background noise is included, only the signal shot noise is considered here. As can be
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seen from figure (4.8), scattering objects with different scattering coetficients from differ-
ent ranges are recovered, but for the Al and A2 sequences, cross talk between difterent
ranges is introduced. There 1s no cross talk when the M-sequence 1s used.

Fig.4.9 shows that when severe background noise is present, the three modulation
schemes have almost the same signal to noise ratio; no improvement of the Al or A2-
sequence over the M-sequence 1s observed. A carefully chosen signal level indicates that
when the signal is just above the threshold of background noise, the immunity to the cross
talk of M-sequence modulation gives a better result At the same time, there 1s a DC offset
due to background noise as we predicted. This is one of the disadvantage of the M-
sequence which must be considered when designing receiver electronics.

the Al and A2- sequences are generated based on the M-sequence and they are used
in RM-CW lidar applications to improve the SNR when severe background noise is pre-
sented. Theoretic analysis shows that the same signal to noise ratio 1s expected when the
same accumulation time 1s used for all three sequences. The improvement of SNR of the
A1l and A2-sequence over the M-sequence as claimed in reference 3 has not been
observed in these simulations. There could be a confusion in the analysis when the same
number of samples or same accumulation times are used.

It should also be aware that even though the Al and A2-sequence are two and four
times longer than the M-sequence, the detection distance does not increase for the Al-
sequence and increase by a factor of 2 for the A2-sequence over the M-sequence. This

property can be seen from the cross correlations 1n Fig.4.7.
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(a) M-sequence

(b) Al-sequence

(c) A2-sequence
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Figure 4.8 Recovered signal for different modulation codes, no background noise.
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Figure 4.9 Recovered signal for different modulation codes. severe background noise is
presented.



4,3 Signal to Noise Ratio for the “White Light” System

It is very difficult to calculate the signal to noise ratio of a lidar system exactly
because the atmospheric parameters change for different seasons and difterent times dur-
ing the day. Other environmental conditions, such as room light, street light, moon and
stars also have random contributions to the noise power. But it is very important to esti-
mate the signal and noise level under some reasonable assumptions, so it will guide the
design of receiver electronics and appropriate use of the signal sampling and data process-
ing schemes. For direct detection during the day, the detector noise and electronic noise 1s
negligible. The main contribution is the signal and background shot noise. The shot noise
1s introduced by the quantum property of photons, and it obeys Poisson distribution statis-
tics.

Signal to noise ratios are estimated for the “White Light” system with hard targets and
aerosols and for day times and nights respectively. The transmitted power, target reflec-
tion coefficient, aerosol backscattering coetficient and detecting distance are carefully

chosen to be close to the real situation. The integrator approach is used. The received

power due to the background can be written as®?

T 2
Py = Ry T,(FOV-D ) BW, (4.41)

where R, = 300m is the range bin size, 7, = 0.25 is the hard target reflection coeffi-

cient, FOV = 100 x 10_6 is the field of view of the receiver, D_= 0.203m is the diame-
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ter of the receiving telescope, and BW, = 10nm is the bandwidth of the optical filter.

The received power becomes

— 2 _ —
P,, = %(OQS)(IOOX 10 6><0.203J x 107 = 3.03x 107w (4.42)

during the day and with a hard target. A factor of 2 1s added because the receiving tele-

scope 1s divided into two channels. For aerosols, 7, can be written as

T =aB-R’ = wx5x10 " x36x10° = 565x107 (4.43)

ra

where B is the aerosol back-scattering coefficient. Then the noise power from aerosols is

P, =685%x10" W (4.44)

Received laser power can be calculated using a similar equation. For a hard target

_ AT, X(D»)? 01 xo.zs[o.zoz,

P = !
th 2 x4 2x4 1000

2 -10
= = 1288 %10 W (4.45)

where R is the distance to the target. a distance ot 1000 meters js chosen for this calcula-

tion. The received power form aerosols is
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P -B-AR _
p JPBAR 0w (4.46)

2
ra R
where A is the area of receiver.
The optical signal is converted to an electrical signal by the photo-multplier tubes
(PMT), multiplied by delayed PRC, and integrated for a code Jength of 51]us to recover
the signal from a specific range bin. The signal is sampled at the output of the integrators.

The signal to noise ratio can be written as

ori%3

)T
) )

S

(4.47)

" enls ((

where p = 0.07 is the quantum efficiency of the detector, e is charge of an electron, m is

the code length, T 1s the pulse widtb of the code, which is Tus. For a hard target,

~10 \2 -
0.07x[ 1228x 107" F (512)2x 10"

1.6><10_19><2048><(1.228><10 x%+303 10 “)

)

= 9209 (4.48)

which 1s more than adequate. In order not to saturate the receiver, the gain of the PMT can

be tumed lower for hard target operation. For aerosols,
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~14 )2 2 -6
0.07 x| 4.86 x 10 X (512) x10

1.6 x 107" % 2048 x (4.48 % 10" x %223 +6.85 X 10“2)

N = 19%x107%  (4.49)

Cross-correlation is performed to the samples from both channels to get the wind speed.
Because the weak signal from aerosols, more samples are needed to get a good correlation

function. The signal to noise ratio at the output of the auto-correlation can be written as

S| =2 (4.50)
N cor n(l
where 7 is related to the signal to noise ratio at the input of the correlator given as
N (N)2
=2—=4+| = 4.
. =2 +(5) @30

The signal to noise ratio for hard target is high enough to get good correlation with a rea-

sonable amount of samples. If it measures aerosols during the day,

2
n, = 2(%]%%) = 28753 (4.52)
1.9%x 10 1.9x 10

The number of samples needed 1f an output S/N of 50 is expected is

n = 28753 x50 = 143,750 (4.53)
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which is equivalent to 143 seconds. The same procedure can be applied to aerosols at
night. It takes too many samples for aerosols during the day, and also means a long sam-
pling time and a big storage device and a very long processing time. To reduce these num-
bers, some other processing scheme could be used. The Fast Fourier Transform (FFT) is

one approach which will work better than the correlation approach.

4.4 Electronics

Following the guidelines of the previous sections, the electronics can be designed and
built. It includes digital and analog parts. On the digital board, a 10MHz crystal oscillator
1s used, a 1IMHz clock is generated by dividing the crystal output by 10. A pseudo random
code 1s generated and delivered to diode laser controller using a 1 MHz clock. The PRC
code repeats every S11us, so a 9-bit counter is used to produce a sync signal. Other out-
puts from the counter are also used for producing control logic for the integrator and A/D
trigger. A local delayed version of the PRC is generated using shift registers and different
clocks (1Mhz and 5Mhz). The 5Mhz clock is the intermediate output of the divide-by-10
function. With these two clocks, the delay time resolution of the PRC is 0.2 us which cor-
responds to a 3() meters range resolution. Different values of delay time is obtained by
different combinations of shifted values of two shift registers. The minimum delay is lim-
ited by the minimum propagation delay through the delay circuit. To compensate this,
another MC14557B is added to the path of the PRC code which drives the laser diode.

Two channel selectors (multiplexer) are used and the selection pins of the selectors are
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connected to the parallel /O port of the A/D board. So the delay time can be controlled by
computer through the A/D program. Logic contro! functions such as reset, hold signals
for the integrators and the sampling signal are also generated on the digital board. the last
signal from the digital board is a synchronization signal to trigger the A/D board and syn-
chronize the oscilloscope and other monitoring devices. It can be noticed in Fig.3.13 that
the A/D trigger has double pulses. This is because the multi-channel A/D board can not be
triggered simultaneously. Each channel s triggered in serial which is very raw,

The analog part includes power supplies for photo-multiplier tubes (PMT). transim-
pedence amplifiers, three gain stages, multipliers and integrators tor demodulation to
select the range bin and increase the signal to noise ratio. Several buffers are used to com-
pensate the offsets of the op-amps and the multiplier. An ac coupling capacitor with very
low cutoff frequency is placed between these gain stages to filter out the DC background

in order not to saturate the receiver.
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4.5 Experiment Setup

The “White Light” system is located 1n a trailer with a window which faces on open
field about 1km in length. The telescope, along with the transmitter optics and receiving
optics, are placed on a solid table. The diode laser controller, power supply, and all the
electronics sit on a table adjacent to the telescope. Optical fibers for both transmitter and
receiver run up to the ceiling in order not to be in the way of operation. A PC is used for
controlling and data acquisition. The PC 1s connected to the ether net so recorded data can
be transfer to the SUN work station for temporary storage and processing. Another dou-
ble ended system (CaropBell Unit) is put close to the trailer to measure wind and turbu-
lence strength for comparison.

It is very difficult to perform the alignment with an invisible laser beam. First stage
of alignment of the transmitter and receiver mirrors 1s done on the optical table in the lab.
With a He-Ne laser aligned to the optical axis of the receiving telescope, and by putting
the receiver and transmitter optics in a different order. the alignment of the system can be
performed fairly accurately. More alignment is done on the site with the visible laser on
the telescope and with the help of an IR-viewer.

The parameters of the components for the “white Light” system are Jisted in the table |
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Table 1: List of components in “White Light"” system.

Components Parameters
Transmitter: Seastar Optics Inc., pigtailed single mode laser diode.
Lasers Model No: PT-450A-830, Sum pigtailed fiber:

Tracer beam laser: Power Technology Inc., Model 635-3.

Laser controller,
laser power sup-

ply

Melles Griot, Precision Diode Laser Controller Model 06DLD 103
Self-designed 1 Am, 5V DC power supply for the tracer beam
laser.

Detectors HAMAMATSU R636 photomultiplier tubes.

HV-power supply | Fluke Inc., High Voltage Power supply Model 412A and 412 B

LV-power supply [ Tektronix Inc., PS503A Dual Power Supply.

Telescope Coulter Optical, Inc., 8-inch telescope, focal length=36 inches.
Transmitter lens: D=1 inch, f=63.5 mm;

Lens Receiver: 1 lens of D=1inch, f=2inches; 2 lens of D=1linch.f=1inch

Mirrors Melles Griot 02WBK224 mirror coated for 830 nm.

Optical Filters Acton Research Corporation Model 830-S-1D optfical filter with

bandwidth=10om.

Optical Fibers

3M Specialty Optical Fibers: 300 um and 100 um core diameters.

A/D board

Computer Boards Inc., CIO-AD16 board and CIO-SSH16 inter-
face.

Others




Chapter 5

Experimental Results

The entire “White Light” system described in the previous chapters was designed in
the Remote Sensing Group, Department of Electrical Engineering and Applied Physics,
Oregon Graduate Institute of Science & Technology. It was first tested over a propagation
path of about 200 meters inside the science park. Then the measurements were made over
the vicinity farm land where horizontal paths up to 1000 meters is available for which the
turbulence is expected to be quite uniform.

Considerable amounts of data were collected over path lengths of 250 m, 500 m, and
800 m at a laser beam height of about two meters above the ground and a variety of atmo-
spheric conditions. The locations of the targets were chosen to be accessible so that the in
situ measurement over the same path could be made. To simulate the weak signal from
aerosols and demonstrate the range resolve ability of the system, window screens were
also used as targets. In the attempt to measure the signal from aerosols, the telescope was
raised up with a small angle after being aligned, in order to avoid the large backscattering
fror trees and houses.

A collimated laser beam was used tn order to get the fully range resolved return signal
with a coaxial system. Therefore. the theoretical development with collimated beam
assumption was used. The peak delay method and Slope method will be both discussed in

this chapter. In the following example, the peak delay method is used and the aperture
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averaging effect is not taken into account.

The aperture averaging effect is studied and applied to the analysis of the expermen-
tal data. an optimum receliver aperture is obtained for direct detection system. Consider-
able effort was put into the experiment to get good data ftom aerosols.

It should be noted that in the development and testing of the “White Light” system,
many design changes have been made to optimize the system. For example, fiber size was
changed from 100 um to 300 um because of the unstable room floor where the telescope
sits and angle of arrival fluctuations due to refractive index gradient changes for different
time of the day and different temperature. In the study of the aperture averaging effect,
different shapes and sizes of apertures were used and a 50/50 beam splitter was also used.
Because the multiplier in the receiver circuit has an offset which is very sensitive to tem-
perature, more gain has been put in front of the multiplier to suppress the offset effect. An
A/D trigger was also changed from single pulse to double pulse because the A/D converier
was designed to be triggered in series for each channel.

An example of the cross wind measurements is shown in figure (5.1) where the hard
target at 800 meters was used. The cross wind estimates in figure (5.1) were obtained
using the peak delay method and the equivalent detector distance was used without con-
sidering the aperture averaging effect even though different receiving apertures were used.
To get one wind speed estimate, 12k samples average was used which is equivalent to 12
seconds in time for a single pulse A/D trigger. It should also be mentioned that because a
hard target was used, only | second worth of data average was good enough to get a good
TDC. The in-situ data was obtained by using a Campbell Scientific CA-9 path averaging

scintilometer and crosswind sensor.
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Figure 5.1  Cross wind measurements with both “White Light” and Campbell unit.
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The Cambell unit is a double ended instrument which uses a S mW He-Ne laser as
gransmitter at one end and a receiver at the other. The Campbell unit operates on the prin-
ciple that the slope of the time-delayed covariance function for the log-intensity from a
point source in a turbulent atmosphere is proportional to the path averaged crosswind.
This type of sensor has been extensively tested using propeller anemometers and found to
be accurate to around £0.5 m/s. The turbulence level is also measured by the Campbell
unit during the experiment so it can be applied to the theoretical formulation for predicting

the cross wind speed. The Campbell unit measures G, which 1s related to the turbulence

level by

€2 = const- L7067, (5.1)

As was mentioned many times in this dissertation, cross wind remote sensing utilizing the
speckle-turbulence interaction requires the measurements of certain statistical parameters.
These statistical parameters include the variance, time delayed covariance and autocovari-
ance of the received intensity. In this chapter, experimental measurement of variance,
autocovariance, time delayed covariance and cross wind speed are presented. The aper-
ture averaging effect on the autocovariance and TDC for different receiver apertures is
also studied and an optimum receiver aperture size is reached for “white Light” system
and can be used for other direct detection systems. New methods of measuring the TDC
and investigating the aperture averaging eftect are proposed and tested. The new process-

ing scheme is found to improve the wind detectability from the TDC using the slope
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method. The experimental results show that the system works well with a hard target.

Some of the data from aeroscls have also collected but less success is achieved.

5.1 Experiment Procedure and Results of Autocovariance and TDC

The test and experiments of the “White Light” system began in early 1994, The A/D
program can be found in Appendix D. The transmitter is a pigtailed diode laser which can
put out about 40 mW at the fiber end in CW mode. The high voltage power supply for the
PMT can be applied up to -1200 volts. Diffused hard target at about 250 meters was first
used. The experiment was conducted only when there was cross wind blowing. Each data
file 1s composed of samples of consecutive ranges where the starting distance and number
of ranges are controlled by computer through the A/D program. The number ot samples
for each range can be 1k to 160 k, or even more. The outputs of the Campbell unit are also
sampled before collecting data from each range. The A/D program also calculates the
average intensity of each range to help determine the distance to the target. The systerm
can also run in real CW (without modulation) mode, and sampled before the signal is mul-
tiplied and 1ntegrated 1n the case of a hard target. The sampling rate is 1 KHz or 2 KHz for
a single or double A/D tnigger pulse, respectively.

Figure (5.2) 1s the intensity vs. range off the hard target at about 250 meters with a
recelving telescope aperture of 8 inches. A single A/D trigger pulse was used, with an
equivalent sampling rate of about |KHz. Five ranges were chosen in order to find the tar-

get. There are 12 K samples in each range. From Fig. (5.2), it can be seen that the target is

located at the peak or about 250 m. The resolution of locating the target is 15 meters.



Figure (5.3) is the recorded two channel signals used to produce Fig. (5.2). Some similar-
ity with small time shift can be seen in both channels even in the presence of noise. Figure
(5.4) 1s the autocovariance of both channels and figure (5.5) 1s the time delayed cross-
covariance (TDC). Each curve was normalized by the average intensity. The data pro-
cessing program for getting autocovariance and TDC is listed in Appendix E. The well
defined autocovariance and TDC are a result of the significant interaction between laser
and turbulence. The small magnitude of autocovariance and TDC is mainly caused by
aperture averaging and small path length in which little interaction with turbulence occurs.
The significant amplitude difference between the two autocovariances is caused by inac-
curate control of equal receiving areas which produces ditferences of average intensities
and variances. Another contribution of error to the average intensity is the offset fluctua-
tion of the electronics which becomes important when the backscattering signal 18 weak
as in the case of using aerosols as target. The time resolution js determined by the sam-
pling rate which is about 1KHZ for the data in figure (5.3). So the time resolution in figure
(5.4) and (5.5) 1§ about | ms. The time shift of the peak is about 16 ms in figure (5.5) and
effective detector distance was chosen as 4 inches. The wind speed can be calculated by

the simple equation

V, = 5 (5.2)

which gives 3.2 meters/second. The resolution of wind measurement is determined by

sampling rate and detector distance as it will be discussed in section (5.3).
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Figure (5.6a) shows plots of the TDC from difterent ranges corresponding to those in
figure (5.2). Since data for different ranges are taken consecutively but actually from the
same hard target, by processing data from the different ranges a time series of wind speed
can be obtained as in figure (5.6b). Each range represents 12 seconds worth of data, and it
takes about the same amount of time to write to the disk after the data for that range is
taken. so the total time is about 24 seconds between the wind estimates in figure (5.6b).
From figure (4.6). the wind varies between about 2.5 m/s and 3.6 m/s.

It should be stated that proper way to obtain a time series of wind is to keep the range
at where the target is, and take consecutive sets of data. Each wind estimate 1s obtained by
processing each data set. The rest of wind time series are obtained this way.

Figure (5.7) is the TDC of received signals trom a hard target at 800 meters, using an8
inch receiving aperture. The single A/D trigger pulse is used which gives a 1 khz sampling
rate. Using the peak delay method and an effective receiver distance of 4 inches, the wind
speed 1s calculated to be 1.7 m/s. Figure (5.8) 1s the autocovariance of the same two chan-
nel signals. The TDC and autocovanance in figure (5.7) and (5.8) are normalized by aver-
age intensity.

Wind remote sensing using time delayed covariance scheme can give both the magni-
tude and direction of the wind speed. When cross wind blows turbulent eddies of different
sizes cross the laser beam, their effect on the laser signal coming back to the detectors will
experience a time lag depending on the wind direction. And this will be shown by the sign
of ]ag time of the peak of the TDC function. Negative lag time is detected as it can be seen

in figure (5.9) which means the wind was blowing in the opposite direction compare to the
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days of figure (5.5) and (5.7). Figure (5.10) is the autocovariance of the same experiment
data as in figure (5.7). The target is at 800 meters, and a smaller receiving aperture (5.5
inches) isused. Again the sampling rate is about | khz and wind speed is calculated about
5 m/s. The feature of the TDC function with the peak shifts according to the wind direc-
tion is very important and useful. With two detectors, the vector wind’s (magnitude and
direction) projection along the detector’s axis can be measured. If three or more detectors
are used. the real wind vector can be defined on the receiver plan. Of course, the wind
along the radial direction can not be measured by this scheme, but if it is combined with
the well known Doppler method, the complete three dimensional wind speed can be mea-
sured.

It can been seen that the magnitudes of the TDC and autocovariance of the experi-
ment results are different from experiment to experiment. These differences are due to
changes in turbulence, path length and receiver aperture size. For the same atmospheric
conditions, the amplitudes of the TDC and autocovariance are only controlled by the
receiver aperture. Theretore. it is important to study the aperture averaging effect because
the wind detection is directly related to the time shift to the peak and slope of TDC func-
tion.

Autocovariances were plotted to mvestigate the potential of determining the cross
wind using the scheme introduced in chapter 2. Because the Campbell unit was not run-

ning during the experiments so tar, no comparison can be made. But as the author

observed in the expenments, “White Light” works well for hard target. It gives the correct

trend of wind amplitude and correct wind direction.
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In the following sections, aperture averaging effect was studied experimentally and
the Campbell unit was used to compare with “White Light”. Independent information of
turbulence strength and wind speed can be obtained so comparison can be made. Differ-
ent shapes and sizes of receiving aperture were used to find the optimum selection. With
practically optimized aperture, several time series of data were taken and time series of
wind speed were produced. Very good agreement was found between “Whiie Light” sys-
tem and Campbell upit.

Attempts have also been made to measure the signal from aerosols both during the
day and night. It 1s very noisy during the day because the system 1s working in the near
infrared. Background noise is huge because of the leakage and finite bandwidth of the
optical filter. A big background signal can also saturate the receiver electronics and the
detector if the gain of the detector is set too high. Therefore, acrosol detection can be only
made during the pight. But in this area of the country, there is very little wind during the
night, so not many good opportunities for aerosol detection were available. Because of
the low signal to noise ratio, covariances measured are very noisy. In addition, huge num-
ber of samples are needed to resolve the peak of the TDC function. A few to tens of min-
utes average 1§ necessary to get a good TDC curve. This time long enough that the
atmospheric conditions change and large scale fluctuations of the receiver electronics
make the signal nonstationary which eventually produces wrong results. Some fairly
good results for aerosols were seen but higher laser power and a better processing scheme

may be needed to improve the performance of the system for aerosol detection.
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5.2 Experiment on Aperture Averaging Effect

When receivers have a finite area, aperture averaging effect starts. The bigger the recewver
apertures are, the smaller the covariance because the fluctuating part of the signal is averaged
out. Aperture averaging also reduces the width of the autocovaniance function. Another factor
that effects the covariances is the detector spacing. The bigger the detector spacing, the smaller
the covariances are. Both factors exist in the “White Light” system. To study this effect, both
two half moons and two rectangular shaped recetvers with different sizes are used as shown in
figure (5.11).

In figure (5.11 a), the inner circle represents the diagonal mirror inside the telescope which

blocks some of the receiving area. This effect is also taken into account in the theoretical anal-

ysis. The configuration in figure (5.11 b) 1s obtained by blocking the aperture of the telescope in

D \
- > -

ch.1 ch.1]ch. 2

(a) (b)

Figure 5.11 Two different receiving apertures: (a) two half-moons; (b) two rectangles.
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such a way as to produce a rectangle. The same kind of configurations are used for the the-
oretical analysis ot different sizes at constant wind speed and turbulence strength. The wind
speed and turbulence strength are chosen based on the experiment measurements, so com-
parisons can be made. The experiments were conducted with hard target at 800 meters.

Data were taken with different sizes in short enough sampling times in which turbulence

doesn’t change very much. This is verified by Campbell unit measurements of Ci used for

numerical analysis.

Peak values of TDC function of both experiments and numerical simulations for two

half-moon configuration is plot in figure (5.12). Wind speed and turbulence are V = 1 m/s

and Cj = 2.29¢ — 14 from Campbell unit measurement. Very good agreement is found

between experiment and numerical analysis of the TDC function. The primary goal is to
find an optimum size receiver for the “white Light” system. Figure (5.12) is plotted using
log scale on x which 1s the radius of the telescope. From figure (5.12), the amplitude
doesn’t change very much as the radivs increases. then drops off very fast unti) a radius 1s
reached at which the TDC becomes stable again. The optimum size can be chosen where
the amplitude starts to drop rapidly. In this two-half moon case, a radius smaller than 10
mm should be chosen. But for the coaxial system, it is impossible to iraplement this aper-
ture because of the size of diagonal mirror which blocks the receiver. Experiment results
with relatively bigger apertures were found which agree with the numerical analysis very
well. Experimental results of the antocovariance is also found agree with the numerical
analysis as it 1s shown in figure (5.13). A slight difference between ch.1 and ch.2 in figure

(5.13) was introduced by inaccurate control of the receiver aperture.
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The rectangular shaped receiver was also used for experiment and numerical analysis.
This 1s more useful practically. The numerical results of peak amplitudes of the TDC with dit-
ferent width of rectangle are plotted in figure (5.14) compared with a few experiment results.
The experiment results agree with the numerical predictions very well. The optimum width for
rectangle receiver is about 10 mm as it can be seen in figure (5.14). Figure (5.15) and (5.16) are

the TDC functions and autocovariance functions of both numerical and experimental results

with width of 20 mm of each receiver rectangle. with Cambell unit showed wind speed V = 2

m/s and turbulence Ci = 2.0e-14.

Comparisons of experimental results and numerical predictions show that the theoretical
development and simplifications are adequate and can be used for future work. The good
experimental results demonstrated also show that the “White Light” system is designed follow-
ing the physics principles. All the concems in the development and experiment can be used as
guideline of a similar system design for future work. It should be pointed out that the parame-
ters chosen for numerical analysis are specific for “White Light”. More generalize analysis
should have the formulation normalized by Fresnel zone scale size and for rectangular receiver.
the variable height of the rectangular case should also be studied. But it was found from simula-
tions of different heights that the results are similar to figure (5.14) except for a scale factor.

Practically optimurn sizes based on the aperture averaging effect in this section were used
for further experiments of wind measucerents. Very good TDC functions with relatively
higher magnitude are obtained for every single set of data. The time series of wind speed were
obtained from the TDC function using the peak shift method. The Campbell unit was also set
up at a very close path to “White Light” to collect cross wind speed and turbulence data for

comparison.
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5.3  More Wind Measurements

In the previous section, the aperture averaging eftfect was discussed and tested to
reach an optimum aperture size for the “White Light” system. The criteria of an optimum
aperture 18 that the aperture be big enough so that received signals have good signal to
noise ratio, but at the same time be small enough that aperture averaging effect is not too
severe that the peak value of the TDC function is above the threshold of the noise. This is
especially important for aerosol detection because of the bad signal to noise ratio.

More experiments were conducted under various atmospheric conditions with a hard
target at 800 meters with smaller two-half rioons and rectangular receiver apertures. The
Cambell unijt was set on a paralle] path less than 0.5 meter from the optical axis of the
“White Light” system. A set of independent cross wind speed and turbulence data were
collected from the Cambell unit just prior to each data set was taken from “White Light”
system. Only about 10 seconds of time delay is introduced for each data set ot 12 k sam-
ples. Consecutive data sets were taken to develop a time series of cross wind speeds using
peak delay method. Comparison are made with Campbell unit measurements.

Figure (5.17) is the TDC function of one data set obtained on September 6, 1994.
Rectangular shaped receivers with width of 20 mm were used. Ten consecutive sets of
data were taken, each with 24 k samples for each channel. An average of 12 k samples
was used to get the TDC curve, and peak sbift method is used to get wind speed. The time
series of the wind speed is plotted in figure (5.18) and corresponding Campbell unit read-
ings are also plotted in figure (5.18). As it can be seen, “White Light” system can follow

the trend of the Campbell unit faicly well. The error of the last two points may be caused
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by the lag time between the two systems. A low time resolution of the TDC also intro-

duces some error in the measurement. Taking the decvative to the simple equation
V =D/ (27) (5.3)

The error of speed caused by misreading of the peak delay time T is

AV = Zac = Lo (5.4)
2T T

It is obvious that if wind is bigger, the error introduced by the finite time resolution 1s big-
ger. For example, 1f 3 m/s wind 1s measured, D=20mm, the correspond ume delay mea-
sured is about 3 ms. That gives AV = 1.1 m/s.

Figure (5.19) is the TDC function of one data set obtained on September 20, 1994.
The same rectangular receiver was used as in figure (5.17). The A/D trigger signal was
changed to double pulses to trigger the two channel signals. The equivalent sampling rate
1s 2 khz as 1t was expected when the system was orjginally designed. The time resolution
of TDC function 1s about 0.5 ms. The ervor of wind speed measurement introduced by the
finite time resolution should reduce by a factor of 2 compared to figure (5.17). Ten con-
secutive sets of data were taken. Each has 24 k samples for each channel. The time series
of wind speed measurements from both “White Light” and Campbell unit are obtained and
plotted in figure (5.20). A very good match is found between the “White Light” system
and the Campbell unit. The better performance is due to the higher sampling rate which
increases the time resolution of the TDC function.

The information introduced by turbulence has frequency spectrum less than 1 khz.

[ncrease sampling rate would result in over sampling. In addition, more data samples
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would be needed to be processed and it would take a longer time to get enough informa-
tion. More storage space would also be needed to store the data. There is a trade-off
between precision of measurement and storage space and process time.

The final goal of this project was to measure wind speed using aerosols. A Jot of time
was spent trying to measure the cross wind speed using aerosols instead of hard target. It
was found that during the day, the background noise from the sun is too big for the “White
Light” system, due to the finite bandwidth of the optical filter. The background noise was
much larger than expected and can saturate the photomultipher tubes and the receiver
electronics. Therefore, experiments can only be done during the night to measure signal
off of aerosols. The intensity vs. range plot of figure (5.21) was produced by processing a
set of recorded data. Each data point represents 24 k samples, 24 seconds worth of data
average. The signal is very noisy, as it can be seen in figure (5.22). even at night. Many
data sets were taken and intensity vs. range profile similar to figure (5.21) were obtained.
The TDC function of the two channel signals from aerosols is very noisy, and no obvious
peak can be seen for 24 seconds even for a 1-minute average.

There are several reasons which make it difficult to detect the cross wind speed at
night using aerosols. The turbulence is low at night, so the correlation is low. There is
barely any cross wind in the evening in the local area. The road lights make the back-
ground level bigh so the signal to noise ratio is bad. More samples may be needed to do
the average so an adequate TDC can be obtained for calculating the cross wind speed. But
nonstationary properties of the turbulence and electronics may effect the results if the

averaging time 18 too long. Other better data processing schemes may be used in order to
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get good results in a shorter averaging time. Small area detector arrays can also be designed. so
higher correlation can be obtained between the adjacent detectors and then a spatial average can

be applied to the TDC’s of all the detector pairs.
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5.4 New Receiver and Processing Design

A 50/50 beam splitter was used to split the recetver area in two. Two knife edges are
used for better control of the receiver area as shown in figure (5.23). More experiments
have been conducted to investigate the aperture averaging and to find a better receiver
design. By adjusting the positions of the two knife edges, two receiver areas are obtained
as explained in figure (5.24). The common area is the overlapped part between the two
receivers. The size of the common area is controlled by the two knife edges. The signals

from both channels can be expressed as
Sy =8 +5, S, =8, +8, (5.5)

where S,” and S, are signals from unoverlapped area, S is the signal from the common

area. Cross correlating the two signals gives

C(r) = <§;8>- <8,> <§5,> =

<§/'8,>- <8/'> 2+2( <8§/S,>- <8,> <S> )+ <S§>— <85 >

= C'(1) +2C,, (1) +C_(7) (5.6)

where C__(T) is the covariance between the unoverlapped area and common area, C, is

the autocovariance of the common area. From Egq. (5.6), it is easy to see that the cross-
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covariance of this receiver system is higher than the two simple rectangles without over-
Jap. But the final term in Eq. (5.5) is the autocovariance which is not wanted. Some pro-
cessing scheme is needed to remove the autocovariance part. Using the symmetrical
property of autocovariance, one can generate a new function which keeps all the cross-

covariance information without the autocovariance term.

c(t) = C(1) -C(-1) (5.7)

Figures (5.25)-(5.29) are the experiment results of TDC with different sizes. The autoco-
variance are also subtracted and plotted in these figures. It can be seen that Eq. (5.7) can
remove the autocovariance perfectly. The new function has a very smooth and clear slope
at zero time delay, so it may be a better choice to use slope method to get the wind speed.
More detail theoretical work 1s needed to describe the relationship between the wind speed

and slope obtained by this scheme.



0.8 - . - .

-0.2 ‘

spt13-14.1,2.3

%00 400 200 0.0 200 400
Lag Time (ms)

Figure 5.25  Cross covariance with autocovariance, bigger common avea was used.

60.0

80.0

9Tl



-0.2

spt13-13.1,23

-60.0

Figure 5.26

400 200 0.0 200 400
lLag Time (ms)

Cross covanance with autocovariance, smaller common area was used.

60.0

80.0

L



1.0 — 1

|
|
|
: spt13-13.1,2.3
_1. _____
05 — 3 : IIII'\., -
|
|
|
|
|
.................. I T ——
0.0 ¢~ | -
|
: auto-cov subtracted
G with auto-cov
|
|
0.5 ) L L 1 . ! . 1 . . . 1 ) \ . L . . ;
-40.0 -20.0 0.0 20.0 40.0 60.0

Lag Time (ms)

Figure 527  Cross covariance with autocovariance subtracted from figure (5.26).

821



1.0

0.5

0.0

spt13-14.12,3

auto-cov subtracted
- With auto-cov

-0.5 '
-40.0

Figure 5.28

200

1 ) 1 I 1
0.0 20.0

Lag Time (ms)

1 i 1
40.0

Cross covarance with autocovariance subtracted from figure (5.25).

7 60.0

6Tl



1.0

0.8

0.5

-0.8

I
I
I
| spt26-7.1.2,3
|
I
I

— \With auto-cov

|
|
|
|
|
auto-cov subtracted |
|
|
|
|

-40.0

Figure 5.29

200 00 200
Lag Time (ms)

Cross covariances before and after autocovariance s subtracted.

40.0

0cl



Chapter 6

Conclusions and Future Work

The primary goal of this research project was to build a range resolved lidar system
for single-ended remote sensing of atmospheric cross wind using speckle turbulence inter-
action in conjunction with optical direct detection. This was accoraplished by using a
pseudo random code (PRC) modulated continuous wave (CW) AlGaAs laser as the
source, highly sensitive photomultiplier tubes as detectors and an mntegration detection
scheme. A strong interaction between a Jaser with wavelengths in the near infrared and
turbulence was observed as expected. Using the experimental apparatus, cross wind mea-
surements were made 1o the atmosphere over a flat and featureless terrain. Good agree-
ment between experimental data and the numerical analysis of the theory demonstrated
the potential of a portable and reliable wind measurement system for the real world.

The transmitter is a single transverse-mode multi-frequency semiconductor laser.
Therefore previously developed wave propagation theory for a polychromatic source must
be used. For a laser source with very low vacuum speckle contrast ratio (VSCR), the
coherent term of the formulation can be dropped. If these frequencies are very close, a
central frequency can be used, so simplified formulations can be obtained. Consequently,
the wind sensing processing scheme for the monochromatic case can be adopted. Based
on the previous theory, some development and simplifications were made so numerical

analysis can be implemented for finite receiving area. Satisfactory numerical calculations
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were performed on the SUN work station using the Gauss Quadrature approximation. The
autocovariance and TDC functions of fairly good accuracy were obtained in a reasonable

amount of computing time. Detailed numerical analysis of the peak amplitude of the TDC
function on the specific problem of the “White Light” system showed the aperture averag-
ing eftect.

A coaxial system was used for the receiver. One advantage of a coaxial system 1s that
no weighting function is produced as for a biaxial system, so a wider detecting range can
be reached. Another is that the spider inside the telescope can block the near field so the
dynamic range of the received signal is reduced which makes the design of receiver elec-
tronics easier. Semiconductor lasers and fibers made the system very compact and easy to
control. Fibers were used to deliver the receiving optical signal and it could also be used
for controlling the ficld-of-view. Intensity vs. range curve were obtained using the Gauss-
ian beam expressions for the laser beam.

Pscudo random code modulation made it possible to run the transmitter as CW and
still have range resolving capability. Modulation codes can be directly applied to the
semiconductor laser as a driving current. Integration detection has the advantage of
demodulating the code to resolve the range and improve the signal to noise ratio, so a high
power laser is not needed. Different coding schemes were proposed by other researchers
and some were claimed to have befter performance than others in terms of signal to noise
rato. Analysis and simulations in chapter 4 did not show the advantage of the A-1 and A-

2 sequences over the M-sequence. But they are all €asy to generate and work well for CW

lidar systers.
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A great amount of time was devoted to hardware design aund testing. It was found that
the multiplier AD734 is very sensitive to temperature. The offset fluctuations associated
with environment temperature buried in the signal and can be significant when detecting
weak signal from aerosols. Isolation between the digital part and analog part of the elec-
tronics 1s another which requires attention in the design. Usually it is good practice to sep-
arate these two parts into two boxes. The modulation input of the diode laser controller
has an input impedance of 50 ochms which requires the PRC generator to have a high driv-
ing capability. Bipolar parts should be used at the output stage of the PRC instead of MOS
devices to avoid interaction of the load to the rest of the circuit. The selection signals for
delay time of the local PRC code are connected to the PC through the A/D board. So the
selection is done automatically by the A/D program. Since simultaneous sampling 1s
required to record the data, it is important to design the A/D trigger carefully to make sure
it fits the specific A/D board.

The aperture averaging effect was studied in detail using numerical analysis. The
results of the numerical calculation of the autocovariance and time delayed covariance for
the “White Light” system can be generalized to guide the design of similar systems. An
optimum receiver size should be chosen from the simulation so a beiter system can be
designed and better measurements can be obtained.

Experiments over a variety of atmospheric conditions showed that the “White Light”
system works well for a hard target. The experimental results also demonstrate the range
resolve ability of the system. Good matches of experimental results of the autocovariance

and TDC with theoretical predictions showed that the theory about statistics of polychro-
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matic speckle propagation developed in the past and the new extension on the finite aper-
ture case 1s correct. The accuracy of the wind measurements depends on the sampling rate
and detector distance. There 1s a trade-off between sarnpling rate and memory space and
processing time. For atmospheric wind measurement using speckle turbulence interac-
tion, the signal bandwidth is less than 1 KHz. So a sampling rate of more than 2 KHz is
appropriate. Since in most cases, a finite receiver area is used, the aperture averaging
effect must be considered. An effective detector spacing was used for processing the
experimental data to get the wind speed using the peak delay method. More accurate
results can be obtained using the formulation of a finite receiver. But complex theoretical
analysis must be performed to predict the simple solution. Since the aperture averaging 1s
a very coraplicated process, it may be a better choice using the slope method to pracess
the data. And as it was seen in section 5.4, it is possible to increase the magnitude of the
TDC to increase the detectability using the scheme suggested.

Angle of arrival fluctuations were also observed during the experiment. This phe-
nomenon is associated with gradient fluctuations of the refractive index due to tempera-
ture gradient changes. [t is a severe problem for an optical system with short wavelength.
Noticeable displacement of the receiving image was observed that adjustment to the
receiver fibers had to be made for very different atmospheric conditions, for example,
between noon and evening. This should be a concern of the design and application of the
future systems.

Attermnpts to measure the cross wind speed using aerosols were not successful. Rea-

sons are as discussed as in section 5.3. A longer time average is needed and new process-



ing scheme must be investigated. To make the measurement possible during the day,
better control of the frequency of a high quality semiconductor laser 1s needed, so that a
narrower optical filter can be used to filter out the large background light. With the devel-
opment of more powerful diode lasers, it should be possible to design a wind measure-
ment system for practical applications.

As discussed in chapter 5, detector arrays can be implemented in the system to
improve the signal to noise ratio and detectability. Using a detector array can avoid the
aperture averaging effect and spatial averaging over all the pairs of detectors will improve
the signal to noise ratio of the TDC. The two dimensional wind is also available by using
detector array. With modern DSP chips, all the PRC code generator, digital logic and sig-
nal and data processing circuits can be integrated in a single chip. Combining the DSP

and semiconductor technology. very reliable and compact lidar systems can be achieved.
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Use the Confluent Hypergeometric Functions to simplify the term
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When Z24n, Asymptotic expansion must be used,
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Appendix B

Programs for numerical analysis of the TDC of point detectors

(A) Newton trapezoidal method

This program is called finall.f. which usesNewton’s trapezoidal
rule to do the integration

This program ssimulate time delayed covariance for two point
detector case. the time delayed covariance is normalized by
average intensity.

all the parameters are read from a file called “parameters”
the calculated results are stored in file “tdcpt.1”

real td(-100:100), term(-100:100)

a0 1s beam size, L is the target distance, F is the focal distance

¢ Cn is the turbulence strength. V is the wind speed, P is the detector
¢ distance, k 1s the wave number

G 0 0 o0 o0 00

real a0,L.F,.Cn,V,Pk lamda

real rolO,rol,const,pi

real a,al,b,y,xrolterm,temp

real t,thita,H

real a,co01(20).c02(20),cc1(20),cc2(20)

double precision gamal,gama2,gama3.gama4d
double precision argu,bsl

double precision s14aaf, argl,arg2,arg3.argd4
double precision s17aef

external s14aaf

external sl17aef

integer ifail

print *, ‘input beam size in (mm)’

read(5,*) a0

print ¥, ‘input distance of the target in (m)’

read(5,*) L

print *, ‘input focal distance in (m),10**5 for collimated’
read(5,*) F

print * ‘input trbulence strength’

read(5,*) Cn
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print *, ‘input wind speed in (m/s)’
read(5,*) V

print *, ‘input the detector distance in (mm)’
read(5,*) P

print *, ‘input wavelength in (nm)’
read(5,*) lamda

open(9,file="parameters’)
open(10,file="tdcpt. 1)
read(9,%)a0,L,F.Cn,V,Plamda

print *, a0,L.F

print ¥, Cn,V,P,lamda
pi=4.0*atan(1.0)

a0=a0*0.001

P=P*(.001

k=2*pi*1.0e9/lamda

a=-5./6.0
r0l0=(0.545625*Cn*L*k*k)**(-3./5.0)
const=L*L/(2.*a0*a0*k**2)+2*(L/(k *rol0))**2

+a0*a0*(1-L/F)**2/2.
print *, k,rol0

¢ get gamma fuctions for the numbers in the calculation

ifail=1

argl=11./6.

arg2=-5.0/6.

arg3=1.0/3.0

arg4=1.0/6.0
gamal=sl4aaf(argl,ifail)
gama2=sl4aaf(arg2,ifail)
gama3=s]4aaf(arg3,ifail)
gamad=sl4aat(arg4,ifail)

print *, gamal,gama2,gama3,gama4

¢ First loop 1s for different time delay td(i1), to get different
C covarnance.

¢ small loop to get coefficients for regular expansion

a=-5.0/6

ccl(l)=-cos(p/12)*a

cc2(1)=sin(pi/12)

do i=2,18
ccl(i)=-ccl(-1)*(a+2*i-2)*(a+2*i-3)/((2*i-1)*(2%1-2)) **2
cc2(1)=-cc2(i- DN*(a+2¥1-4)*(a+2*1-3)/((2%i-2) *(2%1-3)) ¥*2

end do
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¢ another small loop 10 get coefficents of the expansion
col(0)=1
co2(0)=1
do i=1,18
col(i)=(a+i-1)**2*col(1-1)11
co2(1)=(i-a)**2*co2(i-1)/i

c print ¥, col(i1),c02(1)
end do

do {00 11=-60,60 ! should be 100
td(11)=11*.5e-3

¢ the forth loop is for different t, which is normalized
¢ distance
H=0
do 400 i4=1,1000 ! should be 1000
t=14*0.0009999
al=sqrt(t*(1-t)*L/(2%k))
b=sgrt((P*t-V*td(il))**2)
y=(b**2)/(8.*a1**2)
1f(y.gt.12.56) goto 500 ! to use asympototic expansion
x=0
do1=1,18
X=x4+(cc () *¥y**(2*1-1)+cc2(1) ¥y ¥ *¥(2*1-2))
end do
goto 600

¢ when y>4pi use asymptotic €xpansion
500 x=0.
do 1=0,18
x=x+c0 1 (1)*y**(-i-a)*sin(pv/12.-(a+1) *p1/2.)/gamal +
* co2(1)*y**(-i-1+a)*sin(pi/12.-y+(i+1-a)*pi/2)/gama?2
end do

600 H=H+(-3.*b**(5./3)*gama3**2*cos(pi/6)/(20*p1**(1./2)
* *gamal)+3.%aa**(5./3)*gamad*x/(5*2¥*(]./6)))

c print *,y
c print *, H
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400 continue
¢ end of the torth loop

H=H*0.001
term(i1)=exp(5.206*k*k*L.*Cn*H)
c print *,Cn,sterm

¢ to write the final result
write(10,99)td(11)*1.0e3 term(11)
99  format(1x,f12.5,£20.10)
100 continue
¢ the end of the first loop
close(10)

stop
end
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(B) Use Gauss Quadrature intergration subroutines

This program is called final2.f

Gauss Quadrature intergration subroutines are used here o

calculate time delayed covariance for point detector case.
*** the result is normalized by average intensity ***

all the parameters are read from a file called “parameters”
the calulated results are stored in file “tdc.pt”

a0 is beam size, L is the target distance, F is the focal distance
Cn is the turbulence strength, V is the wind speed, P is the detector
distance, k 1s the wave number

real a0,L,F.Cn,V.Pk.lamda

real rol0,rol.pi

real a,aa,b,y,x

real t,H

real col(24),c02(24),ccl(24),cc2(24)

rea) td(-500:500),term(-500:500)

double precision gamal,gama2,gama3.gama4
double precision argu,bsl

double precision s14aaf, argl,arg2,arg3.arg4
double precision s17aef

external s14aaf

external sl7aef

integer ifail,N,itype

double precision var4(64)

double precision wtd(64)

double precision A4,B4

external d01bbf,d01bax,d01bay,d01baz,d0{baw

print *, ‘input beam size in (mm)’

read(5,*) a0

print *, ‘input distance of the target in (m)’

read(5,*) L

print *, ‘input focal distance in (m),10**5 for collimated’
read(5,%) F

print *, ‘input trbulence strength’

read(5,*) Cn
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c print *, ‘input wind speed in (m/s)’

c read(5,¥) V

c print *, ‘input the detector distance in (mm)’
c read(5,*) P

C print *, ‘input wavelength in (nm)’

c read(5,*) lamda

C print *, ‘what is number N’

c read(5,*) N

c print *, ‘input itype’

C read(S,*) itype

open(9,file="parameters’)
open(10,file="tdc.pt’)
read(9,%)a0,L,F,Cn,V,Plamda,N,itype
pi=4.0*atan(1.0)
a0=2a0*0.001
P=P*0.001
k=2*pi*1eY/lamda
a=-5.0/6.0
rol0=0.545625*Cn*L*k*k
c print *_ k.rol0
ifail=0

A4=0.0
B4=1.0
to get abscis and weights
call dO1bbf(d01baz,A4,B4,itype,N,wtd.vard,ifail)

(g}

(@]

get gamma fuctions for the numbers in the calculation
argl=11./6.
arg2=-5.0/6.
arg3=1.0/3.0
argd=1.0/6.0
gamal=sl4aaf(argl,ifail)
gama2=s}4aaf(arg2,ifail)
gama3=s14aaf(arg3,ifail)
gamad=sl4aaf(arg4,ifail)
c print *, gamal,gama2,gama3,gama4
c First loop is for different time delay td(il), to get different
C covariance.

¢ small loop to get coetficients for regular expansion
a=-5.0/6
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ccl(1)=-cos(pi/12)*a

cc2(1)=sin(pr/12)

do 1=2,20
ccl(@)=-cc1(i-1)*(a+2*1-2)*(a+2*1-3)/((2*1- 1) ¥ (2*1-2))y*¥*2
cc2(i)=-cc2(i-1)*(a+2*i-4)*(a+2*1-3)/((2%1-2)*(2*1-3))**2

end do

¢ another small loop to get coefficents of the expansion
col(®=1.0
c02(0)=1.0
do i=1,20
col(i)=(a+i-1)**2%*col(i-1)/i
co2(D)=(i-a)**2*c02(-1)/i
end do
do 10011=-60,60  !should be 100
td(il)=11%.5¢e-3

¢ the forth loop 1s for different t, which is normalized
¢ distance
H=0.0
do 400 i4=1,N ! should be 1000
t=var4(i4)
aa=sqrt(t*(1-t)*L/(2*k))
b=sqrt((P*t-V*td(11))**2)
y=(b*¥2)/(8.¥aa**2)
1f(y.gt.12.56) goto 500 ! to use asympototic expansion
x=0.0

do1=1,18
X=x+(ccl(Q)*g**(2*1-1)+cc2(i)*y**(2*1-2))
end do

¢ x=0.805*y-y**3*#4.347¢-3+7.458e-5*y**5-9. 1e-T¥y**7+
¢ *  0.2587+0.009%y**2-1.578e-4*y**4+2.312e-6*y**6
goto 600

¢ when y>4pi1 use asympiotic expansion
500 x=0.
do 1=0,18
x=x+col(1)*y**(-1-a)*sin(pr/12.-(a+1)*p/2)/gamal +
*co2(iy*y**(-1-1+a)*sin(p/12.-y+(i+1-a)*pV/2)/gama?
end do



¢ */gamal+(-sin(y)*y**(-11./6)+3.361*sin(4.71-y)*y**(-17./5)
c  *-13.49*sin(y)*y**(-23./6)+66*y**(-29 /6)*sin(7.854-v))
c */gama2
600 H=H+(-3.*b**(5./3)*gamal3**2*cos(p/6)/(20*pi**(1./2)
* *gamal)+3. *¥aa**(5./3)*gamad*x/(5*¥2**(1./6))) *wtd(14)
c 600 H=H+(x*0.5345*gama4*aa**(5./3)-0.07335*b**(5./3)*gama3**2
¢ * Jgamal)*wtd(14)
C print ¥, y
C print *, H
400 continue

¢ end of the forth loop

term(il)=exp(5.206*k*k*L*Co*H)-1
¢ to write the final result

write (10,99)td(11)*1.0e3,term(11)
99  format(1x,f12.5,20.10)
100 continue
¢ the end of the first loop
close(10)

stop
end
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Appendix C

Programs for numerical analysis of aperture averaging effect on TDC functions

(A) Two half-moon receivers

This program is called start1.f

Gauss Quadrature intergration subroutines are used here to

calculate time delayed covariance for two half-moon case.
*¥%% the result 1s normalized by average intensity ***

al] the parameters are read from a file called “‘parameters”
the calculated results are stored 1n a file called “tdc.pt”

a0 is beam size, L is the target distance, F is the focal distance
Cn 1s the turbulence strength, V is the wind speed, P 1s the detector
distance, k is the wave number

real ab,L,F,Cn,V,P1.P2 %k lamda

real rol0,rol

real a,aa,b,y,x,thital,thita2

real t,H,out_term

real terml,term?2,term3_1,term3_2

real c01(24),c02(24),cc1(24),cc2(24)

real td(-500:500)

double precision gamal,gama2,gama3,gama4d

double precision s14aaf, argl,arg2,arg3,argd

double precision s17aef

external sidaaf

external s17aef

integer 1fail,N.N1,itype

double precision varl (64),var2(64),var3(64),var4(64)
double precision wtl(64),wt2(64).wt3(64),wt4(64)
double precision A1,B1,A2,B2,A3,B3.A4,B4,pi
external dO1bbf,d01bax,d01bay,d01baz,d01baw

print *, ‘input beam size tn (mm)’
read(s,*) a0

print *, ‘input distance of the target in (m)’
read(5,%¥) L
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print *, ‘input focal distance in (m).10%**5 for collimated’
read(5,*) F

print *, ‘input trbulence strength’

read(5.*) Cn

print ¥, ‘input wind speed in (m/s)’

read(5,*) V

print *, ‘input the receiver inner radius in (mm)’
read(5,%) Al

print *, ‘input the receiver outer radius in (mm)’
read(5,%) Bl

print *, ‘input wavelength in (nm)’

read(5,*) lamda

print *, ‘what 1s number N’

read(5,*) N

print *; ‘what is number N1’

read(5,*) N1

print *, ‘input itype’

read(5,¥) itype

open(9,file="parameters’)
open(10,file="tdc.pt’)
read(9,*)a0,L,F,Cn,V,A1,B] lamda N,N1.itype
pi=4.0*atan(1.0)
a0=a0*0.001
P=P*0.001
k=2*pi*1e9/lamda
a=-5.0/6.0
rol0=0.545625*Ca*L*k*k
print *, k,rol0
ifail=0

A1=A1*0.001

B1=B1*0.001

A2=-p1/2.

B2=pi/2.

A3=p1/2.

B3=3*pv2.

A4=0.0

B4=1.0

get abscis and weights

call d01bbf(d0 baz,A4.B4,itype,N,wt4, var4, ifail)
call d01bbf(d01baz,A1,B1,itype,N1,wtl. vari.ifail)
call dO1bbf(d01baz,A2,B2,itype,N,wi2 var2,ifail)
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call d01bbf(d01baz,A3,B3,itype,N,wt3,var3,ifail)

get gamma fuctions for the numbers in the calculation
argl=11./6.
arg2=-5.0/6.
arg3=1.0/3.0
arg4=1.0/6.0
gamal=sl4aaf(arg],ifail)
gama2=s14aaf(arg?,ifail)
gama3=s]4aaf(arg3,ifail)
gamad=sl4aaf(arg4,ifail)
print *, gamal,gama2,gama3,gama4
First loop 1s for different time delay td(i1). to get different
covariance.

small loop to get coefficients for regular expansion
a=-5.0/6
ccl(l)=-cos(p/12)*a
cc2(1)=sin(pi/12)
do i=2,20
ccl(i)=-ccl(i-1)*(a+2*i-2)*(a+2*1-3)/((2*1-1)*(2*1-2))**2
cc2()=-cc2(i-1)*(a+2*1-4)*(a+2*1-3)/{(2%1-2)*(2*1-3))**2
end do

another small loop to get coefficents of the expansion

col(®)=1.0
co2(0)=1.0
do 1=1,20
col()=(a+i-1)**2*col(3-1)/i
co2(1)=(1-a)**2*co2(1-1)/i
end do

do 100 11=-60,100 I'should be 100

do 100 i1=-5.30

td(11)=11%5¢-3

first loop of the integration is P
term 1=0
do 110 j1=1.N1
Pl=varl(j})
second loop of the intergration is P2
term2=0
do 200 j2=1.N1
P2=varl(j2)
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¢ the third loop of integration 1s thital
term3_1=0
do31013=1,N
thital=var2(i3)
¢ the third 1I loop of integration 18 thita2
term3_2=0
do 320 j3=1,N
thita2=var3(j3)

the forth loop is for different t, which is normalized
distance
H=0.0
do 400 i4=1.N ! should be 1000
t=vard(i4)
aa=sqrt(t*(1-t)*¥L/(2*k))
b=sqrt(((P1*cos(thital)-P2*cos(thita2))*t-V*td(il))**2
* +((P1*sin(thital)-P2*sin(thita2))*1)**2)
y=(b**2)/(8.*aa**2)
if(y.gt.4*p1) goto 500 ! to use asympototic expansion
x=0.0

doi=1,18
x=x+(cc 1) ¥y **(2*1-1)+cc2(i) ¥y **(2*i-2))
end do

¢ x=0.805%y-y**3%4 347¢-3+7.458¢-5%y**5-0 le-T*y**7+
c *  0.2587+0.009%y**2-1.578e-4*y**4+2 312e-6*y**6
goto 600

¢ when y>4pi use asymptotic expansion
500 x=0.
do 1=0,18
x=x+col(1)*y**(-1-a)*sin(p/12.-(a+1)*p1/2)/gamal+
* o co2()*y**(-i-1+a)*sin(pi/12.-y+(i+ 1-a)*p1/2)/gama2
end do

¢ */gamal+(-sin(y)Y*y**(-11./6)+3.361 *sin(4.71-y)*y**(-17./5)
Cc ¥ -13.49%sin(y)*y**(-23./6)+66*y**(-29./6) *sin(7.854-y))
¢ */gama?2
600 H=H+{(-3.*¥b**(5./3)*gama3**2*cos(pi/6)/(20*pi**(1./2)
* *pamal)+3.*¥aa**(5./3) gamad*x/(5*2**(1./6))) *wtd(14)
¢ 600 H=H+(x*0.5345%gama4*aa**(5./3)-0.07335*b**(5./3)*gama3**2
¢ * /gamal)*wtd(i4)



C print ¥y
¢ print *, H
400  continue

¢ end of the forth loop

term3_2=exp(5.206¥k*k*L*Cn*H)*wt3(j3)+term3_2
320 continue
¢ end of third 1T loop

term3_l=term3_1+term3_2*wt2(i3)
310 continue
c end of third I loop

term2=varl(j2)*term3_1*wt1(j2)+term?2
200 continue
¢ end of the second loop

termI=terml+varl(1)*term2*wtl1(1)
110 continve
c end of the first loop

c to write the final result
out_term=4.*term I/(p1*(B1¥*2-A1%¥*2))¥*2-1.0

write(10,99)td(11)*1.0e3,0ut_term
99  format(1x.f12.5,£20.10)
100 continue
¢ the end of the first loop
close(10)

stop
end
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(B) Two rectangular shaped recetvers

This program is called start2.f

Gauss Quadrature intergration subroutines are used here to

calculate time delayed covariance for two-half rectangle case.
*** the result is normalized by average intensity ***

all the parameters are read form a file called “parameters.2”
the results are stored in a file called “tdc2.pt”

a0 is beam size. L is the target distance, F is the focal distance
Cn is the turbulence strength, V is the wind speed, P is the detector
distance, k is the wave number

real a0,L.F,Cn,V,P1,P2 k,lamda

real rol0,rol

real a,aa,b,y,x,thital,thita2

real t,H,out_term

real term],term?2,term3_ L, term3_2

real co1(24).c02(24),cc1(24),cc2(24)

real td(-500:500)

double precision gamal.gama?2,gama3.gama4
double precision sl14aaf, argl,arg2,arg3,argd
double precision s17aef

external sl4aaf

external sl7aef

integer ifail, N,N1,itype

double precision varl(64),var2(64),var3(64),vard(64)
double precision wt1(64),wt2(64),wt3(64),wtd(64)
double precision A1,B1,A2,B2,A3.B3,A4.B4,pi
external d01bbf,d01bax,d01bay,dO1baz,d01baw

print *, ‘input beam size in (mm)’

read(5,*) a0

print *, ‘input distance of the target in (m)’

read(5,*) L

print *, ‘input focal distance in (m),10**5 for collimated’
read(5,*) F

print *, ‘input trbulence strength’

read(5,*) Cn
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to

print *, ‘input wind speed in (m/s)’

read(5,*) V

print ¥, ‘input the receiver inner radius in (mm)’
read(s,*) Al

print *, ‘input the receiver outer limit in (mm)’
read(5,*) Bl

print ¥, ‘input wavelength in (hm)’

read(5,*) lamda

print *, ‘what is number N’

read(5,*) N

print *, ‘what is number N1’

read(5,*) N1

prnt *; ‘input itype’

read(S5.*) itype

open(9,file="parameters.2’)
open(10,file="tdc2.pt’)
read(9,*)a0,L,FCn,V,B1,lamda,N,N1,itype
pi=4.0*atan(1.0)
a0=a0*0.001
P=P*0.001
k=2*p1*1e9/lamda
a=-5.0/6.0
rol0=0.545625*Cn*L*k*k
print *, k,rol0
ifail=0

A1=0.0 !'x1 coordinate

B1=B1*0.001
A2=-B1 ! x2 coordinate
B2=0.0

A3=-0.01562%25.4¢-3 !y coordinate
B3=0.01562*25.4¢-3

A4=0.0

B4=1.0

get abscis and weights

call dOLlbbf{d01baz,A4,B4,itype.N,wtd vard,ifail)
call dO1bbf(d01baz,Al1,B1,itype,N1,wtl,varl,ifail)
call d01bbf(d01baz,A2,B2,itype,N1,wt2,var2,ifail)
call d01bbf(d01baz,A3,B3.itype,N1,wi3,var3,ifail)

c get gamma fuctions for the numbers in the calculation

argl=11/6.
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arg2=-5.0/6.

arg3=1.0/3.0

arg4=1.0/6.0

gamal=s14aaf(argl,ifail)

gama?2=sl4aaf(arg2,ifail)

gama3=sl4aaf(arg3.ifail)

gamad=sl4aaf(arg4,ifail)

print *, gamal,gama2,gama3,gama4

First loop is for different time delay td(i1), to get different
covariance.

small loop to get coefficients for regular expansion
a=-5.0/6
cci(1)=-cos(p/12)*a
cc2(1)=sin(p/12)
do =2.20
ccl(i)=-ccl(i-1)*(a+2*i-2)*(a+2*1-3)/((2*1-1)*(2*i-2)) ¥*2
ce2(1)=-cc2(-1)*(a+2*i-4)*(a+2*1-3)/((2*1-2)*(2*1-3))**2
end do

another small loop to get coefficents of the expansion
c01(0)=1.0
c02(0)=1.0
do i=1.20
col(i)=(a+i-1)**2*col(i-1)/i
co2(1)=(i-ay**2%co2(i-1)11
end do
do 100 i11=-60,100 ! should be 100
td(il)=i1*.5¢-3

first loop of the integration is P1
term1=0
do 110 j1=1,N1
Pl=varl(jl)
second loop of the intergration 1s P2
term2=0
do 200 j2=1,N1
P2=var2(j2)
the third loop of integration is thital
term3_1=0
do 310 13=1,N1
thital=var3(i3)
the third IT loop of integration 1s thita2
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term3_2=0
do 320 j3=1,N1
thita2=var3(3)

¢ the forth loop is for different t, which 1s normalized
¢ distance
H=0.0
do 400 i4=1,N ! should be 1000
t=var4(14)
aa=sqri(t*(1-t)*L/(2*k))
b=sqrt(((P1-P2)*t-V*td(i1))**2
* +((thital-thita2)*t)**2)
y=(b**2)/(8.*¥aa**2)
if(y.gt.4*pi) goto 500 ! to use asympototic expansion
x=0.0

doi=1,18
X=xX+(cc 1) *y**(2*i-1)+cc2(1)*y**(2*1-2))
end do

c x=0.805%y-y**3%4.347¢-3+7.458e-5*y**5-9.1e-T*y**]+
¢ *  0.2587+0.009*y**2-1.578e-4*y**4+2.312e-6*y**¥6
goto 600

¢ when y>4pi use asymptotic expansion
500 x=0.
do 1=0,18
x=x+co1({)y*y**(-i-a)*sin(pi/12.-(a+1)*pi/2)/gamal +
*  co2()*y**(-1-1+a)*sin(pi/12.-y+(i+1-a)*pi/2)/gama?2
end do

¢ */gamal+(-sin(y)*y**(-11./6)+3.36 1 *sin(4.71-y) ¥*y**(-17./5)
¢ *-13.49%sin(y)*y**(-23./6)+66*y**(-20./6)*sin(7.854-y))
¢ */gama2
600 H=H+(-3.*b**(5./3)*gama3**2*cos{pi/6)/(20*p1**(1./2)
* *oamal)+3.*¥aa*¥(5./3)*gamad *x/(5%2%*(1./6))) *wt4(i4)

¢ 600 H=H+(x*0.5345*gamad4*aa**(5./3)-0.07335*b**(5./3)*gama3**2

¢ * /gamal)*wtd(14)
c print *,y
C print *, H

400 continue

¢ end of the forth loop
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term3_2=exp(5.206*k*k*L*Cn*H)*wt3(j3)+term3_2

320 continue
c end of third IT loop

term3_1=term3_1+term3_2*wt3(i3)
310 continue
¢ end of third I loop

term2=term3_1*wt2(j2)+term?2
200 continue
¢ end of the second loop

term Il=term1+term2*wtl(j1)
110 continue
¢ end of the first loop

¢ to write the final result
out_term=term 1/(B1#2*B3)**2-1.0

write(10,99)td(i1)*1.0e3,0ut_term
99  format(1x,f12.5,£20.10)
100 continue
¢ the end of the first loop

close(10)

stop
end
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Appendix D

The A/D program

NEW RECORD.FOR TO RECORD DATA WITH 12KSAMPLES/SET

DATA AND BACKGROUND ARE SEPERATE IN TWO FILES

FILES ARE IN ASCI

CAMBELL UNIT IS CONNECTED TO CH.2 AND CH.3 FOR TURBULENCE
AND WIND VELOCITY

double-pulse trigger 1s used to trgger the A/D board, so it can

record two channel data at the speed we wanted (about 2kHz)

Record.for modified from Record3.for

Record3.for to take data with longer length

this is modified from record?2.for

o060 Moo oo

¢ record2.for by Feng Chen modified from record1.for
c based on record.for by Chuyan Zhou

Cwhich is

C based on RECDAT.FTN by Todd L. Cloninger

C and adgréb.for by John Hunt

C  torunon arecord data program in CIO-ADI16

C begin 11/12/93, finished 11/14/93

CDevelopment version, runs a/d

CA file consists of a header block followed by the information of

C  wind and turbulence from the Campbell Unit CA-9

CTwo sets of background data are sampled for both channel and put
Cinto two files

2*N sets of data are sampled. each channe} has N sets, put it in
the two files where backgroud data is in according to channels
Turn the delay switchs to the next range bin record 2*N sets of
data for this range bin and put the data in the files.

Follow the same procedure for the next range bio untl the signal
1S too low to process.

Each set of data 1s 2048 bytes long and has 1024 values.

N can be chosen less than 16, the default value is 10

OO0 0On

Clncorporate file containing parameter and common declarations

c this program can also take the average of the data to get the



c intensity vs. range data , put them in two files named ‘range!l’
c and ‘range2’, and plot them.
c the time delay switches are automatically controled by computer

Cinclude ‘RECORD.VAR’
implicit integer(A-Z)

c integer*4 ovflo

creal *4 bgmen, bgvar, satmen, satvar, tpds
character*1 YorN, Dumy

character*16 ifile
character*16 date, time

character*70 itext(20)

integer*2 icmd, ilpwr, ica

integer*2 lpwr,ithv,ihv
integer*2 ia,ib,t1,2.it(100),icode(100),ipts
integer*2 iport,iout

integer*4 inum, isize, iseg, ibdata,tem,item
integer*2 ibig[allocatable, huge](:)
integer*2 idata(24576)

real ttime, period

real xx(100),yy(100)
integer jx(100),3y(100)
common 1X,1y,1ron
try=1

write(*,” (///11111))
pn'nt >i<3 € sosle s kg s OISR OIOR R SRR R SRR OK R ik sk sk SOR ok stk SOR ok ok Sk koR Sokskok Sok Rk skokox0
print *, “ * RECORD.FOR Last Modified: Dec.20, 1993 *
print *,  * *
print *, * ¥ This program uses an Analog To Digital *’
print *, “*  Converter to collect data from the two ¥’ print *,

receiver and store it on two *
print ¥, ‘¥ files. *
print *, ¥ *

print *, ¥ NOTE: Parentheses enclose default responces *’
print >!<) €0k 3 Sk 3 sk ok ok o Sk 3Kk koK 3Kk kK S sk KOR SRk sk e skt sk sk Rk Ok sk K ok sk ROk Rk ko skokok kO
write(*, ‘(//1111)")

print *_ ¢ Press <RETURN> to Continue.’

read(*,1003) Dumy

%

channel
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10inum=0

C*************‘*************************

CAllocate 64k element array in order to be sure

Cthat some portion will be stored at the start of a new
Cpage in physical memory and that at least 32k elements
Cwill be in that page.

1s1ze = 64*1024

allocate (ibig(isize), stat = ierr)

if (ierr .ne. 0) then

print *,’bad jbig allocate status: ‘ierr
goto 980

endif

200write(*, ‘(1))

PANE *,* ~mmmmse oo e ee S
print * | MAIN MENU ¥

10701 LA O P

prnt ¥ { 1. record data )’

print ¥ | 2. view data I’
print *,” | 3.int. vs. range plot |
print *,” | 4. load data file I’
print ¥ | 5. DMA status I’
print *,” | 6. plot data 1’
prnt ¥’ | 7. fftto data I’
print *,” | 8. exit I
print ¥ | I
PIINE ¥, oo oo
print ¥

write(*, “(//I111)’)
print 1001,”Enter the number ‘,’of your choice (1) -->
read(*, 1010, err=200) icmd

if icmd.eq.0) icmd=1
if(icmd .eq. 1) goto 300
Cif(icmd .eq. 2) goto 400
if(iemd .eg. 3) goto 500
Cif(icmd .eq. 4) goto 600



if(icmd .eq. 5) goto 800
if(icmd .eq. 6) goto 700
if(icmd .eq. 7) goto 850
if(icmd .eq. 8) goto 900
goto 200

Cc - *3ekx Default Parameters *¥¥¥% ...

300ihv = 1000! abs(default High Voltage Setting for PMT)

ilpwr= 200! laser driving current

idnds = 10! default # of data sets of one range bin in the file

ibdata=24576! # of data per data set for two channels
tem=20 I temperature of the laser diode

Cdetermine and print physical address of ibig.

CThe values “index” and “iseg” are returned by caddr.
Cindex 1s array index to element that 15 located at
Cthe start of a physical memory page.

Ciseg is the segment for that page.

call caddr(ibig(1), index, iseg)
cwrite(*,”(1x,16,2x,z8,a) Yindex, 1seg, ‘index and seg’

Cinitialize a/d board

50call adinit(ierr)

if (ierr .ne. 0) then

print *’bad init a/d board status: ‘ierr
goto 980

endif

100 1format(1x.2a,\)
1002 format(/1x, a)
1003format{al)
1004format(1x, a)
1005tormat(lx, a, \)
1006format(1x,2a,i5,a,\)
1010 format(is)

period=.000511

40print *
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print 1006, ‘Enter the laser driving current(high level)’,

*“(in Milliamps) (¢, tlpwr ") --> ¢
read(*, 1010, err=40) 1ilpwr
if(iilpwr. eq. 0) tilpwr=ilpwr
ilpwr=nlpwr
43 prnt *
print 1006, ‘Enter the TEC temperature’,
* ‘(in centigrade) (‘. tem ") --> *
read(*,1010,err=40) item
if(item.eq.0) 1tem=tem
tem=item
print *
print 1006, ‘Enter the PMT voltage’,
* ‘(in volts) (‘. ihv ) -->’
read(*,1010,err=40) 11hv
if(1ihv.eq.0) iihv=ihv
ihv=iihv

45print *
print 1001, ‘Enter the Campbell Unit CA-9 Range *,
* ‘[5, 10, 20] m/sec (5)-—>
read(*,1010,ert=45) i
if (l.eq.0)i=35
if ((i.ne.5) .and. (i.ne.10) .and. (i.ne.20)) goto 45
ica =256 *1

60print *
print 1001, ‘Enter the CA-S Time Constant °.
* 1, 10, 100] seconds (1)--> °
read(¥,1010,err=60) 1
if (il.eq.0)1=1
if ((i.ne.1) .and. (i.ne.10) .and. (i.ne.100)) goto 60
ica=ica+1

150print 1002,"How many data sets do you want for each range bin?’

print 1040,’[1 to 16] (‘,idnds.”) -->’
1040 format (1x.a,i3,a\)
read(*,1045,err=150)inds
1045 format(i3)

if (inds .eq. 0) inds = idnds
if ((inds .1t. 0).or.(inds .gt. 16)) then
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print 1005, char(7)
print *Your entry may not be < 1 or > 16; please uy again!’
goto 150

endif

idnds = inds

prnt *
ttime = inds*1024*511*¢-6
1050 format(1x.a,f7.2,” seconds or 6.2, * minutes’)

1055 prnt *,’input the minium delay time 1n ns’
read(*,¥%) ti
print *,”input the maxmum delay time in ns’
read(*,*) 12
open(9,file="table’)
ipts=0
do 10561=1,100
read(9,*)1a,ib
if(ia.ge.tl) then
ipts=ipts+1
it(ipts)=ia
icode(ipts)=ib
endif
if(ia.ge.t2) goto 1057
1056 continue
1057 prnt ¥, ‘ipts=",ipts
close(9)
iran=1ipts
ttime=inds*1.024*2*ipts*0.000511
print ¥
print 1050, ‘Sampleing will require: ‘.ttime, ttime/60
C____********** Opcn Fi]cs AokRokskokkk____
do 2031 1=1,3
2010print *
print 1007,”Enter the Data File Name’1,” -->
read(*, ‘(al6)’) ifile
1007 format (1x,a,i2,a.\)
=14 17
open (], file=ifile, err=2030, status="0ld")
2020write(*,1005) “The File Exist, Overwrite 1t? [Y/N] “
read(*,1003) YorN
if ((YorN .eq. “Y’).or.(YorN .eq. ‘y’)) goto 2031
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if ((YorN .ne. ‘N').and.(YorN .ne. ‘n’)) then
print *, char(7)! ring beeper
write(*, ‘(1x, a/)’) “It sould be Y or N! “
goto 2020
end if
C 1--Header, 2--Channell, 3-- channel2

goto 2010

20300pen (3, file=ifile, err=2010, status="new")
cwrite(*, ‘(1x,a,a16)") “ifile= “, ifile
2031 continue

open(l4, file="rangel’)
open(15, file="range2’)

C - *xxx% Read Comments Into ibuf As Part Of Header *¥*%*.__.
2040print 1002,”Enter text for comment block in file header.’
print 1002,” But no more than 20 lines’

do 2050 n=1, 20

read(*, ‘(a)’) itext(n)

if (itext(n).eq.” ) goto 350
write(18,”(1x, a)’) itext(n)
2050continue

C - *xx%% Finished Reading Comments *¥ %%

350print *
print *.’Do you need to change the parameters’,
* “orreenter the text?’
print 1005,” [Y/N] -->’
read(*,1003) YorN
if ((YorN .eq. “Y’).or.(YorN .eq. ‘y’)) goto 40
if ((YorN .ne. ‘N’).and.(YorN .ne. ‘n’)) then
print 1005, char(7)
goto 350
endif
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Cset channel 0,1

call chanset(0, 1, ierr)

if (ierr .ne. 0) then

print *,’the chanel data is out off range *
print *; ‘remodify the program’

goto 980

endif

C e 3K e ek sk oK ook o K sk sk sk K sk K ko sl oK sk sk S ok ok sk sk st ok stk sk skook S sk 3ok S5k Rk ok SkOR koK skoRskok Rk otk koRoR

CWrite the Header File
print *, ‘month/date/year, hour:minute’
read(*,582) date
read(*,582) time
582 format(lx,16a)
write(18,583)date, time
583 format(lx,12a,12a)
write(18, ‘(/1x, a, i5, a)’)

* “laser driving current=“, ilpwr, “ mA”
write(18, ‘(1x, a,15)’) “num. of data per set =, ibdata
write(18, ‘(1x, a, 13)’) “num. of data sets = “, inds
write(18, ‘(1x, a, 15, a)’)

* “high voltage of PMT = “, ihv, “ Volts”

write(18,’(1x,a,i3)") “TEC temperature=", tem

write(18, ‘(/1x, a/)") “*¥*¥*¥* End of Commends *¥#*#*"

¢ initialize the /o
iport=787
yout=139
call outbyt(iport,iout)

C e Fordorirk Begin Recording Background*#* % %- o -
print 1002, ‘BLOCK LASER *
print *. ‘Press <KRETURN> to begin recording background’
read(*,1003) Dumy
iport=784
do 1100 i=l.ipts
call outbyt(iport,icode(i))

call takead(ibig(index),2048,idata,iseg,t,ierr)



jx(i)=1x
Jy(D=ly
1100 continue

Concmmmmmnn *#x0ksex Beoin Recording Data ¥¥xssxssct

ibadds = 0! number of bad data sets

print 1002, * UNBLOCK LASERY

print *, ‘Press <KRETURN> to begin recording data.’

read(*,1003) Dumy
do 5500 i=1,ipts

xx(1)=0

yy(H=0

iport=784

call outbyt(iport,icode(i))

1ds=0 ! data set number

6000ids = ids + 1! next data set
C  Executive call to get current ume

¢ initialize the a/d board again
call adinit(ierr)
if(ierr .ne. 0) then
print *,’bad init a/d board status: . ierr
goto 980
endif

Cset channel 2 and 3 to get 4 wind and 4 turb readings
call chanset(0, 3, ierr) f must initialize from 0
call takead(ibig(index),16,idata,iseg,0,ierr)

¢ we use 16 here because we need 8 samples for ¢h.2.3

1num = ibdata
if (ierr .ne. Q) ibadds = ibadds + 1! count bad data sets

c initialize the a/d board again
call adinit(ierr)
if(err .ne. 0) then
print *,” bad init a/d board status: ¢, ierr
goto 980
endif
Cset channel 0 and 1 to record data
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call chanset(0, 1. ierr)
call takead(ibig(index),ibdata,idata,iseg,1.ierr)

xX(3)=xx (1) +(i%/12.-ix(i)) *0.0024426/1024
yy(i)=yy()+(y/12.-iy(1))*0.0024426/1024

C Take next data set unless this was the last one in this file.

if (1ds .1t. inds) goto 6000
xx(1)=-xx(1)/1ds
yy()=-yy(i)/ids

write(14,*) it(1),xx(1)
write(15,%) 1t(1),yy(1)
5500 continue

print 1005, char(7)
print *,’Finished recording data file.’

820print *, ‘Would you like to record another file of data?
print 1005, “ [Y/N] -->’
read(*,1003)YorN
1f ((YorN .eq. “Y").or.(YorN .eq. y")) then

goto 1055
elseif ((YorN .ne. ‘N’).and.(YorN .ne. ‘n’)) then

print 1008, char(7)

goto 820! ask again
endif

print *

close(14)
close(15)

close(9)
close(18)
close(19)
close(20)
close(21)
call clearwindow
goto 200
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¢ 400call seedat(ibig(index), ioum, idata(l) )
cgoto 200

500  call setgr
call rplot
call clearwindow
call closeSEgraphics
goto 200

700call setgr

call plot(idata(l). period)

read(*,*)! save screen unti) key pressed
call clearwindow

call closeSEgraphics

goto 200

800call statdma
goto 200

850call setgr

call datfft(idata(1), period)
call clearwindow

call closeSEgraphics

goto 200

3K 3Kk 350K 3k sk sk sk vk ok skeook s sk skook sk skok stk sk sk sk ok 3 ok sk kol koK sk kO KOR K sk skokok sk iokok Rk ok skeok

900deallocate (ibig, stat = 1err)

if (ierr .ne. 0) then

print *’bad deallocate status: ‘,ierr
goto 980

endif

cprint * ’deallocated 1big’

K o K K OR ok okeosk Mok sk

O80write(*,”(1x,a,\)") “Are you sure to quit? [Y/N] --> “
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read(*,1003) YorN

if ((YorN .ne. ‘Y’).and.(YorN .ne. ‘y’)) then
goto 10

endif

990call closeSEgraphics
end
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C

C:*****************************************************************

C

* phys subroutine

converts iad from locfar call to physical address
¥ ipadi6 (lower 16 bits) and ipage (upper 4 bits)

subroutine phys(iad, ipage, ipad16)

integer*4 iad, ipage, ipad16
integer*4 iphi, iplo

integer*4 ihi, ilo

integer*4 ihil, ilol, ihi2, ilo2

ilo= iand(iad, #ffff)
shift uper 16 bits down to lower 16 bits
ihi = ishft(iad, -16)
ihi = iand(ihi, #ffff)

thil = iand(ihi, #f)

12 = ishft(ihi, -4)

1h12 = iand(i1hi2, #fft)
ilol =jand(ilo, #ft)

ilo2 = ishft(ilo. -8)

1102 = 1and(ilo2, #tf)

iplo = ilol +1shft(ihil, 4)

iphi = im2 + ilo2

174



175

check for carry

if (iplo .gt. #f) iphi = iphi+1
mask any carry

iplo = iand(iplo, #ff)

* example of the variables used to hold the 20 bit physical address

* 12345 (hex) :

*  hex address: 123 45
* iphi iplo

* 1 2345

* ipage ipad16

1page = ishft(iphi, -8)
1page = tand(ipage, #f)

ipad16 =1shft(iphi, 8)
ipad16 = iand(ipad16, #00)
ipad16 =1padl6 + iplo

return
end
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*caddr subroutine
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*In order for the DMA controller to store 32k readings,
*the data array must start at the beginning of a
*physical memory data page.

#This routine calculates which element of the array
*1big 1s stored at the beginning of the page.

*That element 1s returmned 1in the value “imdex”.

*

*It also returns the segment value to be passed to the
*a/d driver. This is the equivalent segment value for
*the starting element address. Since this address is

*at the beginning of a physical page, its offset js zero.

subroufine caddr(jjdata. index, iseg)

integer*4 iad



integer*4 ioffset, index

integer*4 iseg

integer*2 jjdata [huge]

*dummy array, but needs declaration anyway
dimension jjdata(1)

iad = locfar(jjdata(l))

call phys(iad, ipage, ipad16)
*print *, ‘locfar  page 16 bits’
Fwrite(*,” (1x,28,6x,z1,1x,z4,a)’)
*  liad, ipage, ipadl6

offset = -ipad16

ioffset = iand(ioffset, #fftt)

index = (ioffset/2) + 1

*wiite(*,’(1x,28,2x.28,a)")

*  lipadl6, ioffset, * ipadlé, offset’

*print *, index , ‘ index for array held at start of page’

1ad = Jocfar(jjdata(index))

call phys(iad, ipage, ipad16)
*print *, ‘locfar  page 16 bits’
*write(¥,(1x,28,6x,21,1x,24,a)’)
*  liad, ipage, ipad16

*Knowing the desired physical address for the start of
*the offset array, we need to determine the equivalent
*segment and offset values of the address.

*These values are passed to the a/d driver which
*recalculates the physical address and loads it into
*the dma register and dma controller.

*This is an easy calculation since we are at the beginning

*of a page, the offset is zero and the lower 12 bits of

*the segment are zero. The upper 4 bits of the segment are

*just the page value.
*shift page up 12 bits

iseg = ishft(ipage, 12)
1seg = iand(iseg, #f000)
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cwrite(*,’(1x,a,z4)’) ‘Using segment *, iseg
return

end
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Cadint subroutine
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Cinitialize a/d board
subroutine adinit(istat)

implicit integer(A-7Z)
mteger*2 1¢(16), mode, flag

Clnitialize Das-16G using Mode O...
mode=0
ic(1)=768! board address
ic(2)=2! interrupt Jevel (as set on card)
1c(3)=1! DMA level (as set on card)
flag=0! error Hag

call fdasg(mode, 1c(1), Flag)

if (lag .NE. 0) then
print *,’Mode = ‘,mode,” Error # ‘flag

endif
istat = flag
return

end

Cchanset subroutine
C******************************************************

C set the channe!l scan upper and lower limits

subroutine chanset(ichlo, ichhi, istat)
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implicit integer(A-Z)
integer*2 ic(16),mode,flag
integer ichhi,ichlo

Cset upper and lower scan limits
Cselect channel from ichhi to ichlo
mode=1

1ic(1)=1chlo

1c(2)=ichhi

flag=0

call fdasg(mode. ic(1), Flag)

if (flag .NE. Q) then
print *’Mode = ‘,mode,” Error # ‘ flag
endif

istat = flag

return
end
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C******************************************************

Ctakead subroutine
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Ctake a/d data
subroutine takead(iraw, inum, idata, iseg,ipri,jstat)

CThe array iraw holds the raw a/d readings.

CNote that iraw 1s a dummy array that overlays the array
Cibig.

Ciraw(1) 1s the same as ibig(index). Index is calculated so that
Ciraw starts at the beginning of a physical memory page.

implicit integer(A-2)

integer 1pri ! the difference of C-unit and our system
nteger*2 1c(16), mode. flag
integer*2 ib(16), mode1, flagl
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teger*4 iseg, istat, inum
integer*2 iraw[huge]
Cdummy arrays, but they need declaration anyway
dimension iraw(inum)
integer*2 1data(24576)

common 1x, 1y
Cinitialize raw data set to be zero
do 100, j=1,inum
iraw(j)=0
1data(})=0
100continue

irecyc = 0! non-recycle

ic(1) = inum
1c(2) = 1seg! segment to stuff data
1c(3) =0 ! use External A/D trigger for trigger
ic(4) = irecyc
mode=6
fag=0
write(*,*) ic(2)
write(*,*) ic(1)

call fdasg(mode, ic(1), Flag)
if (flag .NE. 0) then
print ¥ ’Mode = ‘mode,”  Error # ‘flag
goto 990
endif

Cconvert a/d word to signed integer
Cfirst shift out channel nibble
print *,’something’

*get dma status, out if the conversions done

130continue
model =§
call fdasg(model, ib(1), flagl)
if (lag! .NE. 0) then
print *’Mode = ‘mode,” Error # ‘ flag
goto 990
endif
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cprint *,ib(1), = operation | = DMA, 2 = Interrupt’
cprint ¥, ib(2), * = status 0 = done, | = active
c print *, ib(3), * conversions so far’

if(1b(2). eq. 1) goto 130
ix=0
1y=0

write(18,%) “Even numbers correspond to turb odd --wind”
do 150 i=1, inum

idata(i)=ishft(iraw(1), -4)

if (ipu. eq. 0) then
write(18,*) i,idata(1)
goto 150
endif

if(inum.eq.2048) then
write(19.99) idata(1)
if((V2.).eq.nt(1/2.)) then
iy=iy+idata(i)-2048
goto 150
endif
ix=ix+idata(i)-2048
goto 150
endif
write(20,99) idata(i)
if((/2.).eq.int(i/2.)) then
iy=iy+idata(i)-2048
goto 150
endif
ix=ix+idata(i)-2048
99  format(1x,14)
15Qcontinue

990istat = flag
write(*,*) ix,1y

return
end
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*statdma subroutine
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*get dma status
subroutine statdma

implicit integer(A-Z)
integer*2 ic(16),mode,flag
character®*1 Dumy

mode = §
call fdasg(mode, ic(1), Flag)
if (flag .NE. 0) then
print *,’Mode = ‘,mode,” Error # ‘flag

goto 990

endif
print *
print * ic(1), * = operation 1 =DMA, 2 = Intecrupt’
print *,3c(2), ¢ = status 0 =done, 1 = active *

pnnt *, i1c(3), © conversions so far’

990pnnt 1020, ‘Press <Return> to exit’
1020format{ /1x, a)
read( *, ‘(al)’) Dumy

return
end
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*setgr subroutine

subroutine setgr
*setup for graphics

*font directory for graphs
CHARACTER * 30 defaultdirect
PARAMETER (defaultdirect = ‘C:\ust\fortran\lib\* fon’)
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* -3 is autodetect graphics board (or use 16 for EGA)
* defaultdirect is font file directory
* 0 is plotmode (crt only)

CALL InitSEGraphics(16, defaultdirect, 0)

retum
end
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*plot subroutine
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cGraph is plotted using setools subroutines.
subroutine plot(jdata, period)

REAL xdata(0:996), ydata(0:996)
INTEGER 1

integer*2 jdata(0:2048)

real period, tpd, xtics

character*25 ctitle

character*7 cfactor

*transfer jdata array to real array for plotting
*also create x data array
*convert a/d counts to volts 5V/2047 counts = 2.44 mV / count

1=1
10 DOi=j.2002
if(j.eq. 1) then
xdata((i+1)/2-1)=(@1+1)/2-1
ydata((i+1)/2-1)=)data(i)*0.0024426-5.0
goto 20
endif
xdata(i/2-1) = /2-1
ydata(1/2-1) =jdata(1)*0.0024426-5.0
20 continue
END DO
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period =511.e-6
xtics=10.0
call setplot(xtics, 100.0, -5.0, 5.0)

ccalculate time/division

tpd = period*xtics

if (tpd .ge. 1.0) then
write(cfactor, ‘(f6.1))tpd
ctitle = cfactor // ‘sec/div’

else if (tpd .ge. 1e-3) then
tpd = tpd*1000

write(ctactor, ‘(f6.1)’)tpd
ctitle = cfactor // ‘ms/div’

else if (tpd .1t. 1e-3) then

tpd = tpd*1e6

write(cfactor, ‘(f7.1))ipd

ctitle = cfactor // “ microsec/div’
endif

call titlexaxis(ctitle, )

ipoints = 100! points to plot
CALL LinePlotData(xdata, ydata, ipoints, 10, 0)
if(j.eq.2) goto 50
Jj=2
read(*,’(al)’) Dumy
goto 10

S0retum

end

*setplot subroutine
Sk ok sk sk sk sesk sk S ke o Ok K s sk sk ook skoske ook ook s stk sk sk s kR Ok 3Rk e stk sk ok ok ok ek seskok
subroutine setplot(xttics, xmax, ymin, ymax)

real xttics, xmax, ymin. ymax

call setpercentwindow(0.0. 0.0, 1.0, 1.0, 1)

183



call setwin2plotratio(1, 0.1, 0.05, 0.0, 0.05 )

CALL SetCurrentWindow(1)
CALL ClearWindow
ICALL BorderCurrentWindow(6)

CALL SetAxesType(0, 0)! linear-linear scale
CALL setxyintercepts(0.0, 0.0)
CALL SelectColor(7) ! 7 = green

* Xmin, ymin, xXmax, ymax
CALL ScalePlotArea( 0.0, ymin, xmax, ymax)

CALL SetXYIntercepts(0.0,0.0)
CALL DrawYAxis(1.0, 0)! tic spacing

CALL LabelYAxis(1, 0)! tics per label
CALL DrawXAxis(xttics, 0)

CALL DrawGridX(1)
CALL DrawGridY (1)

return
end
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*datfft subroutine
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Cdata is processed by FFT
subroutine datfft( sdata, period)

REAL xdata(0:1024), ydata(0:1024)
REAL zdata(0:1024)
INTEGER 1. il, ic. nd, ipoints
integer*2 sdata(0: 2048)
real period, xtics, freq
real tpd
character*25 ctitle
character*7 cfactor

nd=1024
ic=0
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period=0.511e-3
j=1

100do 150 i=j, 2048,2
1f(j.eq.1) then
xdata((i-1)/2) = sdata(i) * 0.0024426-5.0
ydata((i-1)/2) = 0.0
goto 150
endif

cwrite(* *) 1, xdata(i-1), ydata(i-1)
xdata(i/2-1) =sdata(1)*0.0024426-5.0
ydata(i/2-1) =0.0

150continue

xtics=100.0
call setplot(xtics, 1024.0, 0.0, 1.0)

CFFT transformation
call FFTCalc(xdata. ydata. nd)

do 350i=1, 1024
il=i-1
zdata(il)=sqrt(xdata(il)*xdata(i1)+ydata(i1)*ydata(i1))/300.0

¢ find the peak value and freq. of FFT

c ic 15 peak number counter

if(zdata(il).gt.3) then

freq=11/(nd*period)
if (freq .gt. 0.5/period) then

write(*,300) “peak”,ic,” frequency=", freq-1.0/period,” Hz”
else

write(*.300) “peak”.ic.” frequency=", freq, *“ Hz”
endif

write(*, (1x,a,12.a,f7.3)’) “peak”,ic,” value=", zdata(il)

ic=ic+1

endif

300format(1x, a,i2,a,f13.3, a)

cwrite(*,*) 11, xdata(il), ydata(i1), zdata(il)

350continue

do 450i=1, 1024
i1=i-1
xdata(il)=i1
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450continue
Ccalculate frequency/division

tpd =xtics*1.0/(1024*period)
if (tpd .ge. 1.0e3) then

tpd = tpd/1.0e3
write(cfactor, ‘(f6.1)’) tpd
ctitle = cfactor // ‘KHz/div’

else

write(cfactor, ‘(f6.1)) tpd
ctitle = cfactor // ‘Hz/div’
endif

call titlexaxis(ctitle, 0)

ipoints = 1024! points to plot
CALL LinePlotData(xdata, zdata, ipoints, 10, 0)

if(j.eq.2) goto 200
read(*,’(al)’) Dumy
=2

goto 100

200read(*.*)

return
end
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* tplot subroutine
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subroutine rplot

common iran

integer 1,j,ipoints

real xdata(0:100),ydata(0:100),zdata(0:100),tdata(0:100)
real xh,yh

character*9 ctitle

open(14,file="range1’)
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open(15,file="range2’)
xh=0
yh=0
j=1
1points=iran
do 100 i=1,ipoints
read(14,¥*) xdata(i),zdata(i)
if (zdata(i).gt.xh) then
xh=zdata(1)
endif
read(15,*) tdata(1),ydata(i)
if(ydata(i).gt.yh) then
yh=ydata(i)
endif

100 continue

120 xtics=400.0
call setplot(xtics,4000.0,-0.5,(xh+0.5))
ctitle="400ns/div’
call atlexaxis(ctitle,0)
call LinePlotData(xdata,zdata,ipoints.10,0)
i=j+1
read(*,*)
if(j.eg.3) goto 150
do 130 i=1,ipoints
zdata(i)=ydata(i)

130 continue
xh=yh
goto 120

150 close(14)
close(15)
return
end
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Appendix E

Program for processing the recorded data to get autocovanance and TDC

this program reads two channel] data subtracts the background from the
data and calculate the correlation and covarrance.
this program reads in two data files
the computed auto-covariances are stored in file “autol” and “auto2”
the TDC function computed is stored in file “correlat”
backgroud samples are stored in files “bch1” and “bch2”
signal samples are stored in files “ch.1” and “ch.2”
correlation function of the backgroud noise is also calculated and stored in file
“beorrelat’”
integer ich1(-128:122880).ich2(-128:122880)
real 1d1,1d2,1b1,ib2
dimension filt(258)
real ch1(122880),ch2(122880)
dimension beorl(-1024:1024).corl(-1220:1220)
dimension acorl1(-1220:1220),acorl2(-1220:1220)
real beh,bch2
integer ileng
character®*10 filter,datal ,data2
print*,’input the range number n’
read(5,¥) n
print* ’input the number of data sets m’
read(5,*) m

print*,’input the number of sets to process (0,5)"
read(5.*) k
print*,"how many data to average? input ileng(length=1024%*ilen)’
read(s,*) ileng
print *,”input the file name datal’
read(5,*) datal
print *’input the file name of data2’
read(5,*) data2
print*, ‘input the file name of the filter’
read(S,*) filter
open(18.file=fllter,status="unknown’)
open(9,file=datal status="unknown’)
open(10,file=data2, status="unknown’)
open(i1.file="ch.1’, status="unknown’)
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450

460
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500
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open(12,file="ch.2’, status="unknown’)
open(13.file="correlat’, status = ‘unknown’)
open(14,file="autol’)

open(15.file="auto2’)
open(17,file="bcorrelat’)
open(19.file="bch1”)

open(20,file="bch2")

do 1i=1.256
read(18,11)i,Al¢G)
continue
format(1x,15,1x,e20.12)
do 55j=1,n
do i=1,1024
read(9,*)ich1(1)
read(9,%)ich2(i)
end do
continue
ib1=0
ib2=0
do 50 1=1,1024
bch1=5.0-1ch1(1)*0.0024426
bch2=5.0-ich2(1)*0.0024426
ibl=ib1+ich1(i)/1024.
ib2=1b2+ich2(1)/1024.
write(19,%)i,bchl
write(20,*)i,bch2
continue
do 400 j=-1024,1024
beorl(3)=0
1f(J.gt.0)goto 450
do 500 i=1,1024+)
beorl(j)=(ich1(3)-ib 1)*(ich2(-}+1)-1b2)/(ib1*1b2*1024.0)
+beorl(j)
continue
write(17,%)j,beorl(j)
goto 400
do 460 i=1+},1024
beorl(3)=(>ich1(i)-ib1)*(ich2(i-j)-ib2)/(ib1*ib2*1024.0)
+beorl(j)
continue
write(17,%)j,beorl(j)
continue

189



1d1=0

1d2=0

do 105 j=1.n

do i=1.12288*m
read(10,*)ich1(1)
read(10,*)ich2(i)
end do

105 continue

99 format(1x,14,1x,i4)
do 100 i=1,12288*m
ich1(i)=ich1(i)-ib1l
ich2(i)=ich2(1)-ib2
1id1=1d1+ich1(3)/(12288.*m)
id2=1d2+1ch?2(i)/(12288.*m)
100 continue
do i=1,12288*m
ch1(1)=-ich1(1)*0.0024426
ch2()=-ich2(1)*0.0024426
end do
1d1=-1d1*0.0024426
id2=-1d2*0.0024426
print*,id1,id2
do i=1,12288
write(11,%)i,ch1(i)
write(12,%)i,ch2(i)
end do
do 150 j=-1032,1032
corl(j)=0
acorl1(j)=0
acorl2(j)=0
c print*,j,corl(j)
1f(j.gt.0)goto 250
do 200 i=12288*k+1,1024%ileng*(k+1)+
corl(j)=(ch1(i)-1d1)*(ch2(-j+1)-1d2)/(id 1 *id2*(1024.*ileng
* 0 Y+corl())
acorl1(j)=(chl(1)-id1)*(chl(-j+1)-1d1)/(id 1*1d1*(1024.
* Xleng))+acorl1(j)
acorl2())=(ch2(i)-id2)*(ch2(-j+i)-id2)/(id2*id2*(1024.
¥ *ileng))+acorl2(j)
200 continue
write(13,*)3,corl(j)
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write(14,*)j,acorl1(j)
write(15,%*)j,acorl2(j)
goto 150
250  do 300 i=1+12288*k+j,1024 *ileng*(k+1)
corl(j)=(ch1(i)-id1)*(ch2(i-j)-1d2)/(id1*1d2*(1024.
¥ H*leng))+corl(j)

acorl1(j)=(ch1(1)-1d1)*(ch1(-p)-1d1)/(id 1 *1d 1*(1024.

*  *ileng))+acorl1(j)

acorl2(j)=(ch2(1)-1d2)*(ch2(3-})-1d2)/(182*1d2*(1024.

¥ *ileng))+acorl2(j)

300 continue
write(13,%)j,corl(j)
write(14,*)j,acorl 1(j)
write(15,%*)j,acorl2(j)

150 continue

close(9)

close(10)
close(11)
close(12)
close(13)
close(14)
close(15)
close(17)
close(18)
close(19)
close(20)

stop
end

191



192

Vita

The author was born in Anhui, China, on January 16, 1965. He attended Anhui
University in 1981 and received his Bachelor’s degree in Physics in 1985. He was then
admitted by Anhui Institute of Optics & Fine Mechanics, Academia Sinica. He received
his Master’s degree in Laser Remote Sensing in 1988.

He worked as an Radar System Engineer in a weather radar design group at East-
China Institute of Electrical Engineering & Technology, China, from 1988 to 1991.

In 1991, he began his studies at Oregon Graduate Institute of Science & Tech-
nology and received his Master’s degree in Electrical Engineering in 1993. He continued
his studies in OGI and completed all the requirements for his Ph. D. degree in Electrical
Engineering in 1995.

He is now working as a Design Engineer in Intel Corporation.



	199601.chen.feng to p. 60.pdf
	199601.chen.feng to p. 192.pdf



