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PREFACE 

This dissertation was written with the intention that it be a 

manual for the University of Arizona monostatic lidar data acquisition 

system. As such it addresses only those areas deemed by the author to 

be important to an understanding of how the system functions, why (in a 

technical sense) it was assembled in the way it was, and how problems 

encountered in its construction were solved. The dissertation does not 

discuss the utility of the resulting data, nor does it explore the 

problems or questions which lead to designing the system to acquire data 

in the particular way it does. 

The troposphere is both a mixture of gases and an aerosol. 

Lidars may be built to accomplish any of several different ends. Some 

lidars are designed to retrieve information from the troposphere about 

one or more of its gaseous components. They typically operate at 

wavelengths at which the component of interest has significant 

absorption. The lidar described here operates in a region of low 

optical absorption, and it is used to characterize the particulate 

matter in the aerosol. The studies we have undertaken have been 

intended to broaden our knowledge in two areas. First, there is little 

statistical information about the atmospheric areosol. One goal has 

been to begin a quantitative data base, both for analysis of trends 

within the time the data have been accumulated and as a reference point 

for further studies. This information may have significant value in 
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tracking climatic changes, in monitoring air pollution and air quality 

trends, and in gaining understanding of radiative energy transfer 

through the aerosol. A second goal has been to understand the limits 

of, and to extend, the lidar technique. To this end, joint experiments 

wherein lidar results are correlated with direct sampling of the 

particulates have given insight into what conclusions may be drawn about 

the particulates from lidar data alone. For a lidar system to be useful 

in achieving these goals, it must be quantitative and it must be 

reasonably reliable and easy to use. Only with such a system may we 

expect to acquire the large quantities of data required for a 

statistical data base. The lidar described in this dissertation was 

designed to be such a system. 
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ABSTRACT 

The hardware and software for a computer controlled optical 

radar, or 1idar, system are described. The system builds on a 

previously installed pulsed ruby backscatter 1idar, capable of acquiring 

data at controlled azimuth and elevation angles through the atmosphere. 

The described system replaces hardwired logic with computer control. 

Two coupled computers are used to allow a degree of real time control 

while data are processed. One of these computers reads and controls 

mount elevation angle, reads the laser energy monitor, and senses firing 

of the laser. The other computer serves as a user interface, and 

receives the 1idar return data from a digitizer and memory, and the 

angle and energy information from the other computer. The second 

computer also outputs data to a disc drive. The software provided with 

the system is described, and the feasibility of additional software for 

both control and data processing is explored. 

Particular attention is given to data integrity and instrument 

and computer operation in the presence of the high energy pulses used to 

drive the laser. A previously described laser energy monitor has been 

improved to isolate it from laser transients. Mount elevation angles 

are monitored with an absolute angle readout. As a troubleshooting aid, 

a simulator with an output that approximates the 1idar receiver output 

was developed. Its output is digitally generated and provides a known 

repetitive signal. 

xiv 



xv 

Operating procedures are described for standard data 

acquisition, and troubleshooting is outlined. The system can be used by 

a relatively inexperienced operator; English sentences are displayed on 

the system console CRT terminal to lead the operator through data 

acquisition once the system hardware is turned on. 

A brief synopsis of data acquired on the system is given. Those 

data are used as the basis of other referenced papers. It constitutes 

soundings for over one hundred days. One high point has been operation 

of the system in conjunction with a balloon borne atmospheric 

particulate sampling package. The system has also been used 

occasionally as the transmitter of a 1idar system with physically 

separated receiver and transmitter. 



CHAPTER 1 

INTRODUCTION 

People have been remotely optically sensing atmospheric 

conditions as long as they have been observing the scattered light which 

gives us red sunsets and blue skies, although such observations provide 

no indication of range, and very little quantitative information. 

Radiometric methods began evolving in the 1800's, allowing more 

quantitative measurements, but these passive measurements still gave no 

direct indication of range. The ability to quantitatively measure 

aerosols remotely came about only with the development of optical 

radars. Some early quantitative work was tried with flashlamps as 

sources, but only with the advent of lasers, with their easily 

collimated monochromatic pulsed output, have optical radars become 

practical tools. They are used for remotely sensing the optical 

characteristics of the atmosphere, as well as for discovering and 

tracking discrete objects as with traditional radar. Lidar is the term 

generally associated with the laser radar technique and apparatus, and 

is an acronym for light detection ~nd Langing, just as radar comes from 

radio detection and Langing. 

1.1 Lidar as an Atmospheric Monitoring Tool 

The work with lidars at the University of Arizona has been done 

with the intent of characterizing the optical properties of the 

1 
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atmosphere as a function of distance, or more specifically as a function 

of elevation above the earth's surface. The attraction of a lidar over 

direct sampling for such characterization stems mainly from the 

simplicity of use and the relatively low cost, particularly of 

operation. Direct measurement requires a sampling instrument to be 

taken to the airmass to be measured; this is normally done with an 

aircraft or a large, and therefore expensive, balloon. With either of 

these, wind conditions and governmental air navigation regulations limit 

the time and location that sampling can be done. When the optical 

properties of the atmosphere are to be determined, as in studies of 

radiative energy transfer through the atmosphere, the optical 

measurement performed by a lidar system may well be more appropriate 

than physical and chemical characterizations performed by direct 

sampling. Direct sampling and multiple wavelength radiometry confirm 

that particulates in the atmospheric aerosol cover a range of sizes, 

about 0.05 to 5 micrometers diameter, which interact strongly with 

visible and near-infrared light, and less with longer wavelengths 

(Reagan et al. 1977; Reagan et al. 1984a). 

Lidar does, of course, have some limitations. First, it is 

difficult to obtain an acceptable signal-to-noise ratio during daylight 

hours in the visible region of the spectrum with a reasonable 

transmitted energy. Another problem is that lidars are not yet so 

simple to operate as, for example, a microwave oven; a moderate amount 

of operator training should be expected. A considerable amount of 

information comes from optical measurements as a function of wavelength, 

but tunability, stability and low cost are competing factors in current 
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lasers. Another difficulty is that 1idar measurements alone do not 

allow resolution of the two atmospheric optical properties which affect 

the return signal unless certain assumptions are made with respect to 

the spatial distribution of the scatterers responsible for the return. 

Finally, 1idars are not as yet portable (operable independent of 

external power sources). They are at best transportable; for example, 

the unit described here is housed in a large trailer. These 

shortcomings can be partially offset by complementing the 1idar 

technique with some other optical remote sensing techniques, such as 

solar radiometer measurements, which can be done easily by relatively 

unskilled technicians over a variety of wavelengths. Combined 

1idar-so1ar radiometer experiments have been conducted by researchers in 

several countries (Fernald et a1. 1972; Reagan et a1. 1977; Kent et a1. 

1979; Spinhirne et a1. 1980; Qiu 1982). The vital element contributed 

by 1idar is characterization of the atmosphere as a function of 

distance. 

1.2 The Lidar Method 

Backscatter, or monostatic, 1idar operates by transmitting an 

accurately timed pulse of light of known energy into the field of view 

of a coaxial or parallel receiving telescope. The receiver observes 

light which is scattered by material in the atmosphere along a direction 

180 degrees from the incident light. Bistatic 1idar, in which the 

receiver is at a distance from the transmitter, can be used to observe 

scattering as a function of angle. In either case, the scattering 

material normally consists of molecular and aerosol species, but can 
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include larger objects such as insects or even power cables if care is 

not taken in system placement and aiming. The geometry of the 

monostatic system is shown in Figures 1.1 and 1.2. Figure 1.1 

illustrates the arrangement of the transmitter and receiver optics of 

the University of Arizona monostatic lidar. The optics are on a single 

azimuth-elevation mount, housed in one room of a trailer. The other 

room contains the system electronics and operator's display. Figure 1.2 

shows the geometry of the transmitted pulse and the receiver field of 

view. The receiver normally consists of an electro-optical sensor such 

as a photomultiplier tube coupled to the receiving telescope. The 

sensor's output, in turn, is observed by electronics with 

characteristics suitable for resolving round-trip speed of light times 

associated with the desired distance resolution. To be useful, this 

system must be tied together with sufficient control electronics to 

acquire the data set under the desired conditions and at least save it 

for further processing if the processing is not done as the data are 

acquired. 

In this discussion and in the following chapters, the assumption 

is made that the data taken are from transmitted pulses which are 

entirely in the receiver's field of view. With parallel but not coaxial 

receiver and transmitter optics, there is a distance from the 

transmitter where there is no overlap, and an additional distance where 

there is partial overlap. Provided that the transmitter beam divergence 

angle is less than the receiver's angular field of view, there is a 

range beyond which there is essentially complete overlap. Figure 1.2 

illustrates the geometry involved, as viewed from perpendicular to 
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the plane of the axes of the transmitter and receiver. T represents the 

transmitter and R the receiver. The segment R-T is assumed to be 

perpendicular to the optical axes. Sand s are the end and beginning, 

respectively, of the partially overlapped space. We note that 

¢ = y + 8 , and ¢ = Y - 8. For the lidar described here, R-T is 

1.01 meters, y is 2.0 milliradians, and 8 is 0.5 milliradians. An 

exact solution for the distances T-s-R and T-S-R is easy enough using 

elemental plane geometry, but it it more useful to note that with the 

small angles involved for ¢ and ¢, it is quite sufficient to assume 

that R-T is equal to the length of the arc subtended at distance R-s by 

angle ¢, and similarly for ¢. With the angles expressed in radians, 

we see that 

T-s ~ 
R-T 1.01m 404 m T 2.5 mrad ( 1.1) 

and 

T-S ~ 
R-T 1.01m 673 m T 1.5 mrad (1. 2) 

The errors in calculating these distances in this simple way are far 

less than the error usually incurred from failing to align the optical 

axes exactly parallel. 

1.3 Lidar Equation Development 

Given such an assemblage of hardware, the aim of an atmospheric 

researcher is to obtain quantitative information about the optical 

properties of the atmosphere. These may themselves be the desired 

results, or they may be used to infer additional properties such as 
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concentration of gaseous species or particulate size and shape. It is 

instructive to consider what happens to the light pulse as it leaves the 

laser and subsequently as a portion of it is intercepted by the 

receiving telescope, so that we may better understand the quantative 

information provided by a lidar. 

In the case of the system described here, the output signal 

provided by the ruby laser transmitter is nominally a one joule, 40 

nanosecond pulse at a wavelength of 694.3 nanometers. The pulse is 

collimated so that it will be essentially completely contained within 

the receiver field of view by the time it has travelled one kilometer. 

As the pulse travels away from the transmitter-receiver pair, a portion 

of the initial output energy E is lost through scattering and 
o 

absorption which is described by the atmospheric optical transmission, 

T (r), through range r. A portion of the energy which passes range r is 
a 

scattered back toward the receiver, and a volume backscatter coefficient 

S(r) accounts for this returned energy. Both Ta(r) and S(r) are 

functions of wavelength. Values for the laser wavelength are assumed in 

this discussion. As the scattered energy returns toward the receiver, 

it passes through the same medium, with the same transmittance, T (r), a 

that the transmitted pulse experienced. The backscattered energy also 

diverges so the receiver intercepts a fraction of 

where A is the effective receiver aperture area. 
r 

it expressed by Ar/r2, 

2 The A Ir term may 
r 

be viewed equivalently as the solid angle subtended by the receiver. 

For times when the receiver is sensing backscatter from a transmitted 

pulse entirely in the receiver field of view, that backscatter has come 

from the volume which is half as long as the laser pulse itself, as 



indicated in Figure 1.3. As the transmitted energy is distributed over 

the duration of the laser pulse, it may be expressed equivalently as 

Pt(R), the instantaneous transmitted power which caused a return 

from range R at a particular instant in time, as measured at the 

receiver. Finally, before the backscattered energy reaches the 

electro-optical detector, it must pass through the receiver optics, and 

in so doing is further attenuated by the receiver optics transmission, 

T. For returns fully in the receiver field of view, we may express 
r 

the instantaneous power on the detector as a function of range, P (r), 
r 

by: 

r max 
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P (r) = T 
r r A 

r f 
Pt(R) S(R) T;(R) 

R2 
dR (1.3) 

r . m1n 

With a laser pulse which is 40 nanoseconds long, r is only max 

six meters further than r . , and one usually makes the simplifications m1n 

that S(r) and T (r) are invariant over that distance, and that the a 

1/r2 term is the geometric mean of the minimum and maximum ranges. For 

the latter assumption, at one kilometer range, only 0.6% error would be 

incurred if all the scatterers were at one extreme of the range 

increment. The result of these simplifications is expressed in Equation 

1.4: 

P (r) 
r 

rmax 

f Pt(R) dR 

r . m1n 

(1.4) 
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We may solve the integral in Equation 1.4 by noting that range is 

related to round-trip time: r = (c/2) t, where c is the speed of light. 

Then dR = (c/2) dt, and the limits of integration expressed in the time 

domain simply include the entire pulse: 

r max 

f Pt(R) 
r . m1n 

dR ~ J pet) dt (1.5) 

The integral of power with time is, of course, energy. In this case it 

is the energy of the transmitted laser pulse, expressed by E in the o 

final term in Equation 1.5. Combining this result with Equation 1.4 

yields the more familiar form of the lidar equation, 

P (r) = 
r 

c Tr Ar Eo S(r) T;(r) 

2 r2 
(1.6) 

The power delivered to the electro-optical detector is not the 

quantity actually recorded; rather, the power is converted to electrons, 

amplified in a dynode chain and fed through signal conditioning and 

recording electronics. It is customary to lump the factors in Equation 

1.6 which are constant from laser shot to shot with an additional factor 

to account for electronics calibration and conversion factors, and 

rewrite the lidar equation in terms of the resulting constant, K: 

V (r) = r 2 
r 

(1.7) 



The response is given as V , a voltage in perhaps arbitrary units, to 
r 

distinguish it from the received absolute power. In addition to the 

simplifications mentioned above, there are other potential error 

sources. As the processing electronics have a finite bandwidth, the 
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signal will be distorted by them. In addition, mUltiple scattering and 

noise sources (both electronic and optical) further distort the signal, 

but for our purposes, Equation 1.7 is generally a sufficiently accurate 

representation of the lidar process. Further information about the 

derivation and limitations of this equation may be found in Collis 

(1970). 

This lidar operates at a wavelength where no strong molecular or 

atomic optical absorption is expected in the atmosphere. As a result, 

the two atmospheric terms in Equation 1.7 may each be resolved into a 

molecular and a particulate component, due to Rayleigh scattering and 

approximated by Mie scattering, respectively. The total backscatter is 

simply the sum of the molecular and particulate contributions: 

S(r) = S (r) + S (r) m p (1.8) 

The atmospheric transmission may be resolved into the analogous two 

components by first expressing the transmission in terms of the 

atmospheric extinction coefficient. The extinction coefficient, ~(r), 

the partial optical depth to range r, T(r), and the optical 

transmission, T(r), are related by the equation 

r 
-2 f ~(R) dR 

-2T(r) 0 
e = e (1.9) 
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where the atmospheric extinction coefficient is the sum of the molecular 

and particulate extinciton coefficients: 

~(r) = ~ (r) + ~ (r) m p (1.10) 

The distinction between particulate and molecular (Rayleigh) 

scatterers is one of size. The Rayleigh scatterers are all very small 

compared with the wavelength of the light used to observe them. The 

particulates are much larger, nominally from one-tenth to ten times as 

long as the light's wavelength. The particulates' scattering is 

frequently described as Mie, usually with good agreement, even though 

Mie theory assumes spherical particles. A term frequently used in lidar 

work is the extinction to backscatter ratio, defined as S = ~/S, and 

referred to as the S-ratio. This ratio may be expressed for molecular 

and particulate components separately or for the composit atmosphere, 

and may be given as a function of height. For Rayleigh scattering, this 

ratio is 8n/3, independent of density or composition of the scattering 

medium. 1 For aerosols, however, the angular dependence of the 

scattering, and therefore the S-ratio, is dependent on the size, shape 

and refractive index (and therefore the chemical composition) of the 

scattering particles. This fact makes the S-ratio a useful measure of 

the characteristics of an aerosol. See, for example, Fernald et al. 

(1972), Spinhirne et al. (1980) and Reagan et al. (1984b). 

1. Feynman, Leighton and Sands (1964, chapters 29 and 32) 
present a compact but lucid and quantitative discussion of radiation 
from an accelerated charge, developing the discussion to cover Rayleigh 
scattering. 
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Equations 1.7 through 1.10 are the basis of all the quantitative 

work done with the University of Arizona monostatic lidar system 

described here. In Equation 1.7, the calibration constant, K, is 

determined from returns from a standard target, and can be crosschecked 

against returns from clear atmosphere high above the earth's surface, 

where air molecules are the only expected scatterers. The transmitted 

energy, E , is determined by sampling a small fraction of the 
o 

transmitted pulse with a high speed photodiode and associated 

electronics. Because the same energy monitor is used in determining K, 

only relative energy readings are important. VCr) is monitored by the 

receiver, so only 8Cr) and T(r) are unknowns. The molecular 

contribution to these two factors may be calculated fairly accurately 

from standard atmosphere density profiles, thereby leaving the aerosol 

contribution to 8Cr) and T(r) as the information to be recovered from 

the lidar measurement, VCr). 

The issue of what assumptions to make, and what additional 

measurements to take, to resolve two unknowns from one equation has 

occupied the minds of several other researchers who have contributed to 

this system. If the atmosphere were homogeneous in horizontal layers, 

and if data could be acquired with sufficient accuracy, backscatter and 

transmission terms could be resolved by taking data at various elevation 

angles. The difference between normalized data from the same altitude 

but differing angles would be due only to the differing transmission 

path. Unfortunately, the transmission is generally so close to unity 

that even if horizontal homogeneity were a valid assumption, noise in 

the sampled signal would preclude resolution of the transmission and 
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backscatter terms. Fernald (1971) discusses an inversion technique in 

which the ratio of extinction to backscatter, S, is assumed constant 

over the vertical interval of interest. Spinhirne (1977) extends this 

work through the use of data taken at various elevation (or 

equivalently, zenith) angles. The multiple-angle method is referred to 

by the the term "slant-path." By use of slant-path data, Spinhirne 

relaxes the restriction on S so that it need be assumed constant only 

within layers. The solution technique developed by Spinhirne is the one 

currently employed in reducing all University of Arizona slant-path 

data. Although other methods exist for solving for both S(r) and T(r) 

(Reagan and Herman 1972; Fernald et a1. 1972), the multiple angle 

solution technique, with its assumptions, has proven satisfactory for 

most of the data taken. 

1.4 University of Arizona Lidar System Overview 

The University of Arizona monostatic 1idar is housed in a 

trailer which is situated on the University's Campbell Avenue farm. The 

transmitter is a Q-switched ruby laser, coupled to a collimating 

refracting telescope, with an optical divider before the collimator to 

deliver a sample of the transmitted energy to the energy monitor. The 

receiver is an eight-inch Ce1estron telescope coupled to a 

photomultiplier tube. The output of the detector tube is fed through a 

high speed gain-switched amplifier to an eight bit digitizing and 

storage system. The gain switched amplifier insures sufficient dynamic 

2 range to compensate for the l/r term in Equation 1.7, and the digitizer 

samples at up to five points per microsecond for 30 meter equivalent 



range resolution. The laser, receiver and mount are monitored and 

controlled by two coupled computers. One supervises the optical mount 

motion and angle readout and the energy monitor. The other reads 

digitized return signal information, interfaces with the operator and 

saves information on flexible discs for further processing. 

With this 1idar, data is taken at a maximum rate of about ten 

shots per minute. Allowing time to change angles, and acquiring data 

for a minimum of ten shots per angle at nine angles, total data 

acquisition time is about 20 minutes. The shots at a given angle are 

averaged (off-line, currently) to provide improved signal to noise 

ratio. The data is put on eight-inch flexible discs for input to the 

University Computer Center, where the deconvolution programs are run. 
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As will be shown, there is sufficient power in the computers at the 

trailer to do at least partial processing of the data in real time with 

little or no loss in operating speed, but the programs to do this are 

not yet in place. During data acquisition, the computers provide 

messages to the operator, instructing him or her to fire the laser and 

to accept or reject the acquired shot. The operator sees a gain

switched return signal displayed on both an oscilloscope and the 

computer console CRT display. The CRT also displays the mount elevation 

angle, the relative energy measured for the shot, and the serial number 

of the shot. Although this is enough for an experienced operator, 

processing of the data through removal of the gain switches, r2 range 

compensation and normalization of the transmitted energy dependence 

before presentation would make the display much more meaningful. The 

setup procedures to prepare the 1idar for data acqusition and the 



corresponding shutdown procedures are outlined in an operating note at 

the trailer. There are quite a number of small tasks to perform in 

startup and shutdown, but the system is easily operable by one person. 

For safety, it is advisable that a second person be present during 

operation. 
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The lidar in essentially its current configuration has served to 

acquire well over one hundred evenings' data sets, most of them during 

and immediately following the author's development of the system's 

hardware and software. It proved fairly reliable during that time, with 

known failures confined to a few specific elements. These elements have 

come under close observation, and definite fixes for known problems have 

been implemented. In only one case, the mount angle drive electronics, 

has the problem been a clear design error. Other problems have arisen 

as pumps, flashlamps and the like have worn out in normal usage, and 

from a problem common to nearly all electronics, open circuits in both 

soldered and plug-in connections. Although there is no hard supporting 

evidence, the overall failure rate seems to have been at least as high 

in periods of low usage as in times of daily data acquisition. This 

would lead one to suspect the relatively harsh, uncontrolled environment 

in the trailer as a contributing factor to the failures that have 

occurred. In any event, logs show that the up time for the system, 

based on days when data were actually taken divided by days when 

acquisition was attempted, was about 85 percent. 



CHAPTER 2 

UNIVERSITY OF ARIZONA MONOSTATIC LIDAR HARDWARE 

The 1idar system described here has been built and used by 

engineers and scientists over the past 16 years. During that time, many 

of the components have gone through several revisions. Others have 

withstood the test of time, and remain essentially the same as they were 

when first installed. The author's recent industrial experience 

indicates that there simply is no substitute for testing under normal 

conditions of use. Although environmental testing can be very 

worthwhile, it cannot be expected to find all failure modes. Nor can 

all shortcomings of the system be anticipated by mortals. It is to be 

expected in such complex systems as this that there will continue to be 

deficiencies in performance that can only be discovered through use and 

can only be alleviated with modifications and upgraded components. In a 

commercial product, this is generally done through new model 

introduction. In a unique research instrument, it more often is done 

through continual evolution of that one instrument. As the reader will 

note, much of the system remains unchanged from previous work, other 

parts have been changed subtly, and some have been completely replaced. 

This will be particularly obvious to one who has followed the previous 

system developments. 
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Perhaps the most important change described here is the 

replacement of hardwired logic with a system of two computers. The 

hardware of these computers is described in Section 2.3, and their 

software is detailed in the Chapter 3. The change to computer control 

opens new possibilities for the system. Only a few of these have been 

capitalized on as yet. Chapter 6 suggests additional tasks for the 

computers which could further enhance the reliability and operational 

convenience of the system. 
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The configuration of the lidar system hardware is shown 

schematically in Figure 2.1, and the hierarchy of the main elements of 

the system is listed in Table 2.1. The classification of the elements 

is somewhat arbitrary, but the one shown is convenient for this 

discussion. Hardware details of each of the major components are given 

in the remainder of this chapter. 

2.1 Transmitter 

The transmitter of this system consists of a commercially built 

laser including power supply, control and cooling, a refracting 

collimator, the transmitter energy monitor and a photodiode lasing 

timing pickup. The laser is a Korad K-15Q system, consisting of a 

pulsed ruby laser, optically pumped by a helical flashlamp, and 

Q-switched by a Pockels cell. The transmitter system has previously 

been described by Webster (1971). Its salient features, and those of 

the receiver, are listed in Table 2.2. 
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Table 2.1. University of Arizona Monostatic Lidar Hardware System 
Hierarchy. 

Transmitter: 

Laser optics 

Laser 

Collimating telescope 

Laser drive electronics 

Transmitter energy monitor 

Receiver: 

Optics: telescope and filter 

Detector 

Photomultiplier 

Photomultiplier power 

Signal processing 

Gain switched amplifier 

Gain switch memory 

Digitizer 

Controlling computers: 

User-interface computer 

Interdata computer 

Peripheral interface 

System console CRT terminal 

Flexible disc system 

Printer 

Link to slave microcomputer 

Auxiliary parallel interfaces 
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Table 2.1--Continued 

Controlling computers--Continued 

Slave microcomputer 

Computer system 

Peripheral interface 

Analog-to-digital converter 

Optics mount drive 

Y-T display system 

Energy monitor interface 

Support hardware: 

Optics mount system 

Mount drive motors 

Angle readout system 

Bistatic communications flashlamp 

Lidar return simulator 

Environmental, mechanical and utilities 
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Table 2.2. Monostatic Lidar Transmitter and Receiver Characteristics. 

Transmitter: 

Laser 

Wavelength • 

Q-switch • 

Output energy 

Pulse width 

Peak power • 

Collimator • 

Beam divergence 

Receiver: 

Telescope 

Field acceptance angle • 

Optical filter • • 

Korad K-15Q Q-switched pulsed ruby 

• • • • •• 694.3 nanometers 

KDP crystal Pockels cell 

1 joule nominal (each pulse) 

40 nanoseconds nominal 

25 megawatts nominal 

6" f/5 Gallilean telescope 

• •• 0.75 milliradians full angle, 

half power nominal 

8" f/12 Celestron (Schmidt Cassegrain) 

3.94 milliradians full angle 

694.5 nanometer center wavelength, 

1.4 nanometer bandwidth interference filter 

Electro-optical detector • • • • RCA 7265 photomultiplier tube 

System: 

Transmitter-receiver spacing 1.01 meters 

Location • • • • • • 

Temperature control 

320 16' 54" North 

1100 56' 21" West 

732 meters above sea level 

ReCirculating water, 21 0 C, for ruby 

laser rod and interference filter 
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2.1.1 Transmitter Energy Monitor 

The system for monitoring the energy of the transmitted laser 

pulse is a vital part of the lidar system, since the received return 

must be normalized by the transmitted energy as a first step in solving 

Equation 1.4. The energy monitor used in the current University of 

Arizona monostatic lidar is based directly on earlier work (Reagan et 

al. 1976), with some important differences. Since the energy monitor 

must perform during the firing of ,the laser, it must be able to 

sufficiently reject the electrical noise generated by that laser firing. 

The optical-to-electrical conversion in the energy monitor is performed 

by a UnT PINIOn photodiode. At nominal laser energies, this photodiode 

discharges a 100 pF capacitor by about 0.1 volts. This corresponds to 

approximately 10 picocoulombs of charge. Immediately preceding the time 

this occurs, two high energy ~vents have occured in the laser. 

First, to pump the ruby laser, a flashlamp discharges a 400 

microfarad capacitor from about 4000 volts to 1000 volts in less than 

one millisecond. This nominally 3000 joule, 1000 ampere peak, 1.5 

coulomb pulse is coupled through a flashlamp a mere half meter from the 

energy monitor photodiode. Although the cables leading to the flashlamp 

are shielded, it should be noted that an effective capacitive coupling 

from the flashlamp anode to the energy monitor integrating capacitor of 

-15 only 3.3x10 farads would inject as much charge into the energy 

monitor as does the monitor's own photodiode. Since the optical laser 

output energy is to be measured to a precision appropriate for signal 

returns digitized to eight bits, the effective coupling from the 

flashlamp drive to the energy monitor integrating capacitor should be at 
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-17 least two orders of magnitude less, or about 3xl0 farads. The reader 

should note further that this analysis neglects magnetic coupling, which 

in general will make the problem worse. 

The second high energy event in the laser firing is the 

triggering of the Pockels cell. This is done with an approximately 15 

kilovolt pulse which voltage-doubles as it echos off the Pockels cell 

end of the 75 ohm coaxial cable which conducts it. The resulting 30 

kilovolt pulse is about as likely as the flashlamp pulse to cause 

problems with the energy monitor. 

Fortunately, there are solutions to the potential problems the 

energy monitor may experience in the presence of high energy electrical 

pulses from the laser. In this system, the energy monitor described by 

Reagan et ale (1976) was first repackaged into one completely shielded 

aluminum box. The electronics package is diagrammed in Figure 2.2. 

Although no electrical gasket material was available, numerous screws 

hold the cover on the box, and no slots longer than two inches exist 

around the cover's periphery. Cooling is provided by small holes 

drilled directly in the cover. A power supply in the box is filtered at 

its line input, and is housed in a separate shielded area of the box. 

All its outputs are further filtered by feedthrough capacitors before 

being connected to the three energy monitor modules in the box. The 

input stage, consisting of the integrating capacitor and a high input 

impedance buffer amplifier, are housed in a small enclosed aluminum box 

mounted within the larger enclosure, providing double shielding for this 

most sensitive part of the circuit. In addition, the analog output of 

this buffer, instead of being coupled through several meters of doubly 
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shielded coaxial cable as in the previous system, is fed to the peak 

detector circuit and thence to the analog-to-digital converter in the 

same box. All communications with the energy monitor box are digital, 

and consist of data output lines and command lines controlling the 

conversions and selecting the multiplexed output data lines. All 

communications with the energy monitor box are through optical isolators 

which have a low capacitance from input to output. Furthermore, a 

shielded cable is used for transmission of the optically isolated 

digital signals to and from the controlling microcomputer. 

The analog-to-digital converter used in this energy monitor is a 

Burr-Brown ADC80AG 12-bit binary model. Its conversion time of 25 

microseconds, coupled with the conversion control scheme used for it, 

allow a further insurance against interference from external sources. 

Whereas the earlier system took offset readings seconds or more beiore 

the laser was fired, the current system, under computer control, 

commands an offset conversion well after the peak of the flashlamp 

current has past and about 300 microseconds before the Pockels cell is 

fired to produce the lasing output. The converter is then commanded to 

convert the next input it senses above a specified threshold, which is 

normally the signal generated from the laser light pulse. The 

difference between the two readings is taken as the energy of the 

transmitted laser pulse. Although this effectively eliminates the 

influence of the flashlamp pulse, it does nothing about the Pockels cell 

pulse, which is synchronous with the laser pulse. However, as the 

Pockels cell drive is quite repeatable in both amplitude and duration 

and as it is synchronous within a few nanoseconds with the emitted light 
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pulse, the Pocke1s cell drive is presumed to induce a constant offset in 

the response of the energy monitor. 

The energy monitor system has been checked in two ways. First, 

calibration data has been taken as in Reagan et a1. (1976), with the 

energy monitor response compared with a standard target return response 

in the receiver system. This has shown a response, including standard 

deviation, similar to the earlier data. Second, a sequence of energy 

monitor readi~gs were commanded at approximately 150 microsecond 

intervals across a laser firing. Figure 2.3 is a plot of energy monitor 

readings taken across a laser firing, with the monitor optically 

decoup1ed from the laser. It shows how the f1ash1amp firing is clearly 

detected by the energy monitor. The optically coupled reference trace 

at the top of Figure 2.3 indicates that any optical energy detected 

before lasing causes a response well below that caused by electrical 

transients. Since the energy monitor contains a 12 bit 

ana1og-to-digita1 converter which responds at about half full scale for 

normal laser pulses, the responses to the laser firing transient 

indicated in Figure 2.3 represent an insignificant error relative to the 

digitization errors of the eight bit waveform recorder used to sample 

the return signal. 

2.2 Receiver 

The receiver optical system, like the transmitter, is largely 

unchanged from the original design (Webster 1971; Spinhirne 1977). Its 

general features are listed in Table 2.2. Although both the receiver 

and transmitter have performed acceptably for this system for several 
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years with no more than minor modifications, it is important to 

understand their role in determining overall system performance. This 

is described below in the context of a theoretical system 

signal-to-noise ratio analysis. 

2.2.1 System Noise Analysis 

30 

2.2.1.1 Factors Affecting System Noise. It is useful to 

consider at this point the theoretically expected signal-to-noise ratio 

of the system. Except for the transmitted energy, the most significant 

factors which are under the control of the system designer and which 

affect system noise performance are related to the receiver. The major 

factors in determining signal to noise in this system are: 

- Transmitted energy 

- Atmospheric transmission 

- Atmospheric backscatter 

Background irradiance in the receiver field of view 

and passband 

- Receiver aperture 

- Receiver optics transmission (including any bandpass 

filter) 

- Photomultiplier cathode sensitivity (quantum 

efficiency) 

Photomultiplier noise 

- Noise in the photomultiplier load resistor and 

signal conditioning amplifier 
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It is desirable that the noise be dominated by shot noise from 

the approximately Poisson distribution of the arrival times at the 

photomultiplier tube of photons from the laser pulse. To that end, 

increased transmitted energy, receiver aperture and transmission and 

cathode sensitivity help increase the signal to noise ratio. The 

atmospheric factors, of course, affect the received signal, but are not 

under our direct control. Background irradiance has an adverse effect 

on SiN because it adds a shot noise component which, unlike its average 

value, cannot be distinguished from shot noise from light from the laser 

pulse. Background irradiance effects can be reduced by choosing a 

narrower bandwidth for the receiver filter and by reducing the receiver 

field of view. Practical limits are determined by increased 

interference filter transmission loss as bandwidth is decreased, 

interference filter bandpass wavelength shift with temperature, and 

alignment difficulties for very narrow fields of view. Fortunately, 

background irradiance is not a problem for nighttime operation in this 

system, but it is usually the primary limiting factor for daytime 

operation, as shown below. 

The other factors mentioned all are related to the receiver 

system. There are both economic and technological limits in the choice 

of receiver parameters. Increased receiver aperture will allow 

collection of more of the return signal, but the cost of the receiver 

optics goes up nearly exponentially with increased aperture area. 

Ultimately, a whole new mechanical mounting system would be required to 

accommodate a large receiver telescope. Receiver optics transmission 

directly affects the light actually detected. Although we have not 
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attempted a direct quantitative measurement of the transmission, we 

estimate it at approximately 50 percent. The main loss is from the 

rather narrow bandwidth (1.4 nanometers) interference filter used to 

reduce interfering background radiation. The photomultiplier cathode 

sensitivity is limited by technology. An RCA 7265 tube with a 

potassium-sodium cesium-antimony cathode recommended for laser detection 

and radiometry (Engstrom 1980, pp. 121-23) was chosen for this receiver. 

This tube's cathode is known as a multialkali type, and has JEDEC S-20 

response. The cathode quantum efficiency of this tube is only about 2.5 

percent at the 694 nanometer laser wavelength. Materials such as 

gallium arsenide (appropriately doped) can as photocathodes yield 

quantum efficiencies in excess of 10 percent at this wavelength. 

However, such materials are very limited in their output current for 

stable operation (Engstrom 1980, p. 17; Hammamatsu 1983). Although it 

is possible to obtain individually selected multialkali S-20 cathode 

tubes with quantum efficiencies up to about eight percent, the gain in 

doing this has not been deemed sufficient to warrant the substantial 

cost, about $3000, of acquiring such a new tube. 

Photomultiplier noise sources not associated with the light 

input are generally classified as dark current, and fall into three 

categories: ohmic leakage, thermionic emission and regenerative 

effects. These are discussed in detail in Engstrom (1980, pp. 53-58). 

Dark current curves published for the RCA 7265 used in this system 

indicate that ohmic leakage is the predominant expected dark current 

source at the chosen operating conditions (below 2000 volts total dynode 

chain voltage). 
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Finally, the load resistor contributes a Johnson (thermal) noise 

component to the overall system noise, and the input amplifier 

contributes noise as well. As the Johnson noise in a resistor 

represents a particular power, proportional to temperature and bandwidth 

but independent of resistance, and since the photomultiplier output 

appears as a high source impedance current, a large load resistance 

should be chosen. In that way, the i 2R power from the signal will be 

maximized. This gambit has limitations: the bandwidth of the system is 

limited by the stray capacitance across the load resistance, and too 

high a load resistance will allow a signal voltage which exceeds the 

dynamic range of the following amplifier. Both these considerations are 

important for this lidar receiver, as the return signal for near 

returns, on the order of one kilometer, can be quite strong (as shown 

below), and bandwidth limits in the receiver effectively limit the range 

resolution of the receiver. For these reasons, the input stage of the 

amplifying electronics is an operational current to voltage converter. 

The amplifier system of which this stage is a part will be covered in 

more detail in Section 2.2.2. The important attributes of the stage for 

the present noise analysis are the 500 ohm load resistance, which 

converts a 20 milliampere photomultiplier anode current to 10 volts, and 

a Signetics NE5534 operational amplifier, chosen for low noise and high 

bandwidth. 

2.2.1.2 Lidar Equation Components. It is instructive to 

consider all the noise sources in a more quantitative way so we may 

understand which sources are most likely to affect the quality of the 

data taken. This may be done by considering each component of the 
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signal path to understand both the expected signal contribution and the 

component's effect on system noise. The effect of each element may be 

determined from the basic lidar equation, Equation 1.6, which is 

repeated here for convenience. 

P (r) = 
r 

eTA E S(r) T2(r) r r 0 a (2.1) 

It is useful to divide this equation into two components, one 

for atmospheric and range dependent contributions and one for the lidar 

system. The atmospheric component, A(r), is: 

A(r) = 
2 S(r) T (r) 

r2 
(2.2) 

The remaining factors from Equation 2.1 are contributions from the lidar 

system itself. These factors, taken together, form the lidar component, 

given by: 

L (2.3) 

2.2.1.3 Signal Strength. For the purpose of estimating system 

performance, the atmospheric contribution, A(r), will be approximated as 

follows. The molecular (Rayleigh) extinction coefficients are 

calculated from Elterman (1968, Equations 1-3 and Table 2). The data 

from Elterman, which are for an air mass with sea level as its lower 

limit, are corrected for the 732 meter elevation of the lidar system in 

Tucson. The molecular backscatter cross sections are calculated by 

dividing the extinction coefficients by the S-ratio given by Rayleigh 
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theory for these two parameters, 8n/3. The integral of the molecular 

extinction coefficient from 732 meters above sea level to the desired 

altitude yields the partial molecular optical depth, or molecular 

extinction, to that height. For particulates, values for extinction 

coefficient versus height are taken from Spinhirne (1977, p. 122). 

These are averages from data taken with the University of Arizona 

monostatic lidar on 22 days from 7 November 1974 to 26 May 1976. An 

S-ratio of 22 is assumed to determine the backscatter cross section 

versus height. This is the average S-ratio determined from the same 22 

days' data. These figures are intended to illustrate the typical system 

performance to be expected, and not the performance for a particular set 

of atmospheric conditions. The figures are summarized in Table 2.3 for 

heights from 1.5 km to 16.5 km. They compare quite favorably with the 

average extinction and S-ratio values reported more recently by Reagan 

(1983) for data taken with the system, particularly at ranges exceeding 

six kilometers. The earlier data from Spinhirne is used here because it 

covers a greater altitude range. 

To approximate the laser contribution, we may use the following 

information: 

A = 0.032 m2 
r 

E = 1.0 J 
o 

T = 0.50 
r 

Substituting in Equation 2.3 yields a laser factor, L, of 2.4x106 W 3 m • 

This factor multiplied by the value for the atmospheric portion of the 

lidar equation from Table 2.3 yields the expected return power incident 

on the photomultiplier cathode as a function of range. 
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Table 2.3. Typical Atmospheric Backscatter and Transmission Parameters. 

Height I3p I3r l3(p+r) T T T(p+r) 
~e-2T 

p r 2 
(xl0-S) (xl0-S) (xl0-S) (xlO-3) (xl0-3) (xl0-3) r 

(km) (km-1) (km-1) (km-1) (km-3) 

loS 76.0 43.3 119.3 34.8 S.9 40.7 4.89xl0 -4 

3.0 31.4 37.1 68.4 SO.8 10.9 61.7 6.72xl0 -S 

4.S 13.7 31.6 4S.4 S7.3 IS.2 72.6 1.94xl0 -S 

6.0 9.7 26.8 36.S 60.7 18.9 79.S 8. 6l! x 10-6 

7.S 6.4 22.S 29.0 63.2 22.0 8S.2 4.34xl0-6 

9.0 2.9 18.8 21.7 64.6 24.6 89.1 2.24xl0 -6 

1O.S 2.8 IS.S 18.3 6S.4 26.7 92.1 1. 38xl0-6 

12.0 3.1 12.3 IS.3 66.S 28.5 94.9 8.79xl0 -7 

13.S 3.0 9.7 12.7 67.3 29.8 97.1 S.72xlO -7 

IS.0 2.1 7.7 9.8 67.8 30.9 98.7 3.S6xl0-7 

16.S 2.7 6.1 8.8 68.S 31.8 100.3 2.64xl0 -7 



2.2.1.4 Background Intensity. The final factor required to 

estimate system noise performance is background brightness. From CRC 

(1975, p. F-196), sQlar irradiance at the earth's surface at 690 

nanometers wavelength is .14 W cm-2 ~-1. A rough estimate, 

sufficiently accurate for our current purpose, is that daytime 

irradiance of a horizontal surface, not including direct solar 

irradiance, is 0.2·times the direct solar irradiance. Furthermore, it 
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is expected to decrease by fully four orders of magnitude within half an 

hour after sunset (Engstrom 1980, p. 140). Though irradiance from the 

sky is clearly angularly dependent, for our estimate we assume 

uniformity over 2TI steradians. Daytime irradiation of a detector with 

a limited field of view, not aimed directly at the sun, is then 

approximately 4.5x10-3 W cm-2 ~-1 per steradian field of view, and 

nighttime background irradiation is generally less than 

-7 -2 -1 -1 4.5x10 W cm ~ sr • The receiver in this system is based on an 

eight inch Cassegrain telescope, with an aperture of about 324 cm2• A 

field stop limits the angular field of view to 2.0 milliradians 

halfwidth for a total field of view of 1.25x10-5 steradians. An 

interference filter rated at 1.4 nanometers bandwidth sets the receiver 

optical bandwidth. Finally, the receiver optics transmission is assumed 

to be 50 percent. Combining the receiver parameters with the background 

irradiances, we find the expected background power on the 

photomultiplier photocathode during the daytime to be 1.3x10-8 W, and to 

be less than 1.3x10-12 W during nighttime operation. 



2.2.1.5 Noise Sources. For signal-averaged photomultiplier 

applications such as this,l the noise in the anode current of a 
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photomultiplier is mainly the result of the statistics of the arrival of 

photons at the photocathode and of the secondary electron emissions of 

the dynode multipliers. This shot noise may be estimated by 

(2.5) 

where e is the electron charge, G is the photomultiplier gain, K 

represents noise from the secondary emission process and is taken as 

K=s/(s-l) where s is the per-stage gain of the multiplier, ~f is the 

system bandwidth, and Is' Ib and Id are the anode-referenced signal, 

background and dark currents respectively. 

The signal is degraded not only by the photomultiplier shot 

noise, but also by the Johnson noise in the load resistor and by the 

noise of the amplifier chain used to process the signal. The Johnson 

noise in the load resistor is given by 

P = 4 k T ~f 
n 

where P is the noise power, k is Boltzmann's constant, T is the 
n 

(2.6) 

resistor's temperature, and ~f is the bandwidth in which the noise is 

measured. In the lidar's environment, with a bandwidth of about 

1. "Signal-averaged" refers in this case to the fact that the 
receiver electronics do not have sufficient bandwidth to resolve 
individual photon events, and are thus recording the smoothed, or 
averaged, signal from many photons. This is not a reference to 
averaging returns from several lidar shots. Photon counting can reduce 
or eliminate the noise related to dark current and the electon 
multiplication process. 



2.0 MHz, we expect a noise power of about 3.3x10-14 watts, which 

corresponds to 8.1 nanoamps RMS in the 500 ohm load resistor. 
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The amplifier noise comes predominantly from the first two 

amplifier stages. Because the first amplifier, as a current-to-voltage 

converter, has no closed loop voltage gain, the equivalent input noise 

voltages of the first two stages add in an RMS sense. The amplifiers 

have a specified input referenced noise voltage of 4 nanovolts//HZ. 

At 2.0 MHz bandwidth, this corresponds to 5.7 microvolts RMS for each 

amplifier, or 8 microvolts RMS total. This is equivalent to 16 nanoamps 

RMS in the 500 ohm load resistor. Thus, we see that this noise source 

dominates over the Johnson resistor noise. The input current noise of 

the current to voltage converter amplifier is specified at 0.4 

picoamps/IHZ. Over the system bandwidth, this contributes an 

insignificant 0.6 nanoamps RMS to the input noise current. 

2.2.1.6 Detector Characteristics and Noise Summary. Table 2.4 

lists characteristics of the RCA 7265 photomultiplier tube used in this 

receiver. Except for the calculated per-stage gain and noise factor K, 

these are taken from the tube's data sheet (RCA 1969). The photocathode 

sensitivity and tube gain are used to calculate signal and background 

anode currents, and the tube gain is used to find the per-stage gain. 

The tube is normally operated at 1600 volts total dynode potential, but 

has been operated at 1800 volts in the past; that higher voltage is 

listed for reference. Table 2.5 gives expected values for 

photomultiplier anode currents due to background illumination and 

photomultiplier dark current. Table 2.6 summarizes the expected noise 

contributions from the various sources, with the exception of the range 



Table 2.4. RCA 7265 Photomultiplier Characteristics. 

Spectral response • • • • • S-20 

Cathode, semitransparent Potassium-sodium 

cesium-antimony (multialkali) 

Minimum projected area • • 14.2 cm2 

Cathode quantum efficiency at 694 nm 

Cathode sensitivity at 694 nm 

Number of stages 

Parameter Symbol 

Typical amplification G 

Per-stage amplification s 

Electron multiplier K 

noise factor 

Anode dark current, amperes 

••• 2.6 percent 

.014 A/W 

14 

Typical values for total 
dynode voltage 

1600 volts 

5.0xlO 5 

2.6 

1.6 

-9 9.0xlO 

1800 volts 

2.0xlO 6 

2.8 

1.5 

-8 1.9xlO 

40 
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Table 2.5. Receiver Photomultiplier Anode Current Contributions. 

Photomultiplier anode dark current Id 9.0x10-9 A 

Anode background current (day) Ib(day) -5 9.1x10 A 

Anode background current (night) Ib(night) 9.1x10-9 A 

Anode signal current: Range dependent; see Table 2.7. 

Table 2.6. Receiver Noise Contributions. 

Anode load resistor Johnson noise .2 6.6x10-17 A2 ~ n,r 

.2 2.6x10-16 A2 l. n,a Anode-referred amplifier noise 

.2 4.7x10-15 A2 ~ n,d Photomultiplier dark current noise 

Background-induced noise (day) i 2 b(day) n, 2.4x10-11 A 2 

Background-induced noise (night) i 2 b(night) 2.4x10-15 A2 n, 

Signal-induced noise: Range dependent; see Table 2.7. 

Note: All noise currents are referred to the photomultiplier anode. 
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dependent signal related noise. It is listed in Table 2.7, which 

summarizes the overall noise performance and expected daytime and 

nighttime signal-to-noise ratios respectively. These ratios do not 

include averaging of the data from repetitive shots. The second column 

of Table 2.7 is taken from the final column of Table 2.3, so Table 2.7 

represents the system under the same typical, or average, conditions 

given for Table 2.3. 

2.2.1.7 Noise Performance Limiting Factors. Observations 

relating to Tables 2.5 through 2.7 yield some insights about the 

limiting factors in the operation of a lidar system such as the one 

described here. First, the noise from photomultiplier dark current, 

load resistor Johnson noise and amplifier noise are all well over an 

order of magnitude below the signal-related photomultiplier shot noise 

even for return signals from 16 km range. In other system designs, it 

may be possible to optimize some other performance parameters of the 

signal processing electronics at the expense of electronics-contributed 

noise with no significant degradation of overall system noise. In this 

system, both bandwidth and dynamic range are already adequate. 

For daytime operation, the background signal is approximately 

equal in amplitude to the return signal from 7 km range. Out to this 

range, the return signal dominates, and the signal-to-noise ratio is not 

degraded significantly by the background related shot noise. This 

analysis, however, does not account for any rapid fluctuations of the 

barkground which would further degrade the signal-to-noise ratio of the 

system. There are considerations in addition to the noise contribution 



Table 2.7. Typical Return Signal Levels and Signal to Noise Ratios for the University of Arizona 
Monostatic Lidar. 

-2'( .2 Height Be p I - - Daytime - - - - Nighttime - -2 s,k 1 s n,s r 

Ckm) Ckm-3) C\v) CA) CA2) .2 CA2) SNR .2 CA2) SNR 1 1 n n 

1.5 4.89xl0 -4 1.2xlO -6 8.2xlO -3 4.2xlO -9 4.2xlO -9 126.3 4.2xlO -9 126.6 

3.0 6.72xl0 -5 1.6xlO -7 1.lxl0 -3 5.8xl0-1O 6.0xl0-1O 46.0 5.8xl0-1O 47.0 

4.5 1.94xl0-5 4.6xlO -8 3.3xl0 -4 1.7xlO-IO 1.9xlO -10 23.6 1.7xlO-IO 25.2 

6.0 4 -6 8.6 xl0 2.1xl0 -8 1. 5xlO -4 7.4xlO -11 9.8xlO-11 14.6 7.4xlO-11 16.8 

7.5 4.34xl0 -6 1.0xl0 -8 7.3xlO -5 3.7xlO-11 6.1x1O-11 9.3 3.7xlO-11 11.9 

9.0 2.24xlO -6 5.4xlO -9 3.8xl0 -5 1. 9xl0-11 4.3xl0-11 5.7 1. 9xlO-11 8.6 

10.5 1.38xlO -6 3.3xl0 -9 2.3xl0 -5 1.2xl0-11 3.6xlO-11 3.9 1. 2xlO-11 6.7 

12.0 8.79xlO -7 2.1xlO -9 1.5xlO -5 7.6xlO-12 3.2xlO-11 2.6 7.6xl0-12 5.4 

l3.5 5.72xlO -7 1.4x10 -9 9.6xlO -6 4.9xl0-12 2.9xlO-11 1.8 4.9xlO-12 4.3 

15.0 3.56xlO -7 8.6x10-1O 6.0xlO -6 3.lxlO-12 2.7xlO-11 1.2 3.lxlO-12 3.4 

16.5 2.64xlO -7 6.3xlO-1O 4.4x10 -6 2.3xlO-12 2.6xlO-11 0.9 2.3xlO-12 2.9 

~ 

VI 
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of the background. The photomultiplier anode current from background 

irradiance is a continuous current in a system such as this without an 

automatic shutter, and the approximately 100 microampere DC current 

requires careful.consideration in the design of the multiplier dynode 

power supply. It is also a rather high DC current to allow in a tube 

rated for 1.0 milliamperes absolute maximum DC anode current, in a 

system where stability is of prime importance. The few times we have 

tried to acquire meaningful daytime data, we have found that neither the 

overall signal-to-noise ratio nor the DC offset current is acceptable, 

and we have abandoned further attempts to acquire daytime data. 

During nighttime operation, background irradiance is generally 

quite low compared with the return signal from ranges of interest. 

There are exceptions to this rule. For example, the moon, if it is in 

the receiver's field of view, can be a significant background source. 

In practice, this is not a problem because the lidar can be aimed to 

avoid "looking" at the moon. The predominant noise source for nighttime 

operation is shot noise from the signal itself. It accounts for over 

99% of the total noise for returns out to beyond 16 kilometers. The 

resulting three-to-one nominal signal-to-noise ratio requires averaging 

several shots taken in rapid succession to achieve an acceptable overall 

signal-to-noise ratio. From Equation 2.5, we see that the only way to 

improve the signal-to-noise ratio significantly for a given bandwidth is 

to increase signal anode current without increasing the tube gain 

correspondingly, or to decrease the noise factor, K. K, a function of 

per-stage electron multiplier gain, may be reduced by operating the tube 

with high gain, particularly in the first stage. However, infinite 
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per-stage gain would yield only a 40% improvement over the figure 

calculated for the current system. To increase signal anode current 

without increasing gain implies increased photocathode quantum 

efficiency or increased light flux on the cathode. As mentioned 

previously, the tube used was chosen for high quantum efficiency with 

known stability, though some improvement is possible through selection. 

Increasing the light flux on the cathode implies increased transmitted 

energy, a larger receiver aperture or higher transmission through the 

receiver optics. Any of these is possible, though as noted, there are 

technological and economic limits. 

2.2.2 Signal Compression Amplifier 

Signals received by a mono static 1idar such as described here 

have a wide dynamic range because of the 1/r2 dependence of the return. 

As can be seen from Table 2.7, anticipated returns from 1.5 km are some 

1400 times as strong as returns from 15 km, a factor of 100 due to 1/r2 

and the remainder due to lower atmospheric backscatter and increased 

transmission loss. We wish to digitize return signals so that we may 

computer-process the data. We require range resolution of about 50 

meters from this system, implying sampling and digitizing the return 

several times per microsecond. Finally, development of the system was 

done on a limited capital equipment budget. At the time the system 

renovations described here were implemented, eight-bit digitization at 

up to five samples per microsecond through the use of a Biomation model 

805 waveform recorder was deemed the best economic/technical tradeoff. 
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Eight bits, with one part in 256 linear resolution, is clearly 

not capable of capturing the full range of useful information in a 

signal which varies by a factor of 1400. The signal must be compressed 

in some known way to record its full dynamic range. There are three 

commonly used techniques to accomplish this: r2 normalization, 

logarithmic amplification and gain-switched amplification. 

2.2.2.1 Range Normalization. Since the strongest effect over 

the range of interest is range itself, and since range is related 

directly to time, it is possible to build a circuit which will remove 

the return's range dependence. Figure 2.4 is a block diagram of such a 

circuit. The resultant range-normalized return has an expected 

amplitude range of 14:1 over 1.5 km to 15 km range, from normal 

variation in transmission and backscatter with range. An additional 3:1 

factor can be expected from variation of transmitted energy, and a small 

factor also arises for data from particularly strong low altitude 

backscatter. Thus, even with range normalization, a 50:1 signal 

variation may still be encountered, which would permit recording of 

distant returns with one part in five resolution with an eight bit 

system. This could be improved further by changing the correction from 

a pure at2 form to at2 + bt, where a and b are empirically or 

analytically generated constants, and t is time since transmission of 

the laser pulse. As long as the applied correction is known, it is 

possible to take account of it during digital siglml processing. 

Probably the greatest difficulty with this normalization scheme is 

obtaining a multiplier circuit with suitably good linearity, wide 

bandwidth and low offset voltages over the operating temperature range. 
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2.2.2.2 Logarithmic Amplification. A second signal compression 

technique is logarithmic amplification, wherein the output voltage, V , 
o 

of the circuit is the logarithm of a scaled version of the input 

current, I., as in Equation 2.7: 
1. 

V = In(kI.) o 1. 

The input may be expressed in terms of the output, thus: 

(2.7) 

(2.8) 

For V = 0, kI. = 1; for V = 10, kI. = 22026. This is an adequate but o 1. 0 1. 

not excessive dynamic range for recording the lidar signal. However, as 

Equation 2.9 shows, eight bit resolution for a 10 volt full scale V 
o 

corresponds to only four percent resolution of the input current: 

[ lOY] [ lOY J Vo + 256 256 Vo 
e = e x e (2.9) 

V 
1.04 e 0 

= 

= 1.04 (kI.) 
1. 

With only four percent resolution, we would not be able to take 

advantage of the available signal-to-noise ratio indicated in Table 2.7 

for ranges closer than five·kilometers. There are further problems with 

logarithmic amplifiers. First, there is difficulty maintaining 

accuracy, especially over operating temperature changes. Second, their 

bandwidth tends to decrease with decreasing signal. 
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2.2.2.3 Gain-switched Amplification Description. The third 

type of signal compression circuit is a gain-switched amplifier. It is 

an amplifier which automatically changes its gain to one of a finite, 

generally small number of fixed gains. This is done either in response 

to changes in the input signal or through an algorithm, e.g., at 

predetermined times. Such a gain-switched amplifier can be optimized 

for a particular application through the selection of components for the 

various gain stages. To compress the photomultiplier output before 

digitization, we have chosen a signal level controlled gain-switched 

amplifier, with an incremental increase in gain of three for each stage. 

Such an amplifier responds in some ways similarly to a logarithmic 

amplifier. Its output may be viewed as an exponent, representing the 

digital gain stage number, and a mantissa, representing the analog 

output signal. Although the exponent analogy is accurate, the analog 

output is linear with input over that gain setting rather than a 

logarithmic function of the input. The gain-switched amplifier output 

is then represented in terms of n and V by the equation o 

(2.10) 

where V is the output voltage, k is the current-to-voltage conversion o 

factor of the input amplifier stage, I. is the input current, and n, an 
1 

integer, is the amplifier's automatically selected gain switch setting, 

output also to a gain switch memory. 

A gain-switched amplifier such as this is not without its 

potential difficulties. With a cascade of amplifiers (or in other 

designs, the increased stage gain for increased overall gain; see, for 
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example, Spinhirne (1974)), bandwidth tends to decrease with increased 

gain, i.e., for srualler signals, because each amplifier adds a pole to 

the overall small signal response. Also, as the amplifier changes gain 

settings, the output must accomodate very rapidly a three to one change, 

or about six volts for a unit such as this with a ten volt full scale 

output. This is a problem not only in the design of the gain-switched 

amplifier but also for the response of the following digitizer, whose 

amplifiers must follow the rapid voltage change as well. In general, 

the system output data is not useable for the period during a gain 

switch and until the switching transients have abated. 

2.2.2.4 Gain-switched Amplifier Analysis. The specific 

gain-switched amplifier used in the system described here was designed 

and built by Carl Noggle, then employed as an engineer by the University 

of Arizona Institute of Atmospheric Physics. To the author's knowledge, 

this amplifier has not been described in any previously published paper. 

A partial schematic, showing the signal path, appears in Figure 2.5. A 

brief description of the circuit follows. Switching times, settling 

times and slew rates are frequently mentioned. It should be kept in 

mind that one microsecond in the receiver's time frame corresponds to 

150 meters of range for the lidar return. 

While idling between laser shots, the gain-switched amplifier 

feeds the output of the amplifier chain through an integrator with a 

long time constant, to the noninverting input of the input current

to-voltage converter, Ul. It does this while the input is connected to 

ground through a resistance Rl and switch SI. This mode is known as 
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autozero, as it tends to automatically null out the input offset voltage 

of the input amplifiers. 

When the laser fires, a signal is coupled from a photodiode on 

the laser to terminate the amplifier's autozero mode and reset the gain 

switches to the lowest gain setting in anticipation of the return 

signal. In this state, switches S2 and SID are closed, SI connects the 

amplifier input to the receiver photomultiplier, and all other 

multiplier switches are open. 

As the laser pulse enters the receiver field of view and 

generates a return to the receiver, the signal will increase. The 

corresponding increase at the output of buffer U9 will enable gain 

switching if it exceeds a preset level, nominally three volts. If U9's 

output does not cross that threshold, no gain switching occurs. A 

normal return, however, does enable gain switching, and whenever the 

output of U9 falls below the threshold, the gain is increased by 

switching U9's input to the next higher gain stage in the UI - U8 chain. 

Each time a new stage is enabled, further gain switches are disabled for 

about one microsecond to allow amplifier and switch settling to the new 

voltages. The gain switching is enabled by steady state levels of U9's 

output, not by transitions through the threshold, so gain switching is 

at most delayed but not lost. The gain switching continues as long as 

additional gain is required, until the maximum amplifier gain is 

enabled. At all times, a binary representation, zero through seven, of 

the selected gain stage is sent to a gain switch memory, which will be 

described in a following section. About one millisecond after the 
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initial trigger is received, the gain-switched amplifier is gated back 

into the autozero mode, whether any gain switching has occurred or not. 

The amplifier chain in the gain-switched amplifier consists of a 

current-to-voltage converter, U1 and R3, and seven following cascaded 

noninverting voltage gain stages, each with a gain of 3.00. Stages 

following the selected stage are allowed to saturate. Their recovery 

time was measured and deemed to be satisfactory to insure recovery by 

the time a switch to higher gain is required. The amplifiers chosen for 

the first two stages are Signetics NE5533 low noise, wide bandwidth 

operational amplifiers. They are specified for a typical 10 MHz gain 

bandwidth product, 13 volts per microsecond slew rate and 4 nV/1HZ 

input-referred noise. Noise considerations have been previously 

discussed in the section on receiver performance. The discussion here 

will center around time and frequency response characteristics of the 

amplifier chain. 

The following voltage gain stages are based on National 

Semiconductor LF356 operational amplifiers. They are specified for a 

typical 5 MHz gain bandwidth product and 12 volts per microsecond slew 

rate. The output buffers, U9 and U10, are both much faster, to 

accomodate the fast slewing required when gain switches are made. (Note 

that the input amplifier chain, U1 through U8, is not required to follow 

such rapidly slewing, nearly full scale signals, with the possible 

exception of U1, which must respond to the signal increase caused by the 

entry of the transmitter pulse into the receiver field of view.) U9, a 

National Semiconductor LH0033C unity gain buffer, is specified for 1000 

volts per microsecond minimum slew rate, and the output amplifier, U10, 
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a Burr-Brown 3551 operational amplifier, is specified for a typical 40 

volts per microsecond slew rate and settling to 0.1% of final value 

within 500 microseconds for a 10 volt output step. Although this is not 

remarkably fast, it is appropriate to the input specifications for the 

digitizer which is connected to the gain switching amplifier's output. 

Switches Sl through S12 are Siliconix DG201CJ CMOS switches. 

These switches were chosen for low "on" resistance, reasonably fast 

switching and good input to output isolation in the "off" state. The 

very high input impedance of buffer amplifier U9 makes low "on" 

resistance unnecessary from the point of view of the signal path, but it 

is useful to maintain good isolation from unselected gain stages. 

Switch turn-on time is guaranteed to be not more than 1000 nanoseconds, 

and is typically 580 nanoseconds. Turn-off is guaranteed to be faster 

than turn-on, so transients from switch paths closed around the 

amplifier chain feedback loop are minimized. The switch turn-on time is 

typically 90% delay and 10% signal risetime. Essentially the only 

signal delay through a switch in the "on" state is caused by the switch 

resistance and the load capacitance, and in this case, we expect a 

maximum of 250 ohms and 25 picofarads for each of two switches in 

series. The resulting cascade of two 6.3 nanosecond time constants is 

insignificant in view of the amplifier slew rates and bandwidths. 

Perhaps the most significant parameter of the switches is 

isolation, as it is important that output from amplifier US not find its 

way back into the input of the second amplifier, U2, through open 

switches. As will be shown in the following paragraphs, the phase shift 

through the amplifier chain U2 through US reaches 90 degrees at about 
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0.4 megahertz, where the voltage gain is expected to be about 65 

decibels. It is vital that the switches provide at least this amount of 

isolation, or oscillation may result. The output impedance of U1 is 

specified to be typically 0.3 ohms at 10 kilohertz in a 30 dB gain 

closed-loop situation. At worst, this would increase linearly with 

frequency as loop gain is lost, and would be expected to be even lower 

in a configuration with lower closed-loop voltage gain, such as at U1. 

A maximum of 10 ohms is assumed, then, for U1's closed loop output 

impedance at 0.4 megahertz. Switches S2 and S10 must provide the 

isolation when S9 and Sll are closed to select maximum gain. S2 and S10 

are specified for a typical isolation of 54 decibels at 500 kilohertz 

into a load of 100 ohms paralleled with 15 picofarads. Such a load is 

nearly purely resistive at that frequency, so the capacitance may be 

ignored. The impedance of the "off" switch is expected to be a 

capacitive reactance, so decreasing load impedance and decreasing 

frequency should improve isolation. This is confirmed by the 

manufacturer's published curves for isolation versus frequency for two 

different load resistances (Siliconix 1978), which show a 13 decibel 

isolation improvement for a load resistance decrease from 1000 ohms to 

200 ohms, and about 18 decibels per decade decrease in isolation versus 

frequency. This corresponds to approximately 0.7 picofarads feedthrough 

capacitance. With the expected 10 ohm load represented by U1's output, 

we would anticipate a minimum isolation in excess of 80 decibels through 

a single switch. The additional switch should add six decibels minimum 

to this figure, and considerably more if a 26 decibel voltage division 

is realized from the typical 14 picofarads total drain and source 
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capacitance to ground between the two "off" switches and the 0.7 

picofarads feed through capacitance of S10. We see, then, that the gain 

margin is at least 20 decibels and may well be in excess of 40 decibels. 

This has proven in practice to be adequate. 

The response of the gain-switched amplifier during the time 

between gain switches is determined mainly by the chain of amplifiers, 

Ul through U8, up through the selected amplifier. The response of an 

operational amplifier is never exactly determined by a single real pole, 

and this is especially true for wide-band amplifier circuits. However, 

in the following discussion we will make the assumption that each 

amplifier stage is characterized by a single real pole. We assume the 

circuit at U1 has unity DC gain and a pole at -2TIX5 MHz, U2's circuit 

is represented by a DC gain of 3.00 and a pole at -2TIX3.33 MHz, and 

each of the remaining amplifier stages through the circuit at U8 is 

characterized by 3.00 DC gain and a pole at -2TIx1.67 MHz. 

Under these assumptions, we may calculate the gain and phase 

response of the amplifier chain. The results of such a calculation are 

shown graphically in Figures 2.6 (amplitude) and 2.7 (phase). As can be 

seen in the figures, as the number of stages increases, the -3 dB 

bandwidth of the chain decreases. This is shown also in Table 2.8, 

which lists -3 dB bandwidths and frequencies for 90 degree phase shifts 

for the amplifier chain. For maximum bandwidth for a given number of 

stages, it is clearly not optimal to have each stage characterized by a 

single real pole. See Pettit and McWhorter (1961, Chapters 7, 9, 10 and 

11) for a discussion of this topic. However, stages with no complex 

poles and no zeros are guaranteed to have no overshoot in their time 
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response to a step input, and that is a desirable feature in an 

amplifier used to observe a signal as a function of time, as is the case 

with the lidar gain-switched amplifier. 

The step response of the amplifier chain was calculated under 

time domain assumptions equivalent to the preceding frequency domain 

assumptions for the amplifiers in the chain. The =esults are shown 

graphically in Figure 2.8, and 10% to 90% rise times and 50% delay times 

are tabulated along with the previously mentioned frequency domain 

parameters in Table 2.8. Note that the rise time of the first stage is 

approximately twice the length of the laser pulse, and thus should not 

introduce a significant distortion as the laser pulse enters the 

receiver field of view. 

It is not our purpose here to consider the gain-switched 

amplifier in any more depth, but the reader wishing to do so may well 

find the discussion in Pettit and McWhorter (1961, pp. 107-118) 

concerning time response of coupled amplifiers both enlightening and 

directly useful. In particular, the following statement is made there: 

"Moreover, if there is overshoot in a single stage, the amount of this 

increases as [identical] stages are added." Also, the conclusion is 

drawn that minimum overall risetime is obtained from a set of amplifiers 

[based on identical gain-bandwidth devices] if each stage is identical, 

as long as none of the stages has overshoot. 

Although the delay time through the whole amplifier chain is 

about 0.6 microseconds, and corresponds to 90 meters of range for the 

Ii dar system, this is normally incurred only at ranges in excess of ten 

kilometers for atmospheric sounding on cloudless days in the Tucson 



100%1' ... ;..,;-.. --:::;:=-~=~=~=~==~~~~~----: 

N=1 : 

80% . 

60% 

40% ... 

20% ..... 

CALCULATED LIDAR 
GAIN-SWITCHED AMPLIFIER 
STEP RESPONSE FOR ONE 
THROUGH EIGHT STAGES 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 

TIME. MICROSECONDS 

Figure 2.8. Gain-switched Amplifier Calculated Small Signal Time 
Response to a Step Input. 

1.6 

59 



60 

Table 2.8. Gain-switched Amplifier Calculated Frequency and Time 
Response. 

Frequency - - Step Response 
Number for 900 Rise Time, Delay Time 

of Gain Bandwidth, Phase Shift 10% to 90% to 50% 
Stages (V/V) -3dB (MHz) (MHz) (lls) (lls) 

1 1 5.0 (N.A.) .07 .02 

2 3 2.4 4.0 .20 .07 

3 9 1.3 1.6 .32 .16 

4 27 .95 .98 .40 .26 

5 91 .78 .71 .47 .35 

6 273 .68 .55 .53 .45 

7 819 .61 .46 .58 .54 

8 2457 .56 .39 .63 .64 

(N.A.): Not applicable for a stage with a single pole. 

environment where the work is done. As a result, no correction is made 

during data processing for the amplifier delay time. 

2.2.3 Gain Switch Memory 

In processing the 1idar data, it is necessary to divide each of 

the digitized samples of the analog output of the gain-switched 

amplifier by the gain of the amplifier at the time the sample was taken, 

so that the net gain from the receiver input through the data processing 

is constant. The gain switch points in the signal recorded by the 

digitizer usually are apparent, and their position in the data stream 
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may be determined with a fairly simple algorithm as the data are 

processed. Unfortunately, there are conditions which occur at times 

which make it difficult to find all the gain switches, or which cause 

registration of a switch point where none exists. The first case can 

happen when two switches occur in rapid succession because of a very 

rapidly decreasing signal, causing a switch to be missed during 

processing. The second case occurs if the return signal increases 

rapidly in approximately a three-to-one ratio, as a result of the laser 

pulse striking a layer of relatively greater particulate concentration 

above a clearer layer, causing a switch to be indicated where none was 

made. Both of these conditions represent interesting atmospheric 

phenomena, and it is therefore important that they be recorded 

accurately. 

To the end of accurately marking gain switch points, a module 

was constructed which records the digital output of the gain-switched 

amplifier. This module begins sampling and recording the digital data 

on its inputs when it receives a positive-going edge on its reset input. 

That reset input is connected to the gain-switched amplifier enable 

trigger, and the digital input data is the gain stage data. The samples 

are recorded, one each 200 nanoseconds, for 1024 samples. During the 

sampling and recording, the memory module's outputs reflect the sampled 

-data. The fourth bit may be either an input bit or a bit which is the 

parity (modulo-2 sum) of the other three bits. When sampling finishes, 

the module immediately switches to an output mode. At that time, the 

first bits sampled are available at the module's output. Each time a 

negative pulse is received on the "read strobe" input, the module makes 
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the next recorded bits available at its output. In addition to the 

available parity bit, a fifth bit can be used to indicate either the 

recording/output state of the module, or the state of a low-order 

address bit in the module. Proper checking of the parity bit and the 

address bit can virtually insure correct data transfer. The parity bit 

can be used to check the integrity of each sample, and the address bit 

can be used to insure that no samples are missed or read twice. In 

addition, the circuit can be configured with a jumper so that readout of 

the stored samples terminates after either one or two cycles through the 

1024 memory locations used. A configuration allowing three passes 

through the samples is also possible, but the third pass will terminate 

at the 1024th sample by entering the recording mode. 

A simplified circuit for this module is shown in Figure 2.9. 

The module consists of a Toshiba TMM2016P-1 2048x8 bit static random 

access memory, US, driven by TTL support circuitry. The memory was 

chosen for its 100 nanosecond guaranteed cycle time, allowing ample time 

to set up the address and data for this memory in the 200 nanosecond 

cycle time of the recording phase. The addresses for the memory are 

generated with a simple state machine, consisting of binary counters U2 

through U4 and data selector Ul. Although an additional bit could have 

been added to the counter to access all 2048 available memory locations 

in US, 1024 samples are adequate for this application. The counter is 

reset to zero by the trigger pulse which follows the laser firing. 

After the reset and until the counter reaches a count of 1024, the clock 

for the counter is the internal 5.00 MHz crystal controlled oscillator, 

selected by the lower section of U1. At the same time, output from the 
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memory is disabled, and memory writing and the input data register 

outputs are enabled by the upper section of Ul. This same line is 

available as a "busy" signal output if enabled by a jumper. When a 

count of 1024 is reached, Ul selects the strobe input as the clock for 

the address counter, disables memory writing and the input data register 

outputs, and enables the memory outputs. With the jumper at Jl as 

shown, when the counter reaches a count of 2048, the clock input to the 

counter is held high, and no further counting can take place. The only 

way out of this state is through a reset pulse to start the cycle over 

again. Other positions of the Jl jumper allow read strobe driven 

counting up to 3072 or all the way back to the zero starting count. 

During data acquisition, the gain switch memory module records 

the gain switches in parallel with the waveform recorder's sampling of 

the analog output of the gain-switched amplifier. The waveform recorder 

normally operates at a 0.2 microsecond sampling interval, crystal 

controlled, so there is a one-to-one correspondence between the gain 

switch memory module's samples and the waveform recorder's samples, 

though there may be a slight time shift between the two because of the 

switching and amplifier delay in both the gain-switched amplifier and 

the waveform recorder. The two are read in parallel by the same port on 

the minicomputer, insuring constancy of the relative timing of the two 

sample streams. 

2.2.4 Waveform Recorder 

The waveform recorder used in this system is a general-purpose 

instrument, a Biomation model 805. It is designed to record digitized 
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samples of an input waveform at rates up to five samples per 

microsecond. It is normally used at that maximum speed in this system, 

but to observe returns from greater distances than this allows, 

recording at two or even one sample per microsecond is possible. At one 

sample per microsecond, the 629 samples currently recorded (limited by 

the space available on diskettes used on the system) correspond to over 

90 kilometers of range, well beyond the useful range of the system for 

normal returns, but possibly useful to determine the range of clouds of 

high concentrations of particulates. The 805 waveform recorder is 

designed to store the samples taken on either side of the trigger event, 

but it is always used in its "normal trigger" mode in the lidar system, 

wherein it records the 2048 samples immediately following the trigger 

generated by the transmitted laser pulse. 

The analog input section of the waveform recorder has a rated 

bandwidth of DC to 1.25 MHz. Analysis of the analog circuitry up 

through the sample/hold circuit immediately preceeding the analog-to

digital converter indicates that this is a conservative specification. 

Comparison with the bandwidths calculated for the gain-switched 

amplifier indicate a reasonable match with the waveform recorder. The 

gain-switched amplifier apparently has broader bandwidth than the 

waveform recorder for the first three gain settings and narrower 

bandwidth for the remaining five settings. 

The waveform recorder has analog and digital outputs, and both 

are used in this system. The analog outputs are used~o display the 

recorded signal on an oscilloscope. This display is a useful 

diagnostic, as most anomalies in gain switching will be apparent to an 
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observer familiar with operating the system. The digital outputs are 

used to transfer data to the controlling minicomputer so that the return 

signal may be digitally processed and recorded on flexible discs. 

2.3 Control Computers 

Computer control of a lidar system has several advantages over 

discrete dedicated logic control of the system. First, complex control 

algorithms are more readily realized in software than in hardware. 

Second, the algorithms are more easily changed if they are implemented 

in software; this, however, is not to say that changes in software are 

themselves trivially accomplished. Third, a computer system offers the 

opportunity to do more than simply control the system. Although 

microcomputer systems have reached a state of development that makes 

them easily applied to such control systems, at the time the lidar 

system upgrades were planned, few such systems existed. As a result, 

the lidar system incorporates a minicomputer with sixteen-bit word 

length, an Interdata model 7/16, coupled to a custom-made microcomputer 

based on an MOS Technology 6502 microprocessor. The minicomputer serves 

as a user interface, and also acquires the digitized return data from 

the laser shot. The microcomputer controls lidar peripheral equipment 

such as the laser energy monitor and the mount angle readout and drives. 

The system configuration, which includes the computer and peripheral 

interconnections, is shown in Figure 2.1. 

2.3.1 User Interface Computer 

The main features of the Interdata 7/16 user interface 

minicomputer are given in Table 2.9. The Interdata User's Manual (1971) 



Table 2.9. Interdata Model 7/16 Minicomputer Characteristics. 

Processor: 

16 bit word length; 16 general purpose registers 

Instructions: 

Operation Types: 

Memory Access (load and store) 

Arithmetic Fixed Point (add, subtract, multiply, divide and 

compare) 

Logical (or, exclusive or, and and test) 

Byte (load, store, exchange and compare) 
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Shift and Rotate (arithmetic and logical, 16-bit and 32-bit) 

Branching (on true or false conditions, loop with index 

counting and branch with return link) 

Input and Output (read, write, input status, output command, 

acknowledge interrupt and autoload) 

System Control (load and exchange program status word, 

simulate interrupt and supervisor call) 

Software Emulated Instructions: 

Floating Point (load, store, add, subtract, multiply, divide 

and compare) 

List Processing (add to and remove from top of list and 

bottom of list) 



Table 2.9--Continued 

Processor Instructions--Continued 

Classes: 

Register to Register 

Immediate 

Immediate, indexed 

Register to Memory 

Timing exceptions: 

Multiply 

Divide 

Software Emulated Instructions 

Memory: 

Execution Time 
(Approximate), ~s: 

2.0 

2.5 

3.0 

3.5 

45 

55 

100-500 

Magnetic Core, 65,536 bytes (32,768 words) addressable 

49,152 bytes (24,576 words) implemented in this system 

Input/Output: 

256 I/O addresses available, separate from memory address space 

Each I/O address can support a data output port and a data 

input port, each either 8 or 16 bits wide, and a status 

input port and a command output port, each 8 bits wide. 
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provides an abundance of additional information about Interdata hardware 

and software, including that for the model 7/16. The computer is 

interfaced to a TEC model 501 terminal, a Sykes model 7000 flexible disc 

drive, the Biomation waveform recorder and the control microcomputer. 

The interfaces for these and other peripherals are listed and briefly 

described in Table 2.10. 

The display terminal and flexible disc drive are connected to 

the computer through commercial interface boards, but a special 

interface was designed and built to accomodate the remainder of the 

peripherals. This interface was custom made because of the need to 

interface several peripherals to the computer without the addition of an 

expander chassis to accomodate the several commercial boards which would 

have otherwise been required. The custom interface makes use of 

eight-bit wide register integrated circuits, Intel 8212 or equivalent, 

to pack six full parallel input/output (I/O) ports with interrupt 

capability on an 8.5" x 14.5" circuit board which is mounted on a 

standard Interdata 15" x 15" printed circuit prototype board. Each of 

these ports includes four registers, one each for input, output, command 

and status. Several of the six ports have been customized so that they 

transfer data to and from their designated peripheral devices properly. 

Ports have been set up specifically for a Centronics-interfaced printer, 

the slave microcomputer, the Biomation model 805 waveform recorder and 

its associated gain switch memory, and an optional paper tape reader and 

punch, the latter pair for compatibility with the originally supplied 

Interdata software. The remaining two ports are available for future 

enhancements; furthermore, the circuit can accomodate eight interrupt 



Table 2.10. Interdata Minicomputer Peripherals. 

I/O 
Address 

(Hexa-
decimal) Peripheral 

1 Computer front panel 

2 CRT terminal display 

and entry keyboard 

98 Paper tape reader and 

punch 

99 Link to microcomputer 

(input and output) 

9B Output to Centronics-

interfaced printer 

I/O Protocol or Handshaking 

Dedicated hexadecimal LED readout 

and data entry keyboard. See 

Interdata User's Manual 

Supplement (1974) for details. 

4800 baud asynchronous serial 

current loop. 

Parallel with data available/ 

receipt acknowledged handshake 

on both input and output. 

Parallel with data available/ 

receipt acknowledged handshake 

on both input and output. 

Parallel with a pulsed data 

available strobe. Busy status 

is indicated from data strobe 

until end of acknowledge from 

the printer. 
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Table 2.10--Continued 

I/O 
Address 

(Hexa
decimal) 

9C 

and 

Cl 

Peripheral 

Input from Biomation 

waveform recorder 

Sykes flexible disc 

drive 

I/O Protocol or Handshaking 

Parallel. Waveform recorder FLG 

going high indicates data 

ready; Interdata read of the 

port pulses woe and the gain 

switch memory strobe low. 

Interface specific to flexible disc 

drive. See Interdata Basic 

Operating System (BOSS) Refer

ence Manual (1972), and User's 

Manual for Sykesdisk 7000 

System with Interdata Family 

of Computers (1974). 
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inputs, so two interrupt lines are available in addition to those 

associated with the six ports. 

2.3.2 Slave Microcomputer 
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The microcomputer which oversees the energy monitor, optical 

mount angles and oscilloscope display operates as a slave to the user 

interface computer. The interface computer can issue a "reset" command 

to the slave computer at any time, causing it to stop whatever it may be 

doing and await the commands of the minicomputer. As part of the 

startup procedure following a reset pulse, the microcomputer sets its 

input and output ports to a particular state. Thus, if the reset occurs 

in the middle of an optical mount motion control sequence, the mount 

motion is stopped in a controlled fashion. 

The microcomputer follows a straightforward design. It is 

constructed on printed circuit cards each about 6.2" x 5.5". These 

include a processor board with clock and buffers, an 8K byte static 

random access memory board, an 8K byte read-only memory board which 

accomodates UV-erasable read-only memories, and two I/O boards 

containing a total of twelve eight-bit parallel ports, each of which can 

be configured as any combination of input and output lines. Each I/O 

port also includes two lines to control transfer of data for that port 

between the microcomputer and external devices. There are two vacant 

circuit board receptacles on the microcomputer bus which allow expansion 

of the memory or I/O. The memory-mapped I/O ports are diagrammed as to 

their memory location and use in the microcomputer operating system 

program listing in Bruhns (1985). 
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The same chassis which houses the microcomputer also contains 

the circuitry which generates the oscilloscope display signals, monitors 

the optical mount angle, and drives the mount angle control motors. The 

card cage includes receptacles which are not on the microcomputer bus to 

accomodate most of this circuitry. Each of these circuits is described 

in turn here. 

2.3.2.1 Mount Elevation Angle Readout. The optical mount for 

the lidar system is controllable in both azimuth and elevation. 

Normally during acquisition of monostatic data, only the elevation angle 

is changed, and even for bistatic data, the azimuth angle is changed 

only once or twice during a run. For that reason, only a mount 

elevation readout has been implemented. With the exception of the 

readout potentiometer and associated mechanical coupling, the hardware 

is in place to add azimuth readout. Each axis also has a digital 

mechanical counter coupled to a point in the drive train such that one 

revolution results in 0.1 degrees of optical mount angle change. As 

this is also a driving gear train with coarse gears, the 3600:1 gear 

ratio is not expected to be maintained exactly between any two angles. 

Table 2.11 gives a quantitative measure of these inaccuracies for the 

elevation channel. 

The remote readout for the elevation axis represents a 

particular challenge, as pointing accuracy is important in a lidar 

system which uses multiple angles to resolve transmission and 

backscatter parameters. The range to a particular altitude is 

proportional to the secant of the zenith angle, and data is normally 

taken at zenith angles whose secants range from 1.0 to 5.0. For a 
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zenith angle whose secant is 5.0, a 0.1 degree elevation pointing error 

causes a 0.85% error in the distance assumed for the extinction 

coefficient calculations. Accuracy of elevation angle determination can 

also be important for bistatic lidar work, in which it is imperative to 

establish the position of the overlap of the narrow transmitted beam and 

the receiver field of view. Both scattering angle and elevation are 

important, and accurate determination of both is dependent on accurate 

angle indication. 

There are many methods available for remotely indicating angles. 

The encoders used for this task may be categorized as either incremental 

or absolute. The incremental encoders generate the equivalent of 

direction and number of incremental steps taken, usually in the form of 

two phase-shifted square waves. Incremental encoders give no indication 

of absolute angle, and even after a starting reference is given, if a 

false count is registered, the system no longer reads the angle 

correctly. Incremental encoders may be made with optical interrupters, 

magnetic reeds, Hall-effect devices, mechanical contacts, or in other 

ways. Absolute encoders provide either analog or multiple-bit digital 

outputs to indicate the absolute angle, and after gain and offset 

calibration, are generally immune to noise-induced cumulative errors 

such as can affect incremental encoders. Some of the devices used for 

absolute angle encoding are rotary variable differential transformers 

("RVDT's"), resolvers (rotary transformers with outputs proportional to 

the sine and cosine of the shaft rotation), optical encoders (generally 

with Gray-coded digital outputs), and potentiometers. 
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Until this system renovation, the remote angle readout was 

accomplished with an incremental encoder consisting of two magnetic reed 

switches driven by a magnet on a shaft of the elevation drive gear train 

which makes one revolution for each 0.100 degrees elevation angle 

change. In the original configuration, the readout was accomplished 

with a simple digital logic circuit. The angle was often in error by 

0.1 or 0.2 degrees by the end of a data run with this system. During an 

interim period, the same incremental encoder was used as an input to a 

microcomputer, and two or three algorithms were tried see if a more 

reliable output could be obtained from the reed switch encoder. The 

routine which seemed to work best with this system was fairly simple: 

IF (a rising or falling edge is detected on 

input "A" and input "B" is high) 

THEN IF (input "A" was rising edge only) 

ENDIF 

THEN (increment angle by 0.1 degrees) 

ELSE IF (input "A" was falling edge only) 

THEN (decrement angle by 0.1 degrees) 

ENDIF 

ENDIF 

This algorithm, with the inputs from the reed switches filtered by one 

millisecond time constant R-C networks, proved more reliable than the 

original hardwired logic readout. Its advantage seems to be related to 

sampling one input only for transitions and the other only for levels; 

the other algorithms tried sampled both inputs for activity. Detailed 



records of this work were not kept, however, as the intent was to 

replace the incremental encoder ultimately with an absolute encoder. 
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We wished to couple the absolute encoder directly to the 

platform which holds the transmitter and receiver optics, to avoid 

errors introduced by gears. Our goal was to resolve the angle to 0.02 

degrees. Since the mount rotates in elevation through only slightly 

greater than 90 degrees, we decided that we could trade an error 

introduced by a single stage of gearing for the increased resolution 

obtained from nearly a full turn of the resolver's shaft, no matter what 

type of resolver was chosen; the exception could have been a rotary 

variable differential transformer which had a linear output range of 

only about 100 degrees. We elected not to use AC-driven devices because 

of the difficulty in very accurately measuring the resulting AC output. 

We were left with a choice between potentiometers and optical encoders. 

We could find no optical encoders at the time at a reasonable cost with 

sufficient resolution: approximately one part in 5000, or about 0.08 

degrees through a 4:1 gear step-up. We were left, by process of 

elimination, with potentiometers to accomplish the encoding. With 

proper choice of potentiometer, this is not a compromise with regard to 

accuracy in this system. 

The potentiometer we chose is a single-turn hybrid type. It 

consists of a conductive plastic film over a wirewound element. The 

wire gives good stability and linearity and a low temperature 

coefficient, and the conductive plastic overlay provides infinite 

resolution between turns of the wire winding. Such a potentiometer with 

a 0.5% linearity rating was used, and it is expected to have a maximum 
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linearity error of about 0.5 degrees when encoding the 100 degree range 

of the lidar system. This clearly would be intolerable in light of the 

equivalent errors in the multiple angle lidar solution. Any linearity 

errors, however, normally vary gradually with rotation of the 

potentiometer, so it is possible to add a linearizing correction. This 

is explained in greater detail in Section 3.2.2.2. Linearity aside, the 

most significant errors in the potentiometer encoder system are caused 

by gear backlash and inaccuracies, and radial shaft play on the 

potentiometer. The gears used in this system were chosen for fine tooth 

pitch and are loaded with a small weight suspended by a nylon cord from 

a pulley on the potentiometer shaft. The resulting constant force loads 

not only the gears but also the radial potentiometer shaft play. In 

practice, if an angle is always approached from the same direction, the 

encoding precision appears to be better than 0.02 degrees. 

The potentiometer's output is a voltage proportional to its 

shaft rotation and to the voltages applied to ends of its element. The 

output is monitored by a circuit on a board in the slave microcomputer 

which can measure any of sixteen input voltages. The analog-to-digital 

(A/D) converter on this board is an Intersil ICL7l09CPL integrated 

circuit. This integrating converter provides thirteen-bit resolution, 

including a bit to indicate polarity. It measures the input voltage 

ratiometrically with a reference voltage one half the full-scale reading 

of the converter. The reference is provided by a Motorola MC1403U 

bandgap reference. A key to accurate readings of the potentiometer 

output is the use of the same voltage reference for both the A/D 

converter and the potentiometer. Since both are ratiometric, the result 
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is a cancellation of reference induced errors. In order to use the full 

range of the A/D converter, the potentiometer is supplied with positive 

and negative voltages twice the magnitude of the converter's reference. 

These voltages are obtained from two operational amplifier circuits, a 

noninverting gain-of-two and an inverting unity gain stage. The four 

gain-controlling resistors in these circuits are identical 85000 ohm 

wirewound units each with 10 ppm/oC maximum temperature coefficient. 

Since these resistors are from the same lot, they are expected to track 

even more closely than this; worst case error without tracking would be 

+/-0.04% over +/-10oC temperature variation. The Motorola MLM308A 

operational amplifiers used in the potentiometer supply have a maximum 

offset voltage drift of 5 ~V/oC, which causes an insignificant error, 

and error from input offset current drift is similarly low. Although 

thermocouple potentials could be a problem in a system with much finer 

resolution than that used here, this system's one millivolt resolution 

is coarse enough that thermal potentials are safely ignored. (Iron

constantan thermocouples, for example, produce only 6 ~V/oC, and 

they are relatively thermally active.) Although the main function of 

the A/D board in the slave microcomputer is digitization of the mount 

elevation angle information, it is capable of monitoring other voltages 

under computer control as well, and could be used to check power supply 

voltages and other voltages which might be deemed important to monitor. 

A final note on the mount angle readout hardware concerns the 

equipment used to check the angle calibration. We began by trying to 

locate an appropriate goniometer which could be used to check angle 

calibration at all angles. Although one was found which we could 
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borrow, it proved to be of marginal accuracy, and it would not have been 

economical to purchase one with sufficient accuracy. Instead, we had a 

set of precision angle blocks machined from aluminum. We estimate the 

angular error in them to be not more than 0.002" out of 10", or .011 

degrees. The set provides angles in increments of 5 degrees up to 70 

degrees. These blocks are fitted with dowel pins to insure their 

accurate alignment, and the movable portion of the optical mount is 

fitted with a receptacle for these blocks. A precision level, easily 

capable of resolving 0.005 degrees, is used with the blocks to position 

the mount to any even five degrees of elevation up to 70 degrees. Both 

the mechanical angle counter on the mount and the potentiometer output 

are calibrated against this reference standard. The results are shown 

in Table 2.11. The maximum peak-to-peak error from a least-squares 

straight-line fit to the potentiometer data is 0.23 degrees; for the 

mechanical angle counter, the peak-to-peak error is 0.10 degrees. 

2.3.2.2 Optical Mount Angle Control. The optical mount has 

been driven by two stepper motors, one for azimuth and one elevation, 

since the early days of the lidar system. The particular motors chosen 

are Superior Electric SS150 series, rated for 35 volts DC drive or 120 

volts, 60 hertz, with an appropriate phase shift network. These 150 

inch-ounce torque motors turn the mount 90 degrees in about 2.5 minutes 

when driven by 60 hertz line power. In the original system, the stepper 

motors were controlled from a box which allowed 60 Hz fast slewing and 

attempted DC single stepping from a rotary switch. The switch did not 

work properly, however, because current was interrupted in both windings 

as the polarity of one winding was being reversed, and the motor would 
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Table 2.11. Optical Mount Elevation Angle Readout Calibration. 

Mechanical Mechanical 
Elevation Counter Counter Potentiometer Potentiometer 

Angle, Indication, Error, Indication, Indication 
Degrees* Degrees Degrees Degreest Error, Degrees 

0.00 00.00 0.00 -0.09 -0.09 

5.00 05.08 0.08 4.92 -0.08 

10.00 10.05 0.05 9.96 -0.04 

15.00 15.06 0.06 15.00 0.00 

20.00 20.03 0.03 20.06 0.06 

25.00 25.05 0.05 25.10 0.10 

30.00 30.06 0.06 30.13 0.13 

35.00 35.04 0.04 35.09 0.09 

40.00 40.03 0.03 40.07 0.07 

45.00 as.OO 0.00 44.95 -0.05 

50.00 50.01 0.01 49.91 -0.09 

55.00 54.99 -0.01 54.94 -0.06 

60.00 59.99 -0.01 59.95 -0.05 

65.00 64.98 -0.02 64.99 -0.01 

70.00 69.91 -0.09 70.01 0.01 

* As determined with precision angle blocks and level. 

t From a linear regression analysis of data taken through the 
analog-to-digital converter in the control microcomputer. 



skip steps as a result of its mechanical load. A properly wired 

shorting rotary switch could have solved that problem, but would still 

not have allowed slow stepping at a fast enough rate to be practical. 
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Because of the availability of economical 100 volt transistors, 

in contrast with rather expensive 400 volt transistors, we decided to 

implement a digitally controlled analog of the originally intended 

system, with an AC power line driven slewing mode and a 35 volt DC 

controlled slow step mode, rather than try to implement a high voltage 

DC drive for both fast and slow stepping. A simplified schematic of the 

system is shown in Figure 2.10. 

The AC power is controlled through sensitive-gate triacs, which 

are in turn controlled from a microcomputer output port through optical 

isolators. DC control is through optically isolated transistor switches 

which deliver positive or negative 35 volts and can be put in a high 

impedance state as well, to allow half-stepping of the motor. The motor 

windings are connected to either the triacs or the DC drive circuits 

through relay contacts. In the original implementation of the circuit, 

relays were used in place of the triacs; with this system, apparently 

because of the interruption of current in the inductive load represented 

by the motor winding, the control microcomputer would reset most times 

that a relay was deenergized. Various transient suppression circuits 

were tried across the relay contacts. None were fully successful, so 

the relays were traded for triacs. 

Part of the triac drive circuit is a power line phase, or zero 

crossing, detector. Turn-on of drive to any triac is synchronized with 

the detected zero crossings so that the triacs do not generate large 
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voltage transients as they turn on. Triacs turn off when the current 

through them falls below a holding value, 30 milliamperes maximum for 

the Texas Instruments TIC216D triacs used in this circuit. For an 

inductive load such as a motor winding, the phase of the current lags 

the voltage, and the driving triac will turn off when there is a 

considerable voltage drop across the motor winding. With the triac off, 

there is no way to support the continuance of a voltage drop across the 

motor winding, so the voltage decays very rapidly, generally following 

the resonance of the motor inductance with stray capacitance. The 

resultant high dV/dt at the triac's terminal can capacitively couple 

sufficient current into the triac to return it to the "on" state; with 

such a condition, the triac will never turn fully off. To prevent this, 

it is customary to put a series resistor-capacitor network, a "snubber" 

network, across the triac, as shown in Figure 2.10. The design shown 

there follows the analysis and guidelines presented in RCA Application 

Note AN-l~745 (Wojslawowicz, 1974). The turn-off transient voltage 

magnitude and rate of change observed for this system are essentially as 

predicted in that application note for a load of 216 + j558 ohms, or 216 

ohms in series with 1.57 henrys. That is the equivalent motor load as 

calculated from observed operating voltages and phase shifts while the 

motor was driven from 120 volts, 60 hertz, with no mechanical load. 

Although this circuit seemed at first to work properly, on 

occasion, one or another of the DC drive circuits would fail 

catastrophically. Because of the available power, the failure was 

spectacular, emitting smoke and noxious fumes. Although it was an 

infrequent failure, it was cause for concern, because there was no 
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simple way to recover from it quickly short of replacing the circuit 

board containing the DC drivers. Because the DC drivers are designed 

conservatively, and because the failures occurred only when switching 

between DC slow-step and AC fast-slew modes, it was suspected that the 

failure mechanism was not in the DC drives themselves, but rather 

somehow connected with the mode changeover. The drive algorithm was 

scrutinized to see if there was any way a triac could be commanded on 

when the relay switched to the DC drivers; none was found. The delay 

time from triac turn-off to relay energization was lengthened to over a 

second, but to no avail. Careful analysis of the circuit in Figure 2.10 

yielded the probable answer. With the relay connecting the motor to the 

triacs, an AC current flows from the power line through the snubber 

network and the motor winding. The series combination of these elements 

represents about 2.8k - jll.5k ohms at 60 hertz, so across the 120 volt 

line, 10 milliamperes RMS flow. The peak current is 14 milliamperes, 

and the stored energy at that point in the motor inductance, assuming 

1.57 henrys, is 0.16 millijoules. If the relay contacts open at the 

peak of this current, this energy must be dissipated rapidly, and 

undoubtedly generates a spark across the relay contacts. For the 

current in 1.57 henrys to fall from 14 milliamperes to zero in 100 

microseconds, for instance, requires a 200 volt potential across the 

inductance. The transient generated when this occurs may well be enough 

to turn on the associated triac. If this happens, the 120 volt line 

can be connected to the DC driver output through the plasma of the arc 

between the relay contacts. 
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The transient effects involved with interrupting an inductive 

current with a relay are difficult to measure accurately, and no 

measurement of them was attempted. However, it was felt that the above 

hypothesis for the failure mechanism was likely enough correct that a 

solution for the problem should be tried based on it. The obvious 

solution was to put the snubber network across the motor winding instead 

of across the triac. Then the maximum current that would flow in the 

motor through the off-state triac would be the leakage current of the 

triac itself, rated at two milliamperes maximum at 1100 C and full rated 

voltage. Operating conditions in this application are about 500 C 

maximum and one half maximum rated voltage. To find the expected triac 

turn-off transient, an analysis was done for the network represented by 

the two motor windings, two snubber networks and the cross-coupling 

phase shift network. The analysis assumed triac turn-off at zero 

current, and several available practical values were tried for the 

snubber resistance and capacitance. Because of required operating 

symmetry, the two snubbers were forced to be the same. A practical 

solution which is nearly optimal seems to be a snubber consisting of 

0.22 microfarads in series with 1000 ohms. The resultant calculated 

turn-off transient is shown in Figure 2.11. The maximum voltage slew 

rate at turnoff is about 0.2 volts per microsecond, well within the 0.5 

volts per microsecond allowed for the triacs. Four such networks have 

been installed, one across each motor winding, and the original networks 

have been removed. No drive failures have been observed in the past two 

years since the new snubbers were installed. A simplified schematic of 

the current implementation of the circuit is shown in Figure 2.12. 
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2.3.2.3 CRT Display Driver. The slave microcomputer has rather 

little to do when it is not reading and controlling the optical mount 

angle, as its tasks during acquisition of data from a shot take only a 

few milliseconds. The remainder of its time is available for background 

tasks, and one background task which fills all available time was chosen 

for this system. When enabled, the processor outputs data to a 

digital-to-analog (D/A) converter board to display up to three traces on 

an X-Y oscilloscope display. The display has a resolution of eight 

bits, or one part in 256. A set of axes and labels are always sent, and 

take an overhead time of about six milliseconds, and each trace, up to 

244 points per trace, takes fifteen microseconds per point. Three 

traces and a full set of axes thus take about 1/60 second, sufficiently 

fast to avoid visible flicker in the display. 

The microcomputer uses two eight-bit ports with two associated 

handshaking bits to communicate with the display driver. One port 

outputs abcissa ("X") data, and the other outputs ordinate ("Y") data. 

One of the control lines is used to strobe data into the D/A registers; 

in addition, if it is held low for five microseconds or more, both "X" 

and "Y" registers will be cleared to zero. The other control line 

determines whether the "X" port will load or increment upon receipt of a 

data strobe. The increment mode relieves the microcomputer from the 

overhead of transmitting an "X" value for every "Y" value when 

displaying amplitude versus time graphs. The alternate mode allows 

update of both "X" and "Y" values at the same time. In this latter 

mode, however, if only the ordinate value is to be changed, as in 

drawing the "Y" axis, the microcomputer need only output the new "Y" 



data, leaving the data in the "X" output port unchanged. In that way, 

the same "X" data is simply reloaded into the "X" D/A register. 
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The D/A converters in the display driver are Motorola MC1408L8 

monolithic circuits. They are rated to settle in typically 300 

nanoseconds to within 1/2 of a least significant bit of the final value 

for a worst-case transition. The 0 to -2.0 milliampere outputs of the 

converters are converted to 0 to +2.0 volts with operational amplifier 

current to voltage converter circuits, whose compensation was designed 

and empirically optimized to provide fast settling. The voltage outputs 

are designed to drive short lengths of coaxial cable to a display 

oscilloscope, and the 470 ohm output resistances will have a 100 

nanosecond time constant with the capacitance of about six feet of 

RG-58/U cable. The result of all the delay and settling times is that 

the display receives an adequately settled value about one microsecond 

after a new point is strobed into the D/A converters. As the strobe is 

normally one microsecond wide, and the data is transferred to the 

converters on the leading edge of the strobe, the trailing edge of the 

strobe is used to generate an eight microsecond wide display enable 

pulse for each data point. This pulse has the added purpose of keeping 

equal brightness on all points. Without it, the length of time a given 

point is displayed, and consequently its brightness, would depend on the 

timing in the microcomputer, which is variable depending on the 

operations required to set up the "X" and "Y" data. 

Although there are now integrated circuits which allow an 

ordinary television monitor to function as a graphics display with about 

the same resolution as the D/A circuit, it makes use of resources 
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available at the time it was designed: the display oscilloscope, the 

D/A converters and the slave microcomputer's time. The algorithm for 

displaying data is particularly simple as well. In a bit-mapped 

graphics display, the algorithm must find the location of the bit to be 

toggled for a given point, but in the D/A amplitude versus time display, 

the pOints' amplitudes need only be scaled to fit into eight bits and 

deposited into the memory location corresponding to that abcissa. The 

system is also conservative of random access memory space for display of 

as few traces as are used here: only 768 bytes are used for three 

graphs, compared with 8192 bytes required for a 256 x 256 point bit 

mapped display. 

2.3.2.4 Energy Monitor Interface and Laser F1ash1amp Interrupt 

Sensor. As already noted, the laser energy monitor communicates with 

the computer system through optical isolators with single 

phototransistors as outputs. The isolators chosen have a guaranteed 

minimum current transfer ratio of 20% and maximum output rise and fall 

times of seven microseconds. It was assumed that with ten milliamperes 

of photodiode drive, the isolators' outputs would be able to drive 

74LS-series logic circuit inputs directly, as shown in Figure 2.13. 

Unfortunately, it was found experimentally that when the output 

transistor in the isolator was allowed to saturate, the delay time, 

especially for turn-off, was both long and extremely variable from 

device to device. Whereas the rise and fall times were two to three 

microseconds, the delay time was from about seven to more than 25 

microseconds! The delay time could be adjusted by varying R4, the 

isolator output stage base resistor, but the idea of hand-selecting 
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components for a digital logic circuit neither was satisfying nor did it 

lend confidence to the long term reliability and stability of the 

circuit. 

A second circuit design for the output of the isolators yielded 

much improved performance. In the second circuit, shown in Figure 2.14, 

the isolator's output transistor is not allowed to saturate. The total 

delay time from digital input to output measures less than three 

microseconds, and is quite repeatable from isolator to isolator. It is 

suspected that the reason for the long storage time in the optoisolator 

output stage is that it is designed with a large base area so that it is 

optically efficient (Fogie1 1972, p. 302), though a brief search yielded 

no published information on the specific design of the phototransistor 

in the particular optical isolators used in this circuit. In any event, 

operation in a non-saturating mode as illustrated in Figure 2.14 

certainly yields far better results than the saturated operation. The 

non-saturating configuration was chosen for the outputs from the energy 

monitor to the microcomputer as well as for the inputs to the energy 

monitor. The circuit configuration is the same as that shown in Figure 

2.14, except that the 25-foot cable is at the output of the 

optoisolator. There are five copies of the circuit from the energy 

monitor to the microcomputer, for four data bits and one "busy" signal, 

and four copies to the energy monitor, two to select the output bits, 

one to enable conversions, and one to start a conversion if enabled. 

The energy monitor interface circuits are built on a circuit 

board which plugs in to the microcomputer rack. The same board also 

contains a circuit to detect the laser flashlamp's firing. The laser 
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power supply has a current transformer to measure current in the lead 

from the capacitor bank to the flashlamp. Its output triggers the 

Pockel's cell shutter drive. The same signal is made available as an 

output for synchronization of external devices, and it is used by the 

slave microcomputer to initiate preparation for data acquisition for the 

shot. The trigger signal is a pulse about fifty microseconds wide and 

fifty volts in amplitude. Because it is transformer coupled, it has 

significant negative output as well, as the transformer recovers from 

the initial pulse. The circuit used to monitor the trigger signal is 

designed to protect the sensitive MOS circuits in the microcomputer from 

excessive voltage while providing noise-free, accurate timing. 

2.3.2.5 Slave Microcomputer Front Panel. The final device 

interfaced to the slave microcomputer through its I/O ports is its own 

front panel, which contains a twelve-digit display, a set of eight 

toggle switches, and reset and data strobe pushbuttons. The cable from 

a control box can also plug into a socket on the front panel; the box is 

used to remotely control the optical mount elevation and azimuth angles. 

The toggle switches (paralleled by the switches on the remote control 

box, if it is plugged in) are read by one port of the microcomputer. 

One of the control lines of that port is connected to the debounced 

output of the strobe pushbutton, so that button may be used to indicate 

availability of new data. The switches may be read independently of the 

button as well, however. The output of the other pushbutton, after 

passing through a debounce circuit, is connected directly to the 

microcomputer reset input, allowing the processor to be returned to a 

known state at any time. The twelve-digit display has local memory. 



94 

Although this approach uses more components than a processor-driven 

multiplexed display, the only processor overhead time comes when a digit 

is to be changed. The front panel display is thus available whenever 

power is applied. During lidar data acquisition, it is used for display 

of the mount elevation angle and energy monitor reading. Given 

appropriate programming, additional information could be displayed. It 

is possible to display and modify the contents of memory locations from 

the microcomputer front panel. When this is being done, the display 

indicates a memory address and its data, and data entered from the front 

panel switches. The display is also active in this mode when the memory 

is being accessed or modified from the Interdata host computer. The 

same information can be sent simultaneously to the host computer as 

well. 

2.3.2.6 Host Computer Link.' Although the microcomputer is a 

slave to the Interdata host computer in that the Interdata can reset the 

microcomputer at any time, the microcomputer treats the Interdata as a 

peripheral, communicating with it through an input and an output eight 

bit parallel port, each port with two "handshaking" lines. Indeed, a 

video display terminal with parallel input and output may be connected 

to the microcomputer in place of the host computer, and the 

microcomputer will respond with syntax very much like an MOS Technology 

KIM single-board microcomputer. Such a terminal can easily be emulated 

by the Interdata host computer and its terminal. The control 

microcomputer has additional commands which allow access to optical 

mount control and readout routines and data acquisition routines in its 

read-only memories. For troubleshooting, a 'very simple terminal 
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emulation program may be loaded into the host computer so its terminal 

communicates directly with the microcomputer. This emulation can be 

used to check even parts of the lidar acquisition routines, as all 

routines currently in place communicate in simple ASCII characters 

rather than binary. Because timing is important during a laser shot, a 

more complex emulation or test program would be required to check 

operation of the program segments related to data acquisition at that 

time, but even for those segments, communications are in ASCII 

characters. 

2.4 Support Hardware 

In addition to the electronics and optical hardware which 

actually generates the laser pulse and receives, processes and stores 

the return information, a number of pieces of supporting hardware are 

required for successful system operation. Some of these are involved 

with routine operation of the system and others are used only for 

calibration, troubleshooting and measuring system performance. The 

optical mount and its angle readout and drive systems have been 

discussed in Sections 2.3.2.1 and 2.3.2.2. Other important ancillary 

equipment includes a calibration target, a flashlamp communicator which 

provides bistatic receiver synchronization, a lidar return simulator, 

and the trailer which houses the mono static lidar system. 

2.4.1 Calibration Equipment 

The calibration of the lidar system uses a return signal from a 

target coated with Eastman White Reflectance Paint and placed about 100 

meters from the lidar transmitter/receiver. The target is large enough 
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to subtend the entire receiver field of view, and the transmitter 

optical axis is angled in during calibration so that the receiver and 

transmitter axes intersect at the target. The intense return signal is 

attenuated by an accurately calibrated neutral density filter in the 

receiver optical path. The basic technique is described in Hall and 

Ageno (1970), and is explained in detail for this particular system in 

Spinhirne (1977). 

2.4.2 Synchronization Flashlamp 

When the monostatic lidar is operated as the transmitter for a 

bistatic lidar system whose receiver is about ten kilometers from the 

transmitter, some way of synchronizing the receiver with the transmitter 

is necessary. This was done originally verbally over a telephone link, 

but it was obvious that better rejection of noise could be obtained if 

automatic synchronization within a few microseconds could be achieved. 

As a result, the monostatic system is equipped with a flashlamp and 

single lens collimator aimed at the bistatic receiver installation. 

That flashlamp's output is an optical pulse on the order of 20 

microseconds wide, and it can be triggered at the time of laser 

flashlamp firing. A test mode allows flashing to check the link without 

laser firing. 

2.4.3 Trailer 

Although the trailer housing the lidar system is generally taken 

for granted, it deserves at least brief mention here. The trailer is a 

military surplus model. It has been partitioned into two rooms with an 

interconnecting doorway which can be closed by a sliding door. The room 
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toward the rear holds the optical mount and optics, the communications 

flashlamp, and the recirculating water cooler/heater which cools and 

controls the temperature of the flashlamp and laser rod and thermostats 

the receiver interference filter. The rear room has been extended 

vertically by about 40 centimeters to accomodate the optical mount. The 

top is on slides, and the rear section of the extention is hinged. They 

are moved out of the way to expose the optics for data acquisition and 

calibration and for alignment with the bistatic receiver, which is to 

the rear of the trailer. The trailer is fitted with jack posts at each 

corner which provide mechanical stability. In addition, the optical 

mount is mechanically isolated from the trailer and rests on legs which 

protrude through the trailer's floor to a concrete pad which also 

supports the trailer itself. 

The trailer's forward room contains the system electronics, 

including gain-switched amplifier, digitizer, computers and laser power 

supply. It is also the operator's station during operation. As the 

system is operated in a desert, the front room also has an air 

conditioner, and both rooms have small heaters both for comfort and to 

insure that the environmental limits for the system aren't exceeded. 

This is important for flexible disc storage as well as to prevent 

freezing of the water cooling system. Dust is another enemy of flexible 

discs, and the desert field where the trailer is located is at times an 

exceptionally powerful source of very fine dust. Even though the 

trailer is fairly well sealed (particularly the front room), discs 

left in the closed disc drive for several months' time show a clear 

pattern of very fine dust having settled on them, with the outline of 
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the drive's supporting carrier clearly visible in the pattern. For this 

reason, and to provide efficient storage, a bookcase with sliding doors 

was built to store diskettes, reference books and notebooks. Power and 

telephone lines enter the trailer in the front room, and the trailer's 

circuit breaker panel is in that room. The power requirements for the 

system come mainly from the laser power supply (15 kVA during capacitor 

bank charging, about 1.0 kVA average at five seconds per shot), the 

recirculating cooler (about 3.0 kVA), and the air conditioner and 

heaters (about 3.0 kVA maximum). Lighting and the other electronics add 

about 1.0 kVA to the system power requirements. 

2.4.4 Return Simulator 

The final piece of auxiliary equipment to be described is a 

lidar return simulator. This is a waveform generator with current 

output, driven by a read-only memory, programmed to simulate the output 

of the receiver photomultiplier for a typical return. The programmed 

data simulates a sharp atmospheric mixing layer, above which the signal 

approximates a molecular return. The signal includes a pseudorandom 

noise component, although the apparent signal-to-noise ratio is not so 

poor as was calculated in Section 2.2.1 for typical real returns. The 

programmed data, with its range-squared dependence removed, is 

illustrated in Figure 2.15. 

There is currently considerable interest in digital video 

systems, and the availability of fast, low transient digital to analog 

converters is very good. At the time the simulator was built, however, 

fast converters with sufficient resolution were prohibitively expensive. 
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In addition, converters with sufficient output capability, in excess of 

five milliamperes, were very rare. The system chosen represents a 

compromise in the interest of moderate cost. Several alternatives were 

tried before the final system was built. Because of the range-squared 

dependence of the signal, a wide dynamic range is required, but 

resolution need not be greater than about eight bits (one part in 256) 

at any point in the simulated return, and even six bits resolution could 

be useful. Among other things tried were paired eight bit 

digital-to-analog (D/A) converters with offset but overlapping ranges, 

and a custom D/A converter with adjustable bit weightings. These each 

showed some promise, but were deemed overly complex. 

The method adopted for the simulator was augmentation of two 

commercial twelve bit D/A converters, both Burr-Brown DAC80Z-CBI-I, with 

two higher-current sources controlled by additional bits. Full scale 

output of the converters is two milliamperes. The first one drives the 

output directly, and the second sums its current into the output through 

a 256:1 current divider. Only the high-order eight bits of the first 

converter are driven, and the converter was tested to insure that it 

would contribute an insignificant output current when its inputs are all 

logical zero. The additional higher current sources are individually 

adjustable to allow their matching to the particular DAC80's chosen. 

The result is a converter with sixteen bits of range and 0.0 to -8.0 

milliamperes output current, sufficient to simulate the photomultiplier 

output to about 15 kilometers range with eight bit resolution and far 

beyond with reduced resolution. A simplified schematic for the 

simulator appears in Figure 2.16. The specified settling for the 
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Burr-Brown converter is 300 nanoseconds; this includes delay time and is 

settling to 0.01%. Fortunately, settling to an appropriate accuracy for 

an eight-bit system is much faster, under 100 nanoseconds. The two 

added higher-order bits are designed with current-switching and 

nonsaturating transistors, in order to achieve very rapid output 

settling. A schematic of the circuit used for these two bits is shown 

in Figure 2.17. The transistors chosen have very high current gain so 

that co~pensation of lost base current isn't necessary, and they have a 

current gain bandwidth product in excess of 400 MHz at the chosen 

operating currents. They also have very low off-state current output, 

100 nanoamperes maximum, so that they don't interfere with the DAC80 

output for simulation of the weak returns from long ranges. The digital 

input to the composite digita1-to-ana10g converter comes from a pair of 

2708 UV-erasab1e programmable ROM's. The address is incremented each 

500 nanoseconds, and the output to the digita1-to-ana10g converter is 

buffered in a fast register to insure synchronization of the bits coming 

from the relatively slow PROM's. The output can repeat at rates from 

about ten seconds per simulated return to 50 returns per second. 
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CHAPTER 3 

LIDAR SYSTEM SOFTWARE 

The lidar system software is the embodiment of the algorithms 

which control the data acquisition, processing and storage, the system 

control and-the operator interface. This chapter offers narrative 

algorithmic descriptions and block diagrams of the programs, but 

complete compiler and assembler listings are included in Bruhns (1985). 

The descriptions bear a direct correspondence with the source language 

programs, and may be helpful to those trying to understand the details 

of the programs. The source language listings include further details 

in comments, and the routines are concise and implemented with simple 

logic. The software has been written in three languages, based 

completely on the availability of assemblers and compilers for the 

target machines. The Interdata programs are written mainly in Fortran 

IV, with subroutines in assembly language as required to provide direct 

input/output processing and to meet critical timing requirements. The 

6502 microprocessor programs are all in assembly language. In the 

descriptions below, specific command characters are frequently given. 

Where necessary, to avoid ambiguity, zero is written as "0", and "0" 

represents capital letter o. 
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3.1 User Interface Computer Software 

3.1.1 Interdata Operating System 

The Interdata 7/16 minicomputer is supported by Interdata 

supplied software: a text editor, an assembler, an extended Fortran IV 

compiler and debugging aid programs, all of which run under an operating 

system known as BOSS. BOSS was the most elementary operating system 

supplied by Interdata at the time the software was developed. It has 

only the simplest of file manipulating commands, and does not support 

named files. It did not include drivers for flexible disc files, but 

did include instructions for writing user-supplied drivers. The disc 

driver routines were written in the style of the rest of the operating 

system, and no attempt was made to add file naming through them. The 

disc driver does buffer eight sectors on disc input, very substantially 

reducing latency time to access sequential data on a disc. 

Input and output from application programs (I/O) is done through 

"Service Requests," essentially software interrupts, to BOSS. The 

standard I/O call transfers a block of data, which may be ASCII 

characters or binary data; the system makes a subtle distinction between 

the two. Although it is possible to transmit single characters in 

binary mode, it is extremely inefficient, with a great deal of overhead 

in processing the service requests. ASCII transmission is always 

accompanied by a carriage return character, so single character ASCII 

I/O is not possible. These operating system characteristics made it 

difficult to take advantage of the CRT terminal's ability to directly 

move its cursor to a particular screen position. Input of data from the 
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Biomation waveform recorder, with its accompanying gain-switch memory 

readout, also did not fit the standard Interdata I/O format. In 

addition, communications with the slave microcomputer needed to be both 

on an individual character basis and in as close to real time as 

possible. As a result, for these three instances, direct I/O from the 

application program was used. It deserves note that this would have 

been difficult on other Interdata computers, because I/O instructions 

are normally reserved for exclusive use of the operating system, and 

will be trapped by an interrupt if executed from a user program. This 

feature was not implemented in the model 7/16 hardware. 

There are some points in BOSS's favor. First, I/O is done from 

application programs to logical units. The link from logical unit to 

physical unit is made in the operating system, and can be changed 

easily. In fact, a "pause" can be written into the application program 

to access the operating system so that device assignments to logical 

units can be changed. Another feature that BOSS supports which allows 

surprising flexibility is the ability to transfer input of the BOSS 

command stream from the console device (CRT terminal) to any logical 

unit. That logical unit, in turn, can transmit a command to transfer 

control to another logical unit. If the logical units are linked to 

disc files, it is possible to include a "rewind" command and cause a 

command file to behave as a subroutine. A final feature worthy of 

mention is BOSS's ability to trap instructions which are not implemented 

in the 7/16 instruction set, but are part of the Interdata repertory, 

and execute them in software. This is done for all floating point 



arithmetic, and makes its use transparent to the application programs 

(except, of course, that it executes rather slowly). 

3.1.2 Lidar Data Acquisition Program 
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Although it is important to understand the limitations imposed 

by the operating system, our main concern here is the structure of the 

applications program which drives lidar data acquisition. The 

modularization of that program is diagrammed in Figure 3.1. The main 

routine, LID.OS, begins with a call to the HEADER routine to put log 

data, such as date and time, into a header for the output file. It then 

enters a simple loop to input data from a lidar shot through INPUT, 

allow operator correction of Eome of the data in CHANGE if requested, 

and process that data in AVERAG. If the operator indicates that the 

current shot is the final one to be processed for this run in the INPUT 

routine, then ENDRUN is called to enter the ending time and temperature 

and wrap up the acquisition. Each of the routines called from LID.OS is 

discussed in turn below. 

The normal logical unit assignments for the data acquisition 

software are as follows: 

Logical 
Unit 

2 

3 

Physical 
Device 

Disc file 

Printer 

CRT Terminal 

Purpose 

Save the data from each shot 

Log the shot number, energy, 

sample rate and angle 

Interface with the operator 



HERDER 
Gets header information 
from the operator and 
outputs it to the disk 

file and printer. 

~ 

---

-

LID.OS 
Main program for 

lidar data acquisition 

--=::::,., --
ENDRUN 

Records final time, 

temperature and 
number of shots. 

Stops acquisition 
program. 

INPUT 1---- \11 
Acquires and dis

plays the data for a 
single I idar shot. 

w 
SHTRCQ 

Inputs the raw data 
for each I idar shot 
from the waveform 
recorder, gain switch 

memory and micro-

computer. 

DISPLR 
-j{ 

Plots data (the raw 
lidar return) on the 
operator's alpha
numer i c d i sp lay. 

CHRNGE 
RVERRG 

Asks the operator to 
enter any changes in Writes raw data for each 

angle, energy monitor shot to disk file. Also 
reading, sample rate implements shot normal-
or waveform recorder Ization and averaging 

offset voltage. logic. 

\11 

NORMLZ 
Currently a stub. 
May be replaced to 
norma I i ze and 
d i sp I ay a shot. 

~ 
OUTRVG 

Currently a stub. 
May be replaced to 
output and clear 
means and variances. 

L 
\11 

SUM 
Currently a stub. 
May be replaced to 
accumulate means 

and var i ances . 

Figure 3.1. Interdata Lidar Data Acquisition Program Modularization. 
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If a logical unit in BOSS is assigned to a null physical unit, any 

output to that logical unit is simply ignored. Since the information 

which is sent to unit three is included in the output to unit two, 

unless there is a particular need for a printed record, unit 3 can be 

assigned to a null device. 
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The HEADER routine issues a form feed control character to unit 

three, rewinds (resets to start of file) unit two, and asks the 

operator, through unit five, to enter the date, start time, anticipated 

end time, photomultiplier voltage and air temperature. Those data are 

written to both units two and three. Because Fortran is rather 

restrictive in its input format, requiring integers to be 

right-justified in a particular field, input is through a free-format 

decoder which accepts numeric entries separated by any non-numeric 

character or characters. 

The INPUT routine gathers all the data for a lidar shot, 

displays it on the operator's console, and asks the operator to accept 

the shot, reject it, request changes, or indicate it is the final shot 

to be recorded on the current file. It does this in part through two 

assembly language routines. The first, SHTACQ, commands the slave 

microcomputer to enter its shot acquisition routine, asks the operator 

to fire the laser, and awaits laser firing or a keystroke from the 

operator's console indicating the shot is to be aborted. Upon laser 

firing, the routine arms the Biomation waveform recorder, and awaits 

data from the microcomputer. After that data is received, data is read 

from the waveform recorder. The complete data ensemble for the shot is 

passed back to the INPUT routine, provided no data transmission errors 
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were detected; if they were, an error flag is set. INPUT, assuming no 

errors, calls DISPLA, a second assembly language routine, which plots 

the first 160 points from the waveform recorder data on the alphanumeric 

console CRT display as a series of asterisks. INPUT then displays the 

energy, angle, sampling rate and shot number, and asks the operator to 

accept or reject the shot, request changes, or end data acquisition. If 

the shot is rejected, control stays in INPUT to acquire another shot; 

otherwise, the operator's request is passed back to the calling program. 

CHANGE is called only if the operator indicates that something 

about the shot is to be changed. CHANGE gives the operator the 

opportunity to change the recorded angle, energy, sample rate or 

waveform recorder operating voltage offset. Each item for which no 

entry is made is left unchanged. The ability to change items which are 

automatically acquired is provided to allow correction of occasional 

acquisition errors, and it is not normally used in system operation. 

All the information for the shot is then passed by LID.OS to 

AVERAG. AVERAG is structured to allow normalization of each shot for 

range and energy, and averaging together of all shots at a given 

sampling rate and angle. Currently, the routines to do this are only 

stubs, and AVERAG simply writes the data ensemble for the shot to the 

file on unit two. The three stubs are called NORMLZ, OUTAVG and SUM; 

each simply returns to the calling program when called. NORMLZ could be 

used by itself to output an energy and range normalized, gain unswitched 

trace to the microcomputer's oscilloscope plotting routine, and OUTAVG 

could output to a currently unused logical unit, so that output of full 

data for each shot, data for averaged shots, or both could be saved. 
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The final routine called from LID.OS is ENDRUN. It is called if 

the operator has indicated that the current shot is the final one to be 

recorded for the run. ENDRUN writes end-of-fi1e marks on unit two, 

rewinds it, prompts the operator to enter the ending time and 

temperature for the run, formats these and the number of the last shot 

recorded, records them on the first record of unit two (overwriting the 

previously estimated ending time), and stops, returning control to the 

BOSS operating systemo END~UN also prompts the operator to record the 

length of the file saved on unit two, as this information is needed 

later when a header with name and file extents is written on the disc 

through the text editor. 

Since the console CRT is only 25 lines of 80 characters each, 

and displays only alphanumeric characters, the resolution of the 

displayed plot is quite limited. The DISPLA routine must condense the 

data from the waveform recorder to fit in the limited display. It does 

so by summing even-odd pairs ((0,1),(2,3),(4,5) ••• ) and dividing the 

result by 25. The integer result lies between 0 and 20, inclusive. 160 

points are reduced to 80 in this way, and the result is plotted on the 

first 21 lines of the display. If either of the waveform recorder data 

points is zero, the corresponding terminal plot point is also made zero; 

this aids the operator in determining where gain switches occurred. 

After plotting the data, the routine leaves the display's cursor at the 

start of the 22nd line. DISPLA calls one very short routine, CRTOUT, to 

output each ASCII character; that routine puts the CRT I/O port in its 

output mode, waits until it is ready to accept data, and outputs the 

character. 
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The SHTACQ assembly language routine, at about five pages of 

listing, is by far the longest routine in the Interdata software for 

lidar data acquisition. By comparison, except for variable declarations 

and preliminary comments, each Fortran routine is listed in less than 

one page. The length of SHTACQ is simply the result of the large number 

of small, sequential tasks it must perform. In all that code, there are 

no branches except subroutine calls and error traps; there are 22 error 

trap branches, and a page of code to set the appropriate error code for 

each of those branches. An error code is set for any unexpected 

response from the slave microcomputer, for any failure of either the 

microcomputer or the waveform recorder to respond properly within a 

specified time, and to indicate an aborted shot, indicated by a 

keystroke seen on the terminal before laser firing was detected. 

Although the last condition is not truly an error, it is an exception to 

normal data acquisition, and was conveniently handled through an error 

flag. 

SHTACQ accomplishes its tasks in part through the use of several 

short subroutines. GETCHR gets one character (one eight-bit byte) from 

the slave microcomputer link, and if there is not one available within 

about ten milliseconds, a timeout status is returned. GCLONG is the 

same as GETCHR except that its time limit is about 200 milliseconds. 

UCCRT awaits a character from both the microcomputer and the CRT 

terminal; whichever comes first is returned, along with a status bit set 

to indicate whether the source was terminal or computer. BLDHW tries to 

build a l6-bit integer from four hexadecimal ASCII characters it gets 

from calls to GETCHR, e.g., from the slave microcomputer. If any of the 



received characters is not ASCII 0-9 or A-F, or if GETCHR returns a 

timeout flag, BLDHW itself returns an error flag. BLDHW is used to 

input energy and angle information. 
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ARMBIO is called from SHTACQ to arm the trigger circuitry in the 

Biomation waveform recorder. The recorder is not armed until firing of 

the laser f1ash1amp is sensed, to help prevent false triggering. ARMBIO 

waits for the recorder to indicate it is in the digitizing-recording 

mode, or until a timeout (about ten milliseconds) occurs, before 

returning to the calling routine, returning an error flag if timeout 

occurred. Finally, RDBIO reads the waveform recorder's digitized 

samples and the gain-switch memory. The routine checks for the proper 

sequencing of status inputs from the recorder: ARMBIO awaited the start 

of recording; RDBIO awaits the end of recording. A command is then sent 

to put the recorder in an output mode. If either the end of recording 

or the start of output mode isn't sensed within a time limit, an error 

status is returned from RDBIO. Once entry into the output mode is 

sensed, samples are read, one byte at a time, for 741 bytes. (The 

number has no mystical significance, but was simply chosen originally to 

allow filling one flexible disc with the number of 1idar shots expected 

in one set of data for nine elevation angles.) These data are inverted 

(the one's complement is formed) because the gain-switched amplifier 

inverts the return signal, so that hexadecimal "FF" from the recorder is 

a minimum signal amplitude, and "00" is maximum recorded amplitude in 

the signal. The inverted data are returned without further processing 

to the calling routine. After each sample byte is read, the three bits 

indicating the gain-switch memory contents are extracted from the I/O 
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port's status byte. If the indicated gain is unchanged from the 

previous gain, nothing is saved, but if it has changed, the new gain and 

the current sample number are stored in the GAINS and SWPTS arrays, 

respectively, sequentially, starting at the second entry. The variable 

which holds the previous gain is initialized to a gain which will never 

occur, so the first sample causes a gain to be saved. A maximum of 19 

such switch points can be saved, but only if the gain should decrease 

during a shot would more than eight points be recorded. After all 741 

samples are read and saved, the number of detected switch points is 

saved in the first element of both the GAINS and SWPTS arrays, and the 

elements beyond the last recorded gain/switch point pair are set to 

zero. The RDBIO routine then returns to the calling routine. 

The SHTACQ routine itself executes the sequence outlined below. 

To insure error recovery, an error flag is set and control is returned 

to the calling routine if a time limit is exceeded, or if an improper 

response to a command is received. SHTACQ first resets the slave 

microcomputer and gives it a command to enter its lidar shot acquisition 

routine. If the microcomputer returns the correct status characters, a 

message is issued on logical unit five to the operator to fire the laser 

or to abort the shot with a console keystroke. UCCRT is called to get 

the response, with no time limit. If laser flashlamp firing is detected 

ty the microcomputer at this point, it transmits a character to the 

Interdata computer. Detection of that character causes SHTACQ to 

proceed to arming the waveform recorder's trigger through A~mIO. That 

routine awaits the start of recording, indicating that the laser has 

fired. Next, characters indicating proper sequencing and energy 



acquisition are read from the microcomputer. If all is in order, the 

energy monitor reading, a "_" separator character, the energy monitor 

offset reading, an "H" separator character, and the mount elevation 

angle are read from the microcomputer. The energy and angle readings 

are returned to the calling Fortran IV routine as passed parameters. 
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The Biomation waveform recorder's information is read by RDBIO and 

passed back to the calling routine. Finally, the microcomputer is reset 

and commanded to enter its mount angle control routine, so that the 

operator can change angles if necessary. SHTACQ then returns control to 

the calling program through a standard Fortran-assembly language linkage 

routine. 

3.2 Slave Microcomputer Software 

The microcomputer software is divided into four main sections. 

First, an operating system controls initialization and recognizes 

commands to display and modify memory locations, load a program or data 

and execute an application program. It also has routines to do I/O and 

perform some 16-bit arithmetic. Second, a mount control program reads 

mount elevation angles and provides drive signals to the stepper motor 

control electronics described in Section 2.3.2.2. Third, a CRT scan 

system generates outputs to display axes and labels and up to three 

traces of amplitude versus time through the hardware described in 

Section 2.3.2.3. Fourth is a program which controls energy monitor and 

mount angle data acquisition for lidar shots, and communicates the 

results to the user interface computer. Each of these sections is 

contained in one or more separate read-only memory integrated circuits, 
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and includes in a fixed location a table of entry points to that 

section's routines, so that changes to a section can be made as 

independently as possible of the other sections. As the programs are 

held in nonvolatile memory, they are always available when the system is 

powered. 

3.2.1 Microcomputer Operating System 

The operating system command syntax was patterned after that 

used in the MOS Technology KIM single-board computer, but several 

commands have been added, and all commands are executed as subroutines 

so that they can be accessed by applications programs as well as through 

the operator's console. In addition, a set of routines is provided to 

facilitate I/O, which is done through logical units much as in BOSS on 

the Interdata computer, though on a single character basis rather than 

in blocks. Finally, a set of routines sufficient for the lidar system 

provides decimal to binary and binary to decimal conversions, simplified 

access to the front panel display, and routines to add, subtract and 

mUltiply 16-bit binary numbers. 

The operating system commands are listed in Table 3.1. These 

commands are expected from logical unit zero, which, upon system reset, 

is set to a driver which will read input from either the microcomputer 

front panel or the link to the master computer. Input from the front 

panel is indicated by setting the binary switches to the desired value 

and pushing the "data strobe" button for each character. Data written 

by the master computer to the port linking it to the microcomputer will 



Table 3.1. Slave Microcomputer Operating System Commands. 

Hexa
decimal 

ASCII Equiv-
Command alent Function 

line feed $0A or Decrement the address pointer and display 

or '- ' $2D the contents of the new address. 

carriage $0D or Increment the address pointer and display 

return $2B the contents of the new address. 

or '+' 

, , 
$20 Transfer the data register contents to the 

(space) address pointer. 

'* ' $2A Transfer the data register contents to the 

address indicated by the address 

pointer; display the new contents of 

that address. 

'+' $2B (See carriage return.) 

'- ' $2D (See line feed.) 

, , . $2E Transfer data register contents to the 

address indicated by the address 

pointer; increment the address pointer 

and display the contents of that new 

address. 
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Table 3.1. Slave Microcomputer Operating System Commands--Continued 

ASCII 
Command 

'0' - '9' 

and 

'A' - 'F' 

'G' 

Hexa-
decimal 
Equiv-
alent 

$30 -

$39 

and 

$41 -

$46 

(also 

$3A -

$41) 

$47 

Function 

Hexadecimal char'lcters. These are set into 

the least significant digit of the 

data register, moving previously 

entered characters to the left. The 

most recent four digits are retained, 

and the least significant two digits 

are taken when an eight bit number is 

required. The data register is set to 

zero whenever data at an address are 

displayed. For convenience, hexadeci-

mal $3A through $3F are interpreted as 

'A' through 'F', and '@' is equivalent 

to '9' 

Begin execution of the code indicated by the 

address pointer. Return to the 

operating system may be by jump to 

location $F800 for initialization to 

original starting conditions, or to 

$F81F to simply reenter the command 

fetch and execution loop. See'S' for 

subroutine execution. 
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Table 3.1. Slave Microcomputer Operating System Commands--Continued 

ASCII 
Command 

'I' 

'L' 

'M' 

, 0' 

'S' 

Hexa
decimal 
Equiv
alent 

$49 

$4C 

$4D 

$4F 

$53 

Function 

Set an input logical unit assignment: the 

least significant digit of the data 

register is the physical device number 

and the second digit is the logical 

unit. See Table 3.2. 

Load KIM-format loader records from logical 

unit 1. 

Enter the manual mount control program. See 

Section 3.2.2. 

Set an output device logical unit assignment. 

The format is the same as for the 'I' 

command. See Table 3.2. 

Begin execution of the subroutine indicated by 

the address pointer. Return to the 

operating system should be through an 

RTS (return from subroutine) command. 
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Table 3.1. Slave Microcomputer Operating System Commands--Continued 

ASCII 
Command 

'x' 

'y' 

'Z' 

Hexa
decimal 
Equiv-
alent Function 

$58 Enter the automatic mount elevation angle 

control routine. This routine is not 

currently implemented, so this command 

should not be used. 

$59 Enter the lidar shot acquisiton routine. See 

Section 3.2.4. 

$5A Display the most current energy monitor 

reading on the microcomputer front 

panel. 
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be automatically strobed across the link. The commands are executed 

through a table of addresses, facilitating addition of new commands. 
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When the system is reset, device assignments are made to accept 

command input from either the microcomputer front panel or the host 

computer link, but operating system output is only to the front panel 

display. Both input and output can be reassigned to different devices. 

In particular, if the console logical unit (unit 0) is assigned to 

physical unit 0 for output, the operating system responses will be sent 

to the host computer and displayed on the microcomputer front panel as 

well. This is accomplished with the ASCII command string "000" and the 

sequence "030" disables operating system response to the host computer. 

In the event that the front panel display is needed exclusively for 

other than operating system output, that output may be disabled by 

resetting the least significant bit of the byte labeled "MODES" at 

location $00C4. 

Input and output device assignments are made with the I and 0 

commands. There is presently only one physical device with an operating 

system driver, the host computer link. Other I/O is to dedicated 

devices such as the oscilloscope display and the mount motor drives. 

These cevices do not fit into the generalized I/O scheme implied by 

logical devices, so they do not have drivers assignable to logical 

units. The system as it is currently implemented accomodates four 

logical units and four physical devices. One of the physical devices 

should be reserved for a null device. If more than this number is 

required, the system may be reassembled. Table 3.2 indicates the 

intended use of the physical and logical units. 



Table 3.2. Microcomputer Physical and Logical Device Allocations. 

Physical 
Device 

1, 2, 3 

Logical 
Device 

1 

2 

3 

Assignment 

Input: Either micro compute front panel or link 

from the host computer. 

Output: Link to the host computer. 

Input: Null device. 

Output: Null device. 

Assignment and suggested usage 

Console: operating system commands. 

Source code input and output. Also used for 

input to loader. 

Binary input and output. 

Available for application programs. 

The simple loader included in the operating system can load 
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records generated by a KIM system. These records indicate an absolute 

address into which the information is to be loaded. In addition, 

records which indicate an address offset are recognized. It is 

important to note, however, that the loader is not capable of relocating 

programs in the sense of adjusting the addresses within the programs, 

nor is the loader capable of linking a series of programs. The general 

purpose subroutines available in the operating system cover a range of 

functions including input, output, mathematics and memory manipulation. 
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3.2.2 Mount Control Routines 

The mount control read-only memory contains routines to move the 

mount, and to read and indicate its elevation angle, through the 

previously described hardware (Section 2.3.2). Operating procedures are 

described in Section 4.1. Fast slewing at 0.6 degrees of elevation 

angle per second, equivalent to 240 steps per second, and slow stepping, 

about 20 steps per second or 0.05 degrees per second, are available. 

3.2.2.1 Motion Control Software. As mentioned in the hardware 

discussion, failures of the mount control system can be quite damaging 

because of the power involved. As a result, particular care was taken 

in the coding of the mount motor drive routines to insure known states 

of the drive outputs at each step. Upon entry to the manual mount 

control routine (through the "M" operating system command, or through a 

call to the subroutine labelled "Man.mc"), the mount elevation angle is 

read and displayed, and the front panel switches are read. This cycle 

is repeated until the front panel switches are all down (all "zeros") 

for twenty consecutive times. This takes about half a second minimum 

and insures there will be no mount motion until the operator is ready 

for it. As long as all switches remain low, the program loops, reading 

and displaying the mount angle. If the right-most switch is set high, 

the routine terminates and returns control to the calling program (which 

may have been the operat~ng system). This can happen when the mount is 

either stopped or in motion, with motion stopped before the routine is 

terminated. If the operator indicates mount motion with the switches, 

the main mount control routine calls a slew or a step subroutine. These 

are described in turn below. 
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The slewing routine first checks the state of the relay control 

output bit. If it indicates that the relay is on, connecting the motor 

to the triac drive circuit, the routine waits about 0.2 seconds to 

insure that any relay transients from previous actions have died away 

before turning on the appropriate triac. If the relay control is off 

(the bit is high), DC drive is turned off, the angle is read and 

displayed, and the routine waits about 0.4 seconds before turning on the 

relay. The relay is allowed 0.2 seconds to energize before the triac 

drive is enabled. Once a triac is energized, the routine loops, reading 

and displaying the mount elevation angle and reading the front panel 

switches. This continues until a change in the switches is detected. 

When a change in the switches occurs, the triac drive is turned off by a 

routine which waits about 50 milliseconds after the turnoff to insure 

transient settling. If the change is only in direction, the routine 

energizes the alternate triac for that axis and reenters the display and 

switch monitor loop. If any other change is detected, control is 

returned to the main mount control subroutine, which determines what to 

do with the new switch settings. 

Operation of the DC stepping drive routine is similar to that of 

the slewing routine just described. It first determines if drive to the 

relay is off. If not, it turns off the triac drive (even though it 

normally would already be off at that point), waits 0.4 seconds, turns 

off the relay drive, waits an additional 0.4 seconds, and enters the 

stepping loop. The loop determines the next control bits to send to the 

DC motor drivers from the current control bit state and the direction 

the motor is to be stepped, doing so through a lookup table. The new 
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step information is sent to the drivers, the elevation angle is read and 

displayed, and a 50 millisecond pause is inserted. This pause is the 

main determining factor in the stepping rate. If no switches have 

changed, or if only the direction switch has changed, the loop is 

continued. If any other switches have changed, a command is sent to the 

motor to take a half step in the most recent direction. This turns off 

one of two DC motor drives for that motor, allowing the motor, its 

drivers and the power supply to dissipate less energy and remain cooler 

than if both windings remained energized. 

To accomplish orderly changes of the relay and triac drives, 

routines with built-in delays are used. The delays include waiting for 

a detected power line zero crossing before triac drive is turned on. It 

is suggested that the same routines be used for any other optical mount 

control programs which are implemented. 

3.2.2.2 Angle Readout Software. The hardware of the mount 

elevation angle readout system was described in Section 2.3.2.1. Three 

routines are provided to make use of that hardware. One of these, 

Ini.ad, initializes the I/O port which communicates with the 

analog-to-digital converter and commands the converter to begin 

continuous conversions at a rate of about 15 per second. It finishes by 

waiting 0.1 seconds for the first conversion to be completed. The A/D 

converter indicates completion of each conversion by setting a flag in 

the I/O port. By clearing that flag before the port is read by the 

microcomputer and checking it after both eight bit bytes of data have 

been read, it is possible to determine if the output of the A/D 

converter has been updated during the reading process. The second 
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routine, Rd.a/d, uses this fact to read the A/D bits a second time if an 

update occurred during the first reading. In either case, Rd.a/d reads 

the A/D converter's 12 bits of output magnitude, its sign, and its 

overrange bit. If the converter indicates overrange, the processor's 

overflow status bit is set on return to the calling program. Whether 

the converter indicates overrange or not, its sign-and-magnitude output 

is converted by Rd.a/d to a 13-bit linear output from 0 to 8191. This 

result is saved in a 16-bit location designated by the operating system 

for mathematics operands, to facilitate further operations by the 

calling program. 

The routine labelled Rdang1 reads the A/D converter through the 

Rd.a/d routine, and converts that reading to a two's complement absolute 

angle indication in hundredths of degrees. That angle is saved and also 

converted to a sign-and-magnitude decimal number and displayed on the 

microcomputer's front panel. The conversion from A/D counts to angle is 

accomplished by first multiplying the A/D reading by 1493/1024 (about 

1.485) centidegrees per count, an approximately correct conversion 

factor, and subtracting a factor from a table. The most significant 

eight bits of the product of the first step in the conversion is used as 

an index into the table, and the resolution is fine enough that no 

interpolation is necessary between table entries. The factor from the 

table corrects for three things. First, the 1.485 centidegrees per 

count factor is not exact, and the table entry corrects for that error. 

Second, the error from the encoding potentiometer's imperfect linearity 

is corrected by a portion of the table entry. That correction is 

specific to the potentiometer which was used in the system, and in the 
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event the potentiometer is changed, the table would have to be changed 

as well to maintain accuracy. Finally, the table entry corrects for the 

fact that the mount angle is offset by about -1.6 degrees from the 

product of the AID reading and the 1.485 correction factor. By 

including this correction in the table, it is guaranteed that all 

corrections will be net negative, so that they do not need to be 

sign-extended to sum them into the uncorrected reading. 

3.2.3 CRT Graphics Routines 

The CRT graphics hardware described in Section 2.3.2.3 is driven 

by a set of routines which display axes, numeric labels, a "UA LIDAR" 

label and up to three single-valued functions. For testing, three 

functions are stored in read-only memory. The display routines are 

coded in-line as much as possible, with very few branches, in the 

interest of speed. 

The display displacement for each axis is generated by an eight

bit digita1-to-ana10g converter, so each axis has a resolution of one 

part in 256. The point (0,0) is in the lower left hand corner of the 

display and (255,255) is in the upper right corner. The axes normally 

displayed are an abscissa at Y=12 from X=8 to X=255, and an ordinate at 

X=12 from Y=8 to Y=255. The abscissa is marked by ticks each 33 units 

starting from the intersection with the ordinate. Alternate ticks are 

marked 0, 2, 4 and 6 to indicate kilometers of range. This allows 

display of data sampled at the standard 0.2 microsecond interval with 

one sample per abscissa unit with a 74 meter full scale error. Such a 

1% error is insignificant in a small visual display such as this. The 
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ordinate is marked by ticks each 48 units starting from the intersection 

with the abscissa. These are labeled 0, 2, 4, 8 and 10, and indicate a 

relative scale. Data to be displayed should be first scaled to fit the 

ordinate, with values of 12 displayed with zero ordinate and values of 

252 (= 10 x 24 + 12) displayed with an ordinate of ten. 

The graphs displayed are read from the microcomputer's random 

access memory. For each graph, the first memory location is displayed 

with zero abscissa and sequential locations are displayed at sequential 

abscissa values. The first zero value encountered in the sequential 

memory locations will terminate further display of that graph. Each 

graph may be individually suppressed by placing a zero in its first 

memory location. Since each graph is displayed as a series of points 

rather than a continuous line, any graph can display two (or more) 

apparent lines by alternately sampling points from each of the functions 

to be displayed. This can be used effectively in indicating the error 

limits of a graph by showing positive and negative deviations in 

alternate points of a second graph. 

Display of the graphs occurs automatically while the operating 

system is awaiting commands and while the mount angle control routine is 

not moving the mount. In either of these cases the display must be 

enabled by a bit in the operating system "modes" location. That bit is 

set to enable the display when the system is reset. The display is also 

scanned once each time the "Scan" subroutine is called. This can be 

done as part of any applications program in the microcomputer, and can 

be done either a fixed number of times or as part of a larger loop while 

awaiting some condition such as the entry of a command. 
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The three graphs stored in read-only memory are a sine and a 

cosine, each scaled and offset to display from zero to full scale, and a 

sample range-normalized lidar return (taken from the 91st shot of data 

acquired on 27 August, 1979, at 7:50 P.M.). The three may be displayed 

by calling the "Xfr.sn" subroutine, which copys them to the area 

reserved in random-access memory for graphics display. 

For applications requiring custom axes or labels, there are 

subroutines available which draw the axes, put in the tick marks and 

display the numeric labels. The axes and tick marks are at fixed 

locations, so customization of these would require modification of the 

code used to generate them. However, the routines which display each of 

the digits, 0 through 9, accept as input the location of the upper left 

hand corner of the cell in which the number will be displayed. That 

input is through the processor's X and Y registers. These routines, for 

instance, can be used to output a graph with a abscissa axis scaled to 

display greater or lesser distances. 

3.2.4 Lidar Shot Data Acquisition Routines 

The microcomputer acquires two pieces of data for each lidar 

shot, the energy of the transmitted laser pulse and the optical mount 

elevation angle. This information is passed to the Interdata host 

computer for inclusion with the digitized return signal and gain switch 

information. The microcomputer is also the path for the trigger signal 

from the laser flashlamp. These functions are all accomplished in the 

shot acquisition routines. 
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The main acquisition routine is entered from the operating 

system with a "Y" command, or by calling the subroutine "Acquire". This 

routine expects a particular sequence of events, and it reports errors 

through the link to the host computer if certain of the events are not 

correct. The essential points of this operation are as follows. First, 

response of the energy moinitor is checked, and an error is reported if 

it either does not respond or its offset reading is not within its 

linear range. Next, the current mount elevation angle is read and 

displayed on the microcomputer's front panel. Third, the microcomputer 

awaits the laser flashlamp signal, and at the same time, input from the 

host computer link is monitored. Host computer input can terminate the 

acquisition program, restart it, or simulate laser firing for system 

testing. If f1ash1amp firing is detected, the energy monitor offset is 

read, the energy of the laser p~lse is read, and these two plus the 

mount elevation angle are sent to the host computer. The energy monitor 

reading is also displayed on the microcomputer front panel. Finally, 

the microcomputer waits for a reset command or a command from the host 

computer to restart the data acquisition program or return to the 

operating system. 

The energy monitor reading, display, output and error checking 

routines comprise a majority of the 1idar shot acquisition code. This 

arises from three factors. First, many small steps are required to 

command energy monitor conversions and read the results. Second, a 

considerable number of comparisons is required to insure that the energy 

reading is larger than the offset reading and that both are within the 

linear range of the energy monitor. Finally, formatting is required to 
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display any errors found. The mount elevation angle reading routine was 

previously described in the mount control software discussion. The shot 

acquisition routine simply calls that routine to obtain a mount 

elevation angle, and outputs the result to the host computer. 

The complete program listings for the lidar acquisition system 

in Bruhns (1985) are the ultimate reference to resolve any questions 

cOrlcerning operation of the software for both the Interdata computer and 

the microcomputer. The program listings contain comments which explain 

both program operation and data structures in more detail than the 

limited description given above. 



CHAPTER 4 

MONOSTATIC LIDAR OPERATING PROCEDURES 

The operating procedures discussed here are intended to be 

illustrative of operation of the lidar system, and are a snapshot of the 

system at a point in time. Changes in the operating procedures should 

be expected as the system evolves. This is true not only for changes in 

the data acquisition hardware and software as described here, but also 

for certain changes in the way the resulting data is to be used. For 

example, it may be decided that data should be acquired for a different 

set of angles, or that calibration of the system is to be done with 

atmospheric return data taken in a particular way. Either of these 

changes would result in a change in the details of the procedures 

outlined here. These procedures, however, should be a good starting 

point for any changes required, as they include all the basic steps used 

to acquire data. 

Three distinct phases of system operation are discussed below. 

First, acquisition of normal atmospheric return data at several 

elevation angles is described. This is the most commonly used operating 

mode for the system. The minor changes from this mode required to 

operate the system as part of a bistatic lidar are mentioned as well. 

Second, recording returns from a target for system calibration is 

outlined. Finally, operation for troubleshooting is described. 
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Effective system troubleshooting should be viewed as a creative process, 

and the procedures described are intended only to illustrate some of the 

things which can be done to isolate problems and verify system 

performance. 

4.1 Monostatic Slant Path Data Acquisition 

The system operation described here assumes that the system 

components are interconnected in their standard configuration. The 

connections may be verified by referring to Figure 2.1. Use of the 

procedures described here also assumes familiarity with the locations 

and operating procedures for the various components. A novice is 

advised to operate the system at first under the supervision of an 

experienced user. Table 4.1 outlines system operation for normal slant 

path data acquisition. The narrative here follows that outline and 

amplifies on some of the individual procedures and their interactions. 

4.1.1 System Preparation 

The main power switch for the trailer is normally left off when 

the system is not in use to help protect the 1idar equipment from large 

power line transients. In winter months when the likelihood of 

lightning strikes is low and freezing temperatures are probable, the 

power is left on, with thermostatically controlled heaters left in both 

rooms of the trailer. The heaters are left on mainly to prevent 

freezing of water in the laser cooling system. 

The outside air temperature at ground level is recorded at the 

beginning and end of acquisition of each set of data. The air 

temperature may be used at a later time to aid in estimating the air 



Table 4.1. Slant Path Data Acquisition Outline. 

I. Preparation: 

A. Turn on the main power switch at the power pole outside 

the trailer. 

B. Hang the thermometer to read the outside air temperature. 

C. Turn on laser cooling water. 
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1. On the cooler, turn on the compressor and pump switches. 

2. Turn on the laser tereperature controller/water 

circulator. 

3. Verify the temperature controller temperature setting. 

D. Uncover the transmitter collimator and receiver telescope 

and dust off the exposed optics with compressed air from an 

aerosol can. 

E. Open the trailer rear door, roof and drop leaf. 

F. Turn on the power switches on the following equipment: 

1. PMT cooling fan and energy monitor 

2. Oscilloscope 

3. CRT terminal 

4. PMT high voltage power supply 

5. Gain-switched amplifier 

6. Biomation waveform recorder 

7. Sykes disc drive 

8. Control microcomputer 

9. Interdata minicomputer 

G. Verify oscilloscope control settings. 



Table 4.1. Slant Path Data Acquisition Outline--Continued 

I. Preparation--Continued 

H. Verify control settings on the waveform recorder. 

I. Raise the PMT supply output slowly to 1600 volts. 

J. Verify that the lidar data acquisition program is in the 

Interdata computer, or reload the program and operating 

system from the bootstrap disc. 

K. Verify proper logical unit assignments and disc space 

allocations in the Interdata operating system. 

L. Check laser alignment and align as required. 
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M. Turn on laser power supply. Verify that the laser shutter 

is on (this should not normally be turned off separately). 

N. Verify correct reading of mount elevation angle on the 

microcomputer as compared with the mechanical angle 

indicator on the mount. Do this at nominally zero degrees. 

O. Read the outside air temperature from the thermometer. 

P. Start the slant path data acquisition program from the 

Interdata operating system. This program normally begins at 

hexadecimal location 5000. 

Q. Enter the requested information (date, start time, air 

temperature, PMT operating voltage and estimated end time). 

II. Slant path data acquisition: 

A. Set the mount to the first angle (normally 11.54 degrees). 

B. Fire the laser and record the resulting data for several 

shots. Reject any shots for which anomalies are noted. 



Table 4.1. Slant Path Data Acquisition Outline--Continued 

II. Slant path data acquisition--Continued 

C. Repeat steps A and B for each desired angle in turn. The 

elevation angles in degrees are normally: 

11.54 

12.84 

14.48 

16.60 

19.47 

23.58 

30.00 

41.81 

90.00 

136 

D. When the final shot is to be recorded, enter 'E' into the 

CRT terminal. This causes the program terminate normal data 

recording after the current shot is recorded. 

III. System shutdown: 

A. After the final shot is recorded, follow the instructions 

given by the program to note the size of the disc file 

created and to enter the time and temperature at the end 

of the data acquisition period. The acquisitjon program 

will return control to the BOSS operating system at this 

point. 
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Table 4.1. Slant Path Data Acquisition Outline--Continued 

III. System shutdown--Continued 

B. Using the operating system and the text editor, put any 

required header information on the data disc so that it is 

compatible with whatever system is to process the data 

further. 

C. Return the optical mount to its "home" position: rear-facing 

at approximately zero degrees elevation angle. 

D. Replace the covers on the receiving and transmitting optics. 

E. Close the trailer flap, roof cover and rear door. 

F. Slowly turn down the voltage to the receiver PMT. 

G. Turn off the power to the following equipment: 

1. Laser power supply 

2. Oscilloscope 

3. Sykes disc drive 

4. Control microcomputer 

5. Interdata computer 

6. Biomation waveform recorder 

7. CRT terminal 

8. Gain-switched amplifier 

9. PMT high voltage power supply 

10. Laser water recirculator/temperature controller 

11. Water cooler (both compressor and pump) 

12. PMT cooling fan and energy monitor 
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Table 4.1. Slant Path Data Acquisition Outline--Continued 

III. System shutdown--Continued 

H. Record the final laser power supply shot count in the system 

log. Record any other relevant notes in the log as well. 

I. Return the thermometer to its case. 

J. Close and lock the trailer door. 

K. Turn off the trailer power with the switch on the power 

pole. 



density, and from this, the Rayleigh contribution to the lidar return 

signal. The thermometer should be hung away from large solid objects 

which may affect the indicated temperature because of stored heat. 
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The laser cooling system consists of two closed loops which are 

thermally linked. The outer loop cycles tap water through a 

refrigerative cooler, and provides the required cooling for the inner 

loop, which is charged with deionized water. The inner loop includes an 

ion exchange column to trap contaminating ions and maintain the water 

conductivity at a very low value. This is important since the laser 

cooling water passes directly over the laser f1ashlamp, to whose 

terminals the 4000 volt firing potential is applied. The cooler for the 

outer loop is capable of freezing the water in the loop if the pump is 

not on, or if there is an obstruction in the line. Although in the past 

when this has happened, no apparent long-term damage has resulted, 

reasonable care should be taken to prevent freezing of the system. The 

thermostat control on the inner loop heater and controller should be set 

to the marked position, and final adjustment may be accomplished as 

needed after the system reaches its equilibrium operating temperature. 

Dust should be blown off optical surfaces in the system with gas 

from an aerosol can. The surfaces which should be cleaned include the 

fronts of the receiving telescope and the transmitting collimator, and 

also exposed surfaces in the laser system accessible when the laser 

cover is opened. Care should be exercised in selecting and using the 

compressed gas, to avoid leaving marks on the optics from residue in the 

gas. In the event that the gas is not sufficient to clean the optics, 

methods and materials approved by the telescope and laser manufacturers 
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should be used. Particular care should be taken with the antireflection 

coatings on some of the surfaces. 

The trailer roof slides toward the front of the trailer to 

uncover the optics mount. It will slide most easily if its wheels are 

kept greased. The rear door should be opened before the drop leaf to 

provide the leaf with support and prevent its hinges being stressed 

unnecessarily. 

Power may be turned on to the electronics in any order, with the 

following exceptions. First, the photomultiplier tube (PMT) cooling fan 

should be turned on before power is applied to the PMT. Second, leaving 

the power to the laser power supply off until the laser alignment is 

checked is a safety precaution. Third, if the Interdata computer is 

turned on after the control microcomputer, it will reset the 

microcomputer. This is generally desirable at system power turn on, but 

could lead to unexpected resets at other times. Finally, the critical 

analog electronics should be allowed to thermally stabilize for about 

ten minutes after power is applied before data acquisition is attempted. 

The most important pieces of equipment in this regard are the laser 

energy monitor, the PMT power supply, the gain-switched amplifier and 

the waveform recorder. 

Proper control settings for the waveform recorder and 

oscilloscope are given in Tables 4.2 and 4.3, respectively. The offset 

control of the waveform recorder should be set initially and monitored 

during data acquisition so that the "+" offset light on the recorder is 

just on the boundary between being fully on and off. The oscilloscope 

may be adjusted as appropriate to display the waveform recorder output. 



Table 4.2. Biomation Waveform Recorder Control Settings. 

Sensitivity 

Offset 

10 Volts full scale 

Slightly negative, so that 

"+" light just comes on 

Ground 

DC/AC •• 

• • • • • • • • Out (Ungrounded) 

• • • • • • • • • • • • • • Out (DC coupled) 

Trigger Delay • • • • • • • . • • • • • • . • • • • 0 .00 

Record Mode: 

Delayed/Pretrigger • 

A Only/Dual TB 

Trigger Source: 

EXT/INT 

DC/AC 

Slope +/-

Trigger Mode: 

Auto/Norm/Single/Arm • 

Trigger Level 

Time Base A: 

uSEC/mSEC 

Selector • 

Time Base B 

Horizontal Expand • 

Vertical and Horizontal Position 

• Out (Delayed) 

Out (A only) 

Out (External) 

Out (DC coupled) 

In (- slope) 

• • • • Single In; others Out 

Slightly CCW from zero 

• Out (uSEC selected) 

.2 (0.2 uSEC per sample) 

Not used -- any settings 

•••• X10 

As appropriate 
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Table 4.3. Waveform Display Oscilloscope Control Settings. 

CHI (X) • . . . . . . . . . 
CH2 (Y) • 

Invert 

Vertical Mode 

X10 • 

• • • 0 • 

. . . . 
A and B Time/Division • 

Horizontal Display 

0.1 Volts/Division 

. . . . . 0.1 Volts/Division 

• • In (inverted) 

CH2 (or X-Y) 

Out (normal magnification) 

X-Y (knobs locked) 

• • • • A time base 

Other knobs as appropriate to display the lidar signal from the 

Biomation waveform recorder in the desired manner. 
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The lidar data acquisition program will normally remain in the 

core memory of the Interdata computer unless other programs are loaded. 

If there is a question about its integrity in memory, it may be reloaded 

easily from a bootstrap disc which also restores the operating system. 

If this is done, the operator should be certain to reassign logical 

units and allocate disc space. Instructions for these operations may be 

found in the Interdata BOSS reference manual. The app;."opriate 

assignments and allocations for lidar data acquisition are listed in 

Table 4.4. 

The laser alignment is checked with an autocollimator. Because 

this device is too large to fit directly into the optical path of the 

laser between the laser and its collimating telescope, a mirror is used 

to fold the optical path. This mirror must be removed before the laser 



Table 4.4. Interdata Operating System Logical Unit Assignments and 
Disc Space Allocation. 

Logical Unit 2 

Logical Unit 3 

Logical Unit 5 

File 4C0 

Physical Device 4C0 (Disc file) 

(Acquired data output file) 

Physical Device 0 (Null device) 

or Device 9A (Printer) 

(Shot count/energy/angle output) 

• Physical Device 2 (CRT console) 

(Operator's console) 

Allocated 0102 to 4A1B (Full disc except 

for space for header and directory) 
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is fired, as there is no interlock to prevent damage to the mirror from 

the laser output. Furthermore, as the mirror is in the optical path 

ahead of the energy monitor pickoff, no energy will be registered when 

the laser is fired with the mirror in place. This can lead to the 

operator increasing the laser power if he believes the laser did not 

actually fire. The alignment process consists of adjusting the front 

partial reflector and the rear reflector until they are parallel with 

the faces of the ruby laser rod. This is indicated by their reflections 

observed in the autocollimator being coincident with the reflection from 

the laser rod. The reflection seen from the rear reflector is a faint, 

deep red, and may be invisible unless ambient lighting in the trailer is 

minimized. 
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The mount elevation may be read on the control microcomputer by 

entering the mount angle control program. This is done as follows. 

First, push the reset button on the front of the microcomputer. Next, 

set the binary switches to "01001101" (down, up, down, down, .) and 

push the data strobe button. The mount elevation angle will be 

displayed on the microcomputer front panel. It should agree with the 

mechanical angle indicator on the optical mount within 0.03 degrees. 

Errors greater than this indicate a need for calibration or a 

malfunction in the angle readout system; see section 4.3 for further 

information. 

The remainder of the preparation for data acquisition consists 

of starting the acquisition program and following the instructions it 

gives on the CRT display. The instructions ask for information which 

can be used to identify the data in the future. The date, beginning and 

end times and temperatures, and PMT operating voltage are recorded as 

the first record on the flexible disk. 

4.1.2 Data Acquisition 

Data acquisition is initiated by firing the laser, as prompted 

by the CRT display. The resultant data are displayed on both the 

waveform display oscilloscope and the CRT display. The operator at this 

point has the option to accept the shot, reject it entirely, or ask to 

manually enter different angle, energy or sample timing information. 

The operator may also indicate that this is the final shot to be 

recorded, in which case he or she will be asked to take appropriate 

actions to finish the data acquisition after the current shot is 
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recorded. When the CRT displays the message requesting firing of the 

laser, the operator has the option to abort the shot by pressing any key 

on the CRT's keyboard. This allows the operator to exit the acquisition 

program if there is a system problem in a more graceful way than turning 

off the computer's power. 

The process of firing the laser and accepting or rejecting shots 

is continued until an appropriate number of shots are accumulated at a 

given angle. Usually ten shots are saved for each angle. The optical 

mount is moved to each new angle using the switches on the front of the 

control microcomputer, or, alternately, the switches on the remote 

control box which may be plugged into the front of the microcomputer. 

The data acquisition program in the Interdata computer will command the 

microcomputer to enter its mount angle control routines after each laser 

firing, but before the shot is accepted or rejected. When the operator 

is asked to fire the laser, the microcomputer is in its data acquisition 

routines and is not available to control mount angles. To insure that 

the mount motion control routines start in a known state, all eight 

microcomputer front panel toggle switches must be down for one second 

before mount control is started. This must be done each time the mount 

angle is changed. Four labeled toggle switches are used to control the 

mount angles. One determines whether the elevation or the azimuth axis 

is active. Another controls the direction. The third and fourth enable 

fast slewing and slow stepping. These switches may be changed in any 

order during mount motion control. The elevation angle is constantly 

displayed on the microcomputer front panel during mount angle control. 
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The remote control box which plugs into the microcomputer front 

panel has eight toggle switches which simply parallel the eight switches 

on the microcomputer front panel. To use the remote switches, first 

turn all the microcomputer front panel switches down, then plug the 

remote control box into the socket on the front of the microcomputer. 

Finally, turn all the switches on the microcomputer front panel up. The 

switches on the remote control box will then be active. The remote 

control allows changing the mount angles while watching the mount, to 

insure that it does not hit obstructions. Care should be taken in this 

regard particularly when the mount azimuth angle is changed. 

There is room on one disc for 120 shots, or ten shots per angle 

and twelve angles. The operator should take care to plan data 

acquisition so that the entire run fits one disc. Although it is 

possible to extend a run beyond a single disc, special handling of the 

resulting data is required. Any plans to record data from one run on 

more than one disc should be first approved by the person who will be 

carrying out the final processing of the data.-

4.1.3 Shutdown Procedures 

When the final shot has been fired, an "E" is entered on the CRT 

keyboard to indicate the end of data. The Interdata acquisition program 

will follow r~cording of the final data with two end-of-file marks. The 

operator is asked to note the size of the file to aid in processing on 

another system, and is then asked to enter the time and temperature at 

the end of the run. This information is recorded on the data disc, and 
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the lidar data acquisition program terminates and returns control to the 

Interdata operating system. 

The remainder of the shutdown procedure consists of turning off 

all equipment, closing the trailer doors, covering the optics, and 

making any necessary or desired notes in the system log book. In 

general, the system should be returned to the state in which it was 

found at the start of preparation for operation. The sequence in which 

power is turned off to the various pieces of equipment is unimportant, 

except that the PMT high voltage should be turned off before the PMT 

cooling fan. The locks and latches on all doors should be double 

checked, not only to prevent theft and vandalism but also to protect 

against wind damage. 

The data from a run are normally processed further on a 

mainframe computer at the University of Arizona Computer Center. A 

header with a particular format is normally required on the data disc to 

make it acceptable to that system. The operator who handles the 

post-run processing should be consulted concerning the proper header 

format and information. That information may be entered with the aid of 

the Interdata text editor. Performing this operation with a text editor 

allows maximum flexibility to accommodate changes in required format. 

4.1.4 Bistatic Transmitter Operation 

The monostatic lidar system is occasionally operated as the 

transmitter for a bistatic system. In this mode, data are taken in the 

same way as for the monostatic system. The processed monostatic return 

data can be an aid in interpreting the bistatic data. The angles used 
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for bistatic operation are in general different than those for 

monostatic operation, as data are usually taken at a variety of 

scattering angles at particular elevations. This also usually requires 

that the monostatic optical mount be rotated 180 degrees in azimuth for 

some shots, as elevation angles beyond 90 degrees are prohibited. It is 

also important that the optical mount alignment be checked carefully 

before data acquisition is begun. This is done by observing the 

bistatic receiver through the monostatic telescope. The final point of 

difference between monostatic and bistatic operation concerns the 

f1ash1amp communicator used to synchronize the bistatic receiver. This 

communicator is mounted in the rear of the monostatic trailer. It is 

powered from a commercial high voltage power supply, and should be 

triggered from the laser power supply output which indicates flashing of 

the laser f1ash1amp. 

4.2 Calibration Data Acquisition 

With fairly minor differences in system configuration, 

calibration data are acquired in the same way as normal slant path data. 

This section describes those differences and the differences in system 

operation to acquire the data. There are four changes required for 

calibration. 

First, the field stop in the receiver, which is in a slot in the 

optical housing between the rear of the telescope and the front of the 

interference filter housing, must be replaced with a calibrated neutral 

density filter which is mounted in a carrier the same diameter as the 



field stop. This filter is normally stored in the front room of the 

trailer. 
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Second, the output from the receiver PMT must be connected to 

the "Calibration Load" which is housed in a small blue aluminum box. 

This load is a capacitive integrator with paralleled resistor. The box 

is connected directly to the PMT output connector at the PMT housing. 

The output cable from the box is connected directly to the Biomation 

waveform recorder signal input (after the cable from the gain-switched 

amplifier is disconnected from the recorder). The Biomation input 

offset control is adjusted so that the "+" light just comes on. 

Third, the transmitter is "toed-in" so that its output 

intersects the center of the receiver field of view at the target 

located about 100 meters from the optical mount. This is done with 

adjustment screws located near the output end of the transmitter 

telescope. Proper alignment is checked by setting the mount angles so 

that the receiver is centered on cross marks at the target, then 

visually observing that the transmitter pulse strikes this same spot. 

It is safe to do this visually from the operator's position in the 

trailer, but care should be taken that people are not near the line of 

sight of the transmitter. 

Finally, a specially coated target is hung on the poles above 

the permanently affixed cross-marked target. The special target has 

known reflectance characteristics. Care should be taken to preserve the 

surface of this target. After it is hung, the optical mount is moved so 

the receiver field of view is centered on it. 
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Data are acquired in this configuration exactly as they are for 

a slant path data set. The energy of the laser is varied with the power 

supply voltage control so that a variety of energies may be recorded. 

As a cross check on the system, about half of the data are recorded with 

the waveform recorder set on 5.0 volts full scale, and the remainder are 

taken with a 10.0 volt full scale setting. 

After about 50 shots are recorded at each of the two full scale 

settings, the system should be returned to its original configuration. 

The field stop should be replaced only when the PMT high voltage power 

is off, to avoid damaging the PMT from excessive light levels. The 

transmitter alignment can be checked in a manner similar to that used to 

check coincidence above, except that the receiver is centered on the 

left cross marks on the target and the transmitter is aligned so that 

its output is centered on the right cross marks. 

4.3 System Troubleshooting Procedures 

The manuals for most of the pieces of equipment in the lidar 

system contain performance verification and troubleshooting procedures 

for those individual pieces. Those manuals should be consulted for the 

wealth of information they contain. This section is not intended to 

cover the same points as the equipment manuals, but rather is intended 

as an aid in determining which component is not performing properly. 

4.3.1 Transmitter Troubleshooting 

The transmitter portion of the lidar depends on proper operation 

of the laser and the energy monitor. Lasing action may be confirmed in 

at least three ways. First, a photodiode pickoff on the back of the 



"151 

laser is used to trigger the waveform recorder. If the recorder is set 

up normally and is armed for single shot recording, it should trigger 

(as indicated by the "armed" light going out) when the laser is fired. 

This test may be done with only the recorder and laser turned on. A 

second indication of lasing is normal energy monitor readings when the 

data acquisition program is run. Finally, the laser may be checked 

visually by its return from the target about 100 meters behind the 1idar 

trailer. This last check can also be used to check the relative 

alignment of the optical axes of the receiver and transmitter. The spot 

seen for lasing action should be bright red, easily visible in daylight, 

and should appear less than 20 centimeters in diameter. A faint red 

flash a meter or so in diameter when the laser is fired indicates lack 

of lasing action but firing of the f1ashlamp. If none of the tests 

indicates lasing, follow the laser manual's troubleshooting procedures. 

If anyone of the tests indicates lasing, failure of either of the other 

tests indicates a problem in another area. 

Proper operation of the transmitter energy monitor is best 

checked under operating conditions, by checking its response with either 

calibration data or atmospheric returns. If the energy monitor does not 

respond to commands sent by the microcomputer data acquisition program, 

the microcomputer reports this as an error condition to the Interdata 

computer, which in turn reports it to the operator. Finally, further 

checks are possible with custom microcomputer programming. For example, 

the energy monitor may be commanded to send sequential conversions, 

about one per 100 microseconds, to the microcomputer. If this is done 

and conversions are recorded across a laser pulse, the slow decay of the 



energy monitor signal (because of the peak detector employed) can be 

used to verify proper operation of at least the ten most significant 

bits. 

4.3.2 Receiver and Receiver Electronics Troubleshooting 
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If a transmitted pulse can be seen on the target but no 

atmospheric return signal is observed, failure of the receiver system is 

indicated. The failure may be in the receiver optics, the 

photomultiplier tube or its associated support electronics, the 

gain-switched amplifier or the waveform recorder. The receiver optical 

system and PMT can be checked in a very qualitative way by pointing it 

into the daytime sky (not directly at the sun) and observing the DC 

output current from the PMT on a meter. If the PMT is operated at 1600 

volts, a current of 10 to 200 microamps is expected. If it is not 

obtained, check the following points: 

- Mirror at the back of the telescope in the proper position. 

- Proper field stop installed.' 

- Receiver shutter open. 

- PMT high voltage properly connected and adjusted. 

The gain-switched amplifier can most easily be checked with the 

return simulator. As the simulator may be adjusted to output rapid, 

repetitive pulses, the gain-switched amplifier output can be checked on 

a normal oscilloscope. It should be noted that the gain-switched 

amplifier will not operate if the input signal does not exceed a minimum 

threshold level. If it works properly with the return simulator but not 

with lidar returns, some information may be gained by increasing the PMT 
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supply voltage. The resulting increased PMT gain is expected to 

increase a low return signal to the point that it will trigger the 

amplifier. If this is the case, the problem may well be in the signal 

path before the amplifier. 

Proper gain switch memory operation may be verifi~d by comparing 

the recorded gain switch points with the gain switches which are 

normally clearly visible in the raw recorded return data. It is also 

possible to check the gain switch memory if the input signal comes from 

the return simulator. Since the return simulator outputs the same 

signal repetitively, it may offer a more certain check on the gain 

switch memory (as well as on the gain-switched amplifier itself) than an 

unknown atmospheric return signal. 

The Biomation waveform recorder is the interface between the 

analog return signals and the digital computers. As such, it has both 

analog and digital interfaces with the rest of the 1idar system. The 

analog portions may be checked independently of the computer interface. 

This may be done with an atmospheric return signal, a simulator signal 

or a signal recommended by the Biomation service manual. The recorded 

signal may be viewed on the oscilloscope connected to the waveform 

recorder analog outputs. The computer interface may be disconnected for 

these tests, as the interface can prevent proper operation of the 

waveform recorder. 

There are two principal areas of digital communications between 

the waveform recorder and the Interdata computer. First, the computer 

arms the recorder after the laser f1ash1amp pulse is detected by the 

control microcomputer. In normal operation, the waveform recorder 
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"armed" light will flash perceptibly when the laser is fired as 

requested on the CRT display. Note that the waveform recorder is only 

armed when the acquisition program is awaiting a laser firing, and not 

if the previous shot has not been recorded or rejected. The second area 

of communications is output of digital data from the recorder to the 

computer. Proper operation of the handshaking of data is indicated by 

lack of error messages displayed by the acquisition program. That 

program cannot check for proper transmission of all the data bits. This 

can be done with a small custom program for the Interdata computer, 

making use of the routines in the acquisition program, to transfer an 

arbitrarily recorded signal from the recorder to the computer. If a 

slow ramp is recorded, each bit combination possible should be observed 

in the output. 

, 4.3.3 Computer Troubleshooting 

Detailed verification of proper computer operation is very 

difficult, in large part because of the tremendous number of states that 

a modern digital computer may assume. This section describes only the 

simplest operations to verify qualitatively proper operation of the 

computers. In general, if the computers run their acquisition programs, 

they are probably operating correctly. This is no guarantee that they 

are properly communicating all the information correctly to the external 

devices, however. For example, it would be possible for four bits of 

the energy monitor output to always be read in one state, and the 

microcomputer program would not flag an error. Although parity checks 

could have been included in all digital communications in this system, 
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they were not. As indicated above in the discussions of troubleshooting 

the energy monitor and the waveform recorder, there are ways to check 

the digital communications from the various transducers to the 

computers. 

As the Interdata computer has failed a number of times in the 

past ten years, the following is offered to help localize the source of 

any problems which prevent running application programs. First, the 

computer should respond to inputs to its front panel keyboard if the 

power switch is on but not locked. If it does not, it may b~ because an 

interrupt line from one of the I/O boards in the computer is being held 

in the active state. This can be checked by unplugging all but the 

processor and memory boards. If the computer front panel still does not 

respond with all I/O boards out, there is probably a problem in the 

processor, memory or power supply. If it responds properly with at 

least the disc drive I/O board installed, the operating system bootstrap 

disc should be able to load from the disc drive. With the operating 

system loaded and the CRT interface board installed, the CRT should be 

able to communicate with the operating system, issuing commands and 

displaying the results. It should be possible to start the lidar data 

acquisition program if the computer is responding to operating system 

commands from the CRT; the acquisition program requires that the six 

channel I/O board be installed. If the acquisition program starts, it 

should report an error as indicated in the comments in the program 

listings if any interface is not operating properly. Failure to achieve 

proper operation at any point in the preceding discussion should provide 

a good clue concerning the location of the difficulty, but additional 
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information should be gathered on the problem to be certain that it is 

fully understood before components are replaced. 

The control microcomputer has a particular set of responses to 

commands from the Interdata computer, and the acquisition program 

reports an error if any of the responses is incorrect. As mentioned 

above, the energy monitor interface may be checked by rapid sampling of 

the decaying output of the monitor's peak detector. The mount elevation 

angle readout may be compared with the mechanical angle counter on the 

mount, and the two would be expected to agree within about 0.1 degrees 

at all mount elevation angles. The angle readout system includes both 

analog and digital circuitry, and both should be checked if the system 

fails to report angles correctly. Analog circuit problems are expected 

to cause either complete system failure or gain and offset errors which 

are generally small in magnitude. Digital problems, on the other hand, 

may cause large discrete jumps in registered angle, or out-of-range 

indicated angle, when the mount e1evatioon angle is changed. For 

example, a least significant bit change in the ana1og-to-digita1 

converter oct put corresponds to about .0146 degrees angle change. If a 

jump of 0.23 degrees (16 x .0146) in indicated angle is observed, a 

prime suspect of the cause of the error would be the wire which 

communicates the fourth least significant bit from the converter to the 

microcomputer. 

Failure of the mount motion control system may be diagnosed by 

observing the DC control signals from the microcomputer output ports to 

the DC, AC and relay drivers. In addition, the elevation and azimuth 

drive motors are wired identically, and one may be plugged in to the 
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microcomputer in place of the other to determine if a problem is in the 

motor or the microcomputer chassis. It is also possible to check the 

operation of the various drive circuits by manually grounding their 

inputs, as the inputs are designed to be driven from "open collector" 

outputs to ground. If this is done, care should be taken not to 

energize two conflicting drivers at the same time. Finally, operation 

of the laser flashlamp sensing input to the microcomputer may be 

observed from the microcomputer front panel, as an active signal on that 

input normally causes latching of the interrupt bit in the status 

register of the associated input port, and that bit is not cleared until 

the input port itself is read. 

Although the procedures given in this section will not localize 

or even detect all possible system failures, they are offered with the 

hope that they will be useful both directly and in stimulating the 

imagination of those who use and maintain the system. System 

troubleshooting and performance verification should be approached 

logically, but with creativity as well. Finally, when a failure is 

detected or suspected, the difference between the state of the system 

and its state at an earlier time when no error existed should be sought. 

If the difference is identified, then it should be relatively easy to 

return the system to the state which yielded proper operation. 



CHAPTER 5 

LIDAR RESULTS AND DATA ANALYSIS 

This dissertation describes work done to upgrade a data 

acquisition system. The work was not intended to, nor did it, cover any 

aspects of data analysis. However, it is clear that .1 system is of 

little value if it acquires data which cannot be reduced to information 

which extends our knowledge or which helps solve specific problems. 

This chapter presents a very brief description of the use of the lidar 

over the past few years, and an outline of the papers recently published 

which have made use of the acquired data. Finally, examples of the 

output of the normal data analysis routines are given for data taken on 

three different days. 

5.1 Lidar System Usage 

During the period from May, 1979, to July, 1985, attempts were 

made to acquire lidar data on about 160 days. For various reasons, not 

all of these attempts were successful. Apparently complete, valid data 

sets have been logged for 134 of the attempts. Of these, 121 were 

slant-path data. Data sets may accurately represent atmospheric 

conditions, but still not be amenable to processing with existing 

software. In addition, some data sets may be flawed by undetected 

acquisition system errors. We also have not yet tried to process all 
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the data. Of the complete data sets taken, 45 have thus far been 

processed successfully to the point of resolution of attenuation and 

backscatter parameters as functions of height. Fourteen of the 

processing attmepts have failed to yield complete results. A list of 

the days on which data acquisition was logged, with the outcome of the 

processing noted, is given in Table 5.1. Although the information in 

Table 5.1 is believed to be accurate, theft of the data acquisition log 

in 1983 may have resulted in some inaccuracies in the processing 

records. 

5.2 Published Lidar Results 

Data from the University of Arizona monostatic lidar since 1979 

have resulted in two published reports (Reagan 1983; Reagan et al. 

1984a) and a number of conference papers (Reagan et al. 1979; Reagan et 

al. 1980; Reagan 1981; Reagan et al. 1982; Reagan 1982; Reagan et al. 

1984b). Reagan (1983) summarizes the lidar system work between May 1979 

and May 1982. Statistical analyses of results of over 70 days of 

slant-path data are given. An average aerosol extinction profile is 

presented. Aerosol S-ratio, S , is plotted for each data set against a 

month of the year, and little tendency toward an annual cycle is noted. 

Sa values from less than ten to greater than 60 are noted, and 

day-to-day variation is common. The average value, 25, agrees quite 

well with the average S value of 22 found by Spinhirne (1977). S-ratio a 

values derived from lidar data are discussed as they relate to the 

physical and chemical properties of the particulates in the aerosol. 

The lidar Sa results are further related to the particulates observed by 
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Table 5.1. Lidar Data Acquisition Log, May 1979 through July 1985. 

Date Notes* Date Notes* Date Notes* 

21 May 1979 S,R 5 Dec 1979 S,R 4 Apr 1980 S,R 

1 Jun 1979 S 6 Dec 1979 S,F 5 Apr 1980 S,R 

6 Jun 1979 S,R 7 Dec 1979 S,R 7 Apr 1980 S,R 

7 Jun 1979 S 10 Dec 1979 S,R 7 Apr 1980 S,R 

10 Jun 1979 S,R 13 Dec 1979 S,R 8 Apr 1980 S,A 

11 Jun 1979 S,R 14 Dec 1979 S,F 8 Apr 1980 S,R 

12 Jun 1979 S 19 Dec 1979 S,R 9 Apr 1980 S,R 

16 Jun 1979 S 23 Jan 1980 S,R 10 Apr 1980 S,R 

18 Jun 1979 S 25 Jan 1980 S,R 11 Apr 1980 S 

19 Jun 1979 S 5 Feb 1980 S 16 Apr 1980 S 

25 Jun 1979 S,R 7 Feb 1980 S 17 Apr 1980 S,R 

26 Jun 1979 C 29 Feb 1980 S,R 22 May 1980 S 

27 Aug 1979 S 5 Mar 1980 S 28 May 1980 S 

9 Sep 1979 C 17 Mar 1980 S 29 May 1980 S,R 

14 Oct 1979 S 19 Mar 1980 S 30 May 1980 S 

19 Oct 1979 S,R 20 Mar 1980 C 3 Jun 1980 S,R 

25 Oct 1979 S,R 21 Mar 1980 C 11 Jun 1980 S,R 

4 Nov 1979 S 23 Mar 1980 S,R 12 Jun 1980 S,R 

5 Nov 1979 C 27 Mar 1980 S 16 Jun 1980 S,F 

5 Nov 1979 S,R 28 Mar 1980 S 2 Jul 1980 S,R 

27 Nov 1979 S,R 29 Mar 1980 S 23 Jan 1981 C 

28 Nov 1979 S 30 Mar 1980 S 23 Feb 1981 S,R 

4 Dec 1979 S,R 3 Apr 1980 S 22 Mar 1981 S 
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Table 5.1--Continued 

Date Notes* Date Notes* Date Notes* 

23 Mar 1981 S,R 2 Nov 1981 S 12 Jun 1982 S,F 

24 Mar 1981 M 12 Nov 1981 S 1 Jul 1982 S 

31 Mar 1981 S,R 24 Nov 1981 S,F 9 Jul 1982 M 

1 Apr 1981 S,R 6 Jan 1982 C 5 Oct 1982 M 

7 Apr 1981 S,R 2 Feb 1982 S,R 6 Oct 1982 S 

8 Apr 1981 M 9 Mar 1982 V 16 Oct 1982 M 

24 Apr 1981 S 12 Mar 1982 C 19 Oct 1982 M 

29 Apr 1981 S,F 23 Apr 1982 C 27 Oct 1982 M 

5 May 1981 S 24 Apr 1982 S 28 Oct 1982 M 

8 May 1981 S 25 Apr 1982 S,F 1 Nov 1982 S,F 

11 May 1981 S,R 25 Apr 1982 V 3 Nov 1982 S,F 

12 May 1981 S,R 3 May 1982 S 3 Nov 1982 V 

13 May 1981 S,F 5 May 1982 V 12 Nov 1982 M 

18 May 1981 S 5 May 1982 S,R 23 Jan 1983 S 

26 May 1981 C 6 May 1982 S,F 10 Feb 1983 M 

3 Jun 1981 S 9 May 1982 S,R 14 Feb 1983 M 

9 Jun 1981 S,F 15 May 1982 S,F 17 Feb 1983 M 

10 Jun 1981 S,F 19 May 1982 S 8 Mar 1983 M 

11 Jun 1981 M 20 May 1982 S 17 Apr 1983 M 

11 Jun 1981 S,R 24 May 1982 V 8 Jun 1983 S 

15 Jun 1981 S 28 May 1982 M 9 Jun 1983 S 

16 Jun 1981 S 1 Jun 1982 S,R 13 Jun 1983 M 

18 Jun 1981 M 9 Jun 1982 S,R 16 Jun 1983 M 



Table 5.1--Continued 

Date Notes* Date Notes* Date Notes* 

28 Jun 1983 M 29 May 1984 S,A 22 May 1985 S 

29 Jun 1983 M 7 Jun 1984 S 23 May 1985 S 

16 Feb 1984 S 10 Feb 1985 S 24 May 1985 S,A 

9 Mar 1984 S 12 Feb 1985 S 24 May 1985 S 

10 Apr 1984 C 13 May 1985 M 25 May 1985 M 

10 May 1984 C 14 May 1985 M 3 Jul 1985 S 

21 May 1984 S 15 May 1985 S,A 

21 May 1984 V 18 May 1985 S 

* A: Abnormal atmospheric conditions (run aborted). 
C: Calibration run. 
F: Data reduction tried and failed. 
M: Equipment malfunction (run aborted or not started). 
R: Data have been successfully reduced. 
S: Slant path data acquisition. 
V: Vertical (only) data acquisition. 
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a direct sampling cascade impactor. That balloon-borne probe was used 

in an experiment in April 1980 in which direct and remote sampling were 

coordinated and compared. 

The details of the joint cascade impactor-lidar experiment and 

its results are the subject of Reagan et al. (1984a). The impactor is 

capable of directly measuring particulate size distributions of the 

atmospheric aerosol as a function of height. From the measured 

distributions, and under the assumption that the particulates are 

spherical and homogeneous, S values were calculated for a matrix of a 

various real and imaginary refractive index values. The S values a 

obtained from temporally corresponding lidar measurements were 

correlated with the S matrix values calculated from impactor a 

measurements to obtain an estimate of the aerosol refractive index for 

each day for which data was available during the period of the 

experiment. The refractive index values are discussed in terms of the 

prevailing atmospheric conditions. A number of other cross checks 

between the cascade impactor and lidar results are described, and 

further comparisons are made with the results of solar radiometer 

observations. 

5.3 Typical Lidar Data Analysis Results 

The programs currently used to reduce slant-path data from the 

University of Arizona monostatic lidar produce results in both graphical 

and tabular form. Graphs of the normalized, averaged returns, or of 

particulate extinction cross section may be generated. Tabular data is 

available for aerosol S-ratio, total aerosol optical depth and 



parameters which identify the data set used in the reduction. In 

addition, lists versus height are available for extinction and 

backscatter coefficients and optical depth, for both particulate and 

Rayleigh components. Tables of normalized, averaged returns for each 

slant-path angle are also available, as are some additional tables 

extracted from the extinction and backscatter information. 
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Extinction plots are shoWn in Figures 5.1, 5.2 and 5.3 for three 

typical days, and excerpts of the corresponding tabular data are 

presented in Tables 5.2, 5.3 and 5.4, respectively. The extinction 

plots show features which are common to those from most of the data 

taken. 

Aerosol extinction profiles may be described in a qualitative 

way by four characteristics. The first of these is the magnitude of the 

extinction in the mixing layer, a layer at low altitude containing most 

of the aerosol particulate matter. Maximum extinction cross sections in 

Tucson range from about 0.01 per kilometer for the clearest of days to 

more than 0.05 for particularly hazy days. A second parameter is the 

height of the mixing layer. For some days the height is a matter of 

judgement because the extinction drops off rather slowly with altitude. 

Generally, however, the top of the mixing layer has been observed to be 

between one and four kilometers. The third feature of the profiles is 

the sharpness of the top boundary of the mixing layer. Figures 5.1, 5.2 

and 5.3 show progressively sharper mixing layer boundaries. Much 

sharper boundaries than these have been observed, occasionally showing 

more than fifty percent drop in extinction within two 30 meter sampling 

intervals. The profiles shown in Reagan et al. (1984a, p. 269) for 
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Table 5.2. Processed Lidar Data for 11 April 1980. 

Height Optical Depth Backscatter Coefficient Extinction Coefficient Transmission 

Total Aerosol Total Aerosol Rayleigh Total Aerosol from Zero 

(km) (km-I ) (km-1) (km-1) (km-1) (km-1) Height 

0.5 0.031 0.029 2.9x10-3 2.4x10-3 4.6xlO-4 4.5x10-2 4.1x10-2 0.969 

1.0 0.051 0.047 -3 2.2x10 1.8x10 -3 4.4xlO-4 3.4x10-2 -2 3.0x10 0.950 

1.5 0.066 0.060 1.8x10 -3 1.4x10 -3 4.2x10 -4 -2 2.7x10 2.4x10 -2 0.936 

2.0 0.079 0.072 1.7x10-3 1.3x10-3 4.0x10-4 2.6x10-2 2.2x10 -2 0.924 

2.5 0.088 0.080 1.2x10-3 8.0x10 -4 3.8x10 -4 1.7x10-2 1.4x10 -2 0.915 

3.0 0.094 0.084 8.1x10-4 4.5x10-4 3.6x10-4 1.lx10-2 7.6x10-3 0.910 

3.5 0.097 0.086 6.3x10-4 -4 2.9x10 3.4x10-4 7.8xlO -3 -3 4.9x10 0.907 

4.0 0.099 0.086 5.3x10 -4 2.0xlO -4 -4 3.2x10 6.2xlO-3 3.5xlO -3 0.905 

4.5 0.102 0.088 4.3x10-4 1.3x10-4 3.1x10-4 4.7x10-3 -3 2.2x10 0.903 

5.0 0.104 0.089 4.4x10-4 1.5x10-4 2.9xlO-4 5.0x10 -3 -3 2.6x10 0.901 

5.5 0.106 0.089 3.4x10-4 5.9x10-5 2.8x10-4 3.3x10-3 ~.Ox10-3 0.899 

6.0 0.108 0.090 3. 2x 1 0-4 5.4x10-5 2.6x10-4 3.1xlO-3 -4 9.2xlO 0.898 

6.5 0.109 0.090 3.1xlO-4 -5 -4 -3 -4 0.897 5.7x10 2.5x10 3.1xlO 9.8xlO ~ 
C]\ 
C]\ 
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Table 5.3. Processed Lidar Data for 17 April 1980. 

Height Optical Depth Backscatter Coefficient Extinction Coefficient Transmission 

Total Aerosol Total Aerosol Rayleigh Total Aerosol from Zero 

(km) (km-1) (km-I ) (km-1) (km-1) (lan-I) Height 

0.5 0.024 0.022 1.7xlO -3 1.3xl0 -3 4.6xl0-4 -2 4.2xl0 3.8xl0-2 0.976 

1.0 0.043 0.040 1.6xlO-3 1.2xl0-3 4.4xlO-4 3.9xlO-2 -2 3.5xl0 0.957 

1.5 0.062 0.057 1.5xlO-3 1.1xlO -3 4.2xl0 -4 -2 3.6xl0 3.2xlO-2 0.940 

2.0 0.080 0.072 1.4xl0 -3 1.0xl0 -3 4.0xlO -4 3.3x10 -2 3.0xl0 -2 0.924 

2.5 0.095 0.087 1.4xlO -3 9.7xl0 -4 3.8xl0-4 3.2xl0 -2 2.9xlO-2 0.909 

3.0 0.111 0.100 1.2x10 -3 8.6xlO -4 3.6xlO -4 2.9xl0 -2 2.6xlO -2 0.895 

3.5 0.124 0.112 1.1xlO -3 7.4xl0-4 3.4xl0 -4 2.5xl0 -2 2.2x10 -2 0.883 

4.0 0.133 0.120 8.0xl0 -4 4.8xlO-4 3.2xl0-4 1.7xl0-2 1.4xl0-2 0.875 

4.5 0.140 0.126 5.4xl0-4 2.4xl0-4 3.1xl0 -4 -3 9.7xlO 7.1xlO -3 0.869 

5.0 0.146 0.131 6.2xlO -4 3.2xl0 -4 2.9x1C' -4 1.2xlO -2 9.7x10 -3 0.863 

5.5 0.153 0.136 -4 5.5xl0 -4 2.7x10 2.8xl0 -4 -2 1.1xl0 8.2xlO-3 0.858 

6.0 0.159 0.141 5.0xlO -4 -4 2.4xl0 2.6xl0 -4 9.3xl0 -3 7.1xl0 -3 0.853 

6.5 0.164 0.145 -4 -4 -4 -3 -3 0.849 4.7xl0 2.3x10 2.5x10 8.8xl0 6.7xlO ....... 
0\ 
00 
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Table 5.4. Processed Lidar Data for 12 May 1981. 

Height Optical Depth Backscatter Coefficient Extinction Coefficient Transmission 

Total Aerosol Total Aerosol Rayleigh Total Aerosol from Zero 

(km) (km-l ) (km-l ) (km-l ) (km-l ) (km-l ) Height 

0.5 0.022 0.020 1.9xl0-3 1.5xl0-3 -4 4.6xl0 -2 4.0xlO -2 3.6xl0 0.978 

1.0 0.041 0.037 1.8xl0-3 1.4xl0-3 4.4xlO-4 3.8xl0-2 -2 3.4xl0 0.960 

1.5 0.059 0.054 1.7xl0 -3 -3 1.3xl0 -4 4.2xl0 -2 3.5xl0 -2 3.1xl0 0.943 

2.0 0.076 0.069 1.6xl0-3 -3 1.1x10 -4 4.0xl0 -2 3.3xl0 -2 2.9xl0 0.927 

2.5 0.092 0.083 -3 1.5xl0 -3 1.lxl0 3.8xl0 -4 3.1xl0-2 -2 2.8xl0 0.913 

3.0 0.107 0.097 1.4xlO-3 1.0xl0-3 6 -4 3. xlO 2.9xl0-2 6 -2 2. xl0 0.899 

3.5 0.116 0.104 -4 7.0xlO 3.6xl0-4 -4 3.4xlO 1.2xlO-2 -3 9.0xl0 0.891 

4.0 0.120 0.107 7.1xl0-4 3.8xl0-4 -4 3.2xl0 -2 1.2xlO -3 9.5xlO 0.887 

4.5 0.125 0.111 -4 6.9xlO 3.9xl0-4 -4 3.1xl0 -2 1.2xl0 -3 9.6xlO 0.883 

5.0 0.129 0.114 -4 6.1xl0 -4 3.2xl0 2.9xl0 -4 -2 1.0xl0 8.0xl0 -3 0.879 

5.5 0.133 0.116 5.8xlO-4 3.1xl0-4 2.8xl0-4 9.9xl0-3 7.6xl0-3 0.876 

6.0 0.137 0.119 5.7xl0-4 3.1xl0-4 2.6xl0-4 9.9xl0-3 7.7xl0-3 0.872 

6.5 '0.140 0.121 -4 2.6xl0-4 -4 8.5xl0-3 4 -3 0.869 5.1xl0 2.5xlO 6. xl0 ....... 
-....] 

0 
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5 April and 7 April 1980 illustrat'e the extreme variability of the 

mixing layer sharpness. The fourth characteristic is the magnitude of 

aerosol extinction above the mixing layer. It generally ranges from a 

small fraction of the Rayleigh extinction up to about twice the Rayleigh 

value, but higher values are observed as well. 

Although the preceeding four characteristics can give a good 

qualitative description of many interesting features of the troposphere, 

they by no means tell the complete story, nor do they relate all the 

information which may be inferred from Ii dar soundings. The published 

reports described in the preceding section illustrate additional uses of 

lidar data. See Reagan and Herman (1972), Reagan et al. (1977), and 

Spinhirne, Reagan and Herman (1980) for further discussions of the 

interpretation and use of lidar data. 



CHAPTER 6 

RECOMMENDATIONS FOR SYSTEM EVOLUTION 

This chapter presents some of the author's thoughts on specific 

improvements for the current monostatic lidar system. The ideas focus 

on relatively minor changes to the system, rather than on the effort 

required to build a new system. They also emphasize the data 

acquisition and control aspects of the lidar, rather than the final data 

reduction programs. Implementation of these ideas can make the lidar 

safer and easier to operate, they can provide more meaningful and 

immediate feedback concerning the data acquired than is now available to 

the operator in real time, and they can further improve the reliability 

or signal acquisition performance of the system. The ideas presented 

are divided into those three categories, although there is clearly some 

overlap among them. 

6.1 Safety and Convenience Improvements 

Five items which could be implemented to improve the lidar's 

operating convenience and safety are discussed below. These items are 

an alignment mirror interlock, a computer-read air temperature 

indicator, automatic mount elevation angle control, a motorized roof 

opEner and an optical mount azimuth angle readout. 
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As was noted earlier, alignment of the laser requires use of a 

mirror which will be damaged if it is left installed and the laser is 

fired. An interlock system may be added to prevent firing the laser 

when the mirror is in place. In addition to reducing the potential for 

damaging the mirror, an interlock can also improve operator safety by 

reducing the risk that the laser could fire while the operator is 

aligning it. Although this has never happened, there is currently no 

active system to disable the laser during alignment. 

The interlock could be implemented in any of a number of ways. 

Those which are to provide operator safety should discharge the 

flashlamp capacitor bank. Perhaps the simplest way to accomplish this 

is to install a contact which is mechanically activated by the mirror. 

The mirror would normally be stored in a holder on the laser power 

supply. The contact would short the capacitor bank if the luirror is 

removed, as to be used for alignment. Although such a system is easy to 

defeat, there is little incentive to do so, and it should be quite 

effective. 

There is an even simpler interlock which could help prevent the 

mirror's being left in place after an alignment, but which offers no 

protection against laser firing during alignment. The author has noted 

that although the mirror is occasionally left in place, the laser 

housing is closed nearly 100 percent of the time after an alignment. 

Simply making the mirror mounting shaft long enough that the housing 

cannot be closed with it installed would prevent most instances of the 

mirror being left in place. 
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The second convenience item is automatic air temperature 

indication. Addition of this feature would involve a modest amount of 

new hardware and software in both computers. The hardware can be as 

simple as a thermistor or linear semiconductor temperature sensor and 

associated biasing resistors, cabling and mounting fasteners. The 

analog-to-digital converter currently in the microcomputer has available 

spare multiplexed channels and adequate performance to digitize a 

temperature sensor output. The microcomputer software could be 

implemented through an additional operating system command which, when 

executed, would select the proper multiplex channel, perform one or more 

conversions, transform the result to a properly scaled temperature, and 

output it to the host computer. The host computer software would have 

to be modified to request the temperature from the microcomputer instead 

of from the operators perhaps with an operator driven override in case 

of hardware failures. 

More automated control of the mount elevation angle is the third 

convenience item to be discussed. If it is implemented, care should be 

taken that it does not become a detractor from safe system operation. A 

"panic" switch, independent of the software, would be desirable. No new 

hardware other than the switch would be required for implementation. In 

the control microcomputer, an algorithm to slew and slow step the mount 

to the proper angle could be installed. In the interest of accurate 

angle control, the algorithm should cause the mount to approach the 

final angle always from the same direction, and always by slow stepping, 

as that gives the finest control. The desired angle could be entered 

most conveniently through the operator's CRT console. Appropriate 
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software to enter and transfer the angle to the microcomputer would have 

to be written for the minicomputer. 

In contrast to the software task of implementing the angle 

control, the fourth item is almost purely mechanical. Currently, the 

manual opening and closing of the trailer roof involves some danger to 

the operator. An automatic roof opener could make the system both safer 

and more convenient to operate. An automatic roof opener can probably 

be implemented most easily and economically with an automatic garage 

door opener. The opener could most easily be mounted above the front 

roof of the trailer, but if this is done, the installer should pay 

attention to security of the trailer and protection of the opener 

mechanism from the elements. 

The final convenience item is an azimuth angle indicator. This 

is currently relatively unimportant because operation of the system 

seldom involves either changes in azimuth angle or the need to align 

azimuth accurately. If the normal operating mode changes, however, 

azimuth angle indication could become important. Implementation could 

be much the same as for the elevation angle indicator. Sufficient 

accuracy can probably be achieved by couplin~ the encoding potentiometer 

directly to the azimuth axis. The same di~itizing hardware and 

reference supplies may be used for both a~imuth and elevation channels. 

The software may be patterned directly after th~t used for the elevation 

channel, and some subroutines may be shared by both channels. 
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6.2 Enhancements to Operator Feedback 

Only three items are discussed in this section, but each of 

these could have a significant impact on system performance if 

implemented. By providing essentially immediate feedback about the 

shape of the normalized atmospheric returns and the sample standard 

deviation of shots as they are taken and averaged together, these 

enhancements could help the operator know when sufficient averaged data 

has been taken, when an abnormal condition exists in the acquisition 

hardware, and when a particularly interesting atmospheric return 

situation exists. 

The first step in displaying returns in a more meaningful way is 

normalization of the data. Through removal of range dependence and gain 

switches, and normalization to constant transmitted energy, the data 

represent more directly the product of the transmission and backscatter 

terms in the lidar equation. It is important that the normalization 

process be properly implemented in software. Problems may be 

encountered with unacceptably long processing time or lack of sufficient 

computer memory. 

The Interdata minicomputer, rather than the microcomputer, 

should be used for normalization, since it has access directly to the 

sampled data, and it performs multiplication and division much more 

rapidly than the microcomputer. Since the minicomputer is relatively 

much slower performing floating point calculations than it is with fixed 

point arithmetic, and since fixed point numbers generally require only 

half as much memory for storage as do floating point numbers, 

normalization should be done entirely with fixed point numbers and 



177 

arithmetic if possible. The numbers provided by the waveform recorder 

and those representing normalized returns (appropriately scaled) are 

expected to be comfortably within the range of the Interdata 16 bit 

fixed point numbers. However, care must be taken to insure that 

intermediate steps do not cause overflow. An effort should also ~e made 

to minimize the number of multiplications and divisions performed for 

normalization of each shot, in the interest of minimizing processing 

time. 

To accomplish normalization, each raw digitized sample must be 

multiplied by a number proportional to the square of the associated 

range and divided by transmitted energy and the gain of the 

gain-switched amplifier. This implies two multiplications and two 

divisions for each sample point. Fortunately, there are ways to reduce 

the number of operations per sample point by precomputing tables of 

numbers which are invariant from sample to sample or from shot to shot. 

For example, a two-dimensional table of r 2/gain for each of the eight 

gains and 741 ranges (in the current system) could be computed before 

data are acquired. Then normalization for each point would require a 

single division by energy and a single multiplication by the appropriate 

table entry. The table required, however, is excessively large to be 

practical in this system with limited memory. An alternate 

normalization procedure is discussed here. 

Before data acquisition, a table of scaled squared range versus 

sample number is prepared. Each 32 bit entry is simply the sample 

number squared and multiplied by 128, to scale the values for low 

probability of overflow while maintaining sufficient significant bits in 
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succeeding steps. After each shot is acquired, it is normalized. For 

each sample in the shot, the corresponding squared-range table entry is 

first divided by the gain used for the sample. For normal system 

operation, the quotient will be contained in 16 bits for all samples, 

and overflow conditions are easily detected and flagged. The quotient 

is multiplied by the eight bit sample value. The resulting product, 

contained within the low order 24 bits of a 32 bit word, is divided by 

the energy monitor reading for the shot. If the energy indication is 

greater than 256, the resultant quotient will be contained within 16 

bits and no overflow is possible. If the energy value is less than 256 

(where 4095 is full scale), the energy reading is abnormally low, 

indicating a possible equipment failure, and the shot should not be 

used. 

In the foregoing proposal, each sample is processed with two 

divisions and one multiplication, and requires overflow checks for each 

division. The scaling is designed so that overflow at either division 

indicates an abnormal condition. It is quite possible that the scaling 

can be further optimized to tolerate a wider range of signal strengths 

without significant loss of resolution. The processing for each sample 

value is expected to take about 50 microseconds for each multiplication 

and division. Allowing an additional 50 microseconds for other 

processing overhead, we see that each sample will take about 200 

microseconds to process. If 1000 samples are normalized for each shot, 

processing will take about 0.2 seconds per shot. This speed is 

certainly adequate for essentially real-time display of normalized data 

for the operator, and will not slow data acquisition, which is currently 
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limited by the allowable laser firing repetition rate to about one shot 

each five seconds. 

Normalization has been discussed separately from display of the 

normalized data because it is also a required step in averaging shots 

together, independent of their display. Display hardware and the 

software required to drive it are in place in the microcomputer 

(Sections 2.3.2.3 and 3.2.3). A small amount of additional Interdata 

software may be written to scale the data set, transfer it to the 

microcomputer's memory, and enable the display drive routines. The 

displayed data must fit within eight bits, and may be scaled with a 

simple shifting operation. The microcomputer display is designed to 

accept one sample per horizontal display increment for 0.2 microsecond 

sample rates, so no additional horizontal scaling is generally required. 

If the samples are put in a format accepted by the microcomputer loader 

routine, that routine may be used to transfer the data to the memory 

area from which it is displayed. Setting the display enable bit in the 

microcomputer control word causes the transferred data to be displayed 

whenever the microcomputer is awaiting an operating system command. 

Further feedback about data integrity and atmospheric conditions 

may be given to the operator by averaging the shots taken at each 

elevation angle and displaying the averages and variances. In addition, 

such averaging greatly reduces the amount of data which must be recorded 

for each set of acquired data, thereby reducing the number of discs 

required for system operation. 

The average, X, sample variance, v, and sample standard 

deviation, s, are all expressible in terms of the sum of the sample 
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values, the sum of the square of the sample values, and the number of 

points in the sums: 

x = l.x/n (6.1) 

(6.2) 

s = IV (6.3) 

A separate set of sums, leading to separate means and variances, is kept 

for each sample index, corresponding to each range increment recorded. 

The sums in Equations 6.1 and 6.2 are taken over the available valid 

samples at each range, and n is the numbe1;' of valid samples. Samples 

taken during and immediately after gain switching are dropped. Since 

gain switching normally occurs at different samples for each shot, 

because the transmitted energy differs from shot to shot, sufficient 

data for averaging are normally acquired at each range. 

Proper scaling in the implementation of the averaging algorithm 

is important, just as it is for the normalization process, if fixed 

point numbers are used. It should be possible to maintain sufficient 

precision in 16 bit numbers to accumulate the required sums. To save 

processing time, the sums and sample counts may be saved directly to the 

output file, since they contain all the information required to generate 

means and variances. Alternately, the operations to form the means and 

variances may be performed before the data are saved. 

In addition to processing the data for output to a disc file, 

the averaging routines should generate values to display to the 
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operator. The display driven by the microcomputer may be used to 

simultaneously show a single normalized shot, the average of the shots 

at the current angle, and an indication of the standard deviation of the 

average. If care is taken in programming the operations required to 

generate the display data, it should be possible to update the display 

within about one second after each shot is fired. To accomplish this, 

it should be kept in mind that only 248 points are used for each trace 

on the display, and the standard deviation display, which implies square 

root calculations, does not need to be very accurate to be useful to the 

operator. Sufficient accuracy may be obtained through a short lookup 

table, and this method is very fast. The remainder of the calculations 

required to accumulate the sums for 1000 points and calculate the mean 

and variance for the 248 displayed points will take about 3000 

additions, 250 subtractions, 1250 multiplications and 750 divisions. 

Even allowing 100 percent overhead time, it should be possible to do 

these calculations in about 0.25 seconds, for a total per-shot 

processing time, including that to normalize the shot, of about 0.5 

seconds. For comparison, the floating point operations, which are done 

in operating system software, would take about ten times as long. 

6.3 System Reliability and Sensitivity Enhancements 

Although the lidar system has been built with reliability as a 

prime consideration, there remain a number of possible reliability 

improvements which would not require major changes to the system 

hardware. Increased sensitivity may be achieved through hardware 

changes which could be accomplished without major system redesign. Two 



areas of reliability improvement and a brief discussion of hardware 

changes for improved sensitivity are given below. 

182 

Poor contacts in mechanical connections in electronic systems 

are often the cause of failures. This is particularly true in systems 

such as the lidar which are subjected to harsh environments. A number 

of signal contacts in the lidar are not gold plated, but gold (plated) 

contacts are generally acknowledged to be more reliable than any other 

type. With a mod~rate effort, all contacts in signal paths (both 

digital and analog) could be upgraded to gold plated varieties. Such a 

change should provide directly improved reliability. 

Another technique is available to improve the confidence in the 

acquired data, although it does not directly affect reliability. That 

technique is the transmission of redundant information through all data 

paths. This can take the form of parallel parity or serially 

transmitted check characters, or both. Where it is inconvenient to add 

such parity checks because of hardware limitations, it is sometimes 

possible to read the data several times, or to perform data path checks 

by forcing particular data to be transmitted. Although these techniques 

do not provide the certainty of parity checks, they can still 

significantly improve confidence in the integrity of the data 

transmission paths. As a particular example, consider the angle 

indication analog-to-digital converter system. Since it has an input 

multiplexer, it could convert other than just the encoded angle voltage. 

In particular, it could read the angle potentiometer supply voltages, 

the converter reference voltage, and ground. Each of these should 

remain very constant, as read by the ratiometric converter. 



Furthermore, the voltages cover a range which exercises nearly all of 

the converter's output bits. 
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The transmitter energy monitor may be checked by yet another 

technique. The energy monitor contains a peak detector which is reset 

by a resistance across an integration capacitor. The resultant slow 

exponential decay generates a test voltage which can be used to verify 

operation of all bits in the data link between the energy monitor and 

the microcomputer. 

The preceeding discussion concerned ways to verify and insure 

correct transmission of digital signals. Monitoring of fixed analog 

voltages can offer further confidence that the system is operating 

correctly. Integrated circuits are now available which provide an alarm 

output signal if powe~ supply voltages go beyond preset tolerances. 

These monitors could be particularly useful in equipment with 

independent power supplies, such as the energy monitor, the 

gain-switched amplifier, and even commercial equipment sllch as the 

waveform recorder. The microcomputer can also monitor several analog 

voltages through its analog-to-digital converter, which would provide a 

~uantitative indication of the voltages monitored. 

A system which is reliable, safe and convenient to operate may 

still not fulfill all that is required of it. The fundamental 

requirement of any system such as the lidar is that it be able to 

provide a useful function. In the case of the lidar, the function is 

acquisition of signals with sufficient accuracy and low enough noise 

that atmospheric parameters may be quantitatively resolved from the 

data. Although the system described here has generally met this 



requirement, improved signa1-to-noise ratio performance would be 

welcomed. 
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As was pointed out by the discussion of system noise in Section 

2.2.1, the signal-to-noise ratio (SNR) of the system may be improved by 

increasing the signal at the photomultiplier photocathode or increasing 

the photocathode's quantum efficiency. Furthermore, during daytime 

operation, the SNR may be improved if background illumination of the 

photocathode is reduced while the signal level is maintained. 

The received signal strength is affected by transmitted energy, 

receiver effective area, and receiver optical transmission. The laser 

is currently operated near its power output limit, and replacement of 

the laser is expected to both be expensive and have far reaching effects 

on the rest of the system. For nighttime operation, the background 

signal is very low, below even the photomultiplier dark current. 

Therefore, the interference filter in the receiver could be replaced 

with one of wider bandwidth with little effect on overall system noise. 

Wider band filters, however, generally have higher transmissions, and 

the gain in signal would result in an improved signal-to-noise ratio. 

The telescope could be replaced to increase the receiver 

effective area. Optical perfection is not required in this application, 

and it may be possible to locate an optically acceptable, significantly 

larger telescope at a reasonable price. Replacement of the current 

telescope would be essentially a mechanical problem, with no direct 

effect on the system electronics or software. Finally, the receiver 

photomultiplier quantum efficiency could be improved by replacing the 

tube with one of the same type selected for high efficiency at the 



operating wavelength. Although such a tube would be moderately 

expensive, it could be very easily installed directly in place of the 

current tube. 
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Reduction of background illumination of the photocathode is 

important for daytime operation. This may be accomplished through 

reduced receiver optical bandwidth and field of view. Reduced bandwidth 

is in opposition to the earlier suggestion of increased bandwidth to 

increase receiver signal transmission. This dilemma may be resolved by 

using two filters, one for nighttime operation and a narrower one for 

daytime. If receiver field of view is reduced, it may be desirable to 

aim the receiver and transmitter optical axes slightly toward each 

other. This may be done so that the transmitted pulse still stays 

within the receiver field of view at all ranges beyond initial complete 

overlap, as long as the transmitter beam divergence is less than the 

receiver's field of view angle. It may be desirable, if considerable 

daytime operation is anticipated, to mount the receiver closer to the 

transmitter than it now is, so that beam overlap may be achieved at 

closer range than would otherwise be possible with a narrow receiver 

field of view. 

The reader who has further ideas on improving the lidar system 

is encouraged to per sue them. As noted in the introduction to 

Chapter 2, a research instrument such as the Ii dar can be improved 

through continual evolution. Evolution does require, however, the 

dedicated efforts of individuals who are committed to improving some 

aspects of system performance. Although the author has put considerable 

personal effort into the system, he realizes that it is still far from 



being all it could be, and will be pleased to hear of the changes 

effected by future researchers. 
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LIST OF SYMBOLS 

Symbol Meaning 

A Receiver effective area 
r 

A(r) Atmospheric return component of the lidar 
equation (Equation 2.2) 

a Subscript denoting "atmospheric" 

c 

E o 

e 

f 

Speed of light 

Energy of transmitted pulse 

Electron charge 

Frequency 

Bandwidth 

G Photomultiplier gain (anode current/ 
photocathode current) 

.2 
l. n,b 

K 

Anode-referred photomultiplier background 
current 

Anode-referred photomultiplier dark current 

Anode-referred photomultiplier signal 
current 

Mean squared noise current, referred 
to the photomultiplier anode 

Background component of i~ 

Dark current component of i~ 

Signal current component of i~ 

Lidar constant (see Equation 1.7) 
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Value/Units 

2 m 

-3 m 

8 -1 3.0x10 m s 

J 

1.6xlO-19 C 

Hz 

Hz 

A 

A 

A 



Symbol Meaning 

K Photomultiplier secondary emission noise 
factor (see Equation 2.5) 

k Boltzmann's constant 

m Subscript denoting a molecular component 

0, 0 Zero is printed as 0 rather than as 0 
wherever the latter could be confused 
with the capital letter "0". 

P 
n 

RMS noise power 

Instantaneous received power as a 
function of nominal range 

Transmitted power which contributed to 
the received signal at an instant in 
time, as a function of the exact range 
of the scatterers of that return energy 

Transmitted power as a function of time 

p Subscript denoting a particulate component 

R 

r 

r . 
Dll.n 

r max 

Range: integration dummy variable 

Range (of a scattering volume) 

Minimum range of the scattering volume 
for the return signal at an instant in 
time (see Figure 1.3) 

Maximum range of the scattering volume 
for the return signal at an instant in 
time (see Figure 1.3) 

S S-ratio: a/S (see Section 1.3) 

T Receiver optical transmission r 

T (r) Atmospheric optical transmission to a 

V (r) 
r 

Z 

range r 

Recorded received signal voltage as 
a function of range 

Altitude above ground level 
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Value/Units 

w 

w 

w 

w 

m 

m 

m 

m 

V 

m 



Symbol 

(l(r) 

(l (r) m 

(l (r) 
p 

S(r) 

Meaning 

Atmospheric extinction coefficient as a 
function of range 

Molecular component of (l(r) 

Particulate component of (l(r) 

Atmospheric backscatter coefficient as a 
function of range 

Molecular component of S(r) 

Particulate component of S(r) 

y, 8, ~ and ~ Angles which describe the 
scattering geometry (see Figure 1.2) 

T(r) Partial atmospheric optical depth 
to range r 

Value/Units 

-1 m 

-1 m 

-1 m 

-1 m 

-1 m 

-1 
m 

rad 
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