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ABSTRACT

This report provides a brief summary of the basic requirements to obtain
coherent or heterodyne mixing of the optical radiation backscattered by atmospheric
aerosols with that from a fixed frequency source. The CW mode of operation for a
coherent lidar is reviewed along with the associated lidar transfer equation.

A complete optical design of the three major subsystems of a CW, coherent
lidar is given. Lens design software is implemented to model and optimize receiver
performance.

Techniques for the opto-mechanical assembly and some of the critical toler-
ances of the coherent lidar are provided along with preliminary tests of the sub-
systems. Included in these tests is a comparison of the experimental and the
theoretical average power signal-to-noise ratio.

The analog to digital software used to evaluate the power spectrum of the

backscattered signal is presented in the Appendix of this report.
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CHAPTER 1

INTRODUCTION

1.1 Objectives

The motivation for this research was a need by NASA for a portable, coher-
ent lidar which would be capable of sensing the extremely low power backscattered
by atmospheric aerosols. The sensor described in this paper needed to be small and
lightweight to permit remote field studies, in order to gather useful data in support of
NASA's LAWS program.

1.2 Coherent LIDAR

A coherent laser radar or coherent LIDAR (which stands for /ight detecting
and ranging) is a device which enables a precise means of determining both the
position and velocity of a target. A coherent lidar optically mixes the extremely low
power backscattered from the atmospheric aerosol with a much higher power local
oscillator, enabling the detection of aerosols with extremely small scattering cross
sections.

A coherent lidar in its simplest conception consists of a Twyman-Green Inter-
ferometer which has been modified into a Fourier-Transform Spectrometer as shown
below in Figure 1.1. Instead of using a test mirror, as in the case of a Twyman-
Green Interferometer, randomly located scattering centers produce the reflected
beam in the test arm of the interferometer. Depending on the optical path differ-
ence, constructive or destructive interference will take place at the photodetector
plane. In order to use this apparatus as a means of determining the velocity of atmo-
spheric winds, the frequency spectrum of the detected signal must be determined.

In other words, this instrument must operate as a spectrometer. Since all of the

1



radiation captured by the system is analyzed simultaneously, a Fourier Transform
operation must be performed on the electrical signal produced within the photo-

detector, in order to separate the various frequency components.

TRANSLATABLE

TARGET
I S

————1

SOURCE COLLIMATOR BEAMSPLITTER

| P
l REFERENCE
MIRROR

FOCUSING
LENS

PHOTODETECTOR

Figure 1.1. Fourier Transform Spectrometer

In order to determine the position of a group of scatterers, two methods are
employed. One involves the use of a pulsed laser with range-gated electronics to
precisely measure the round trip travel time of the pulse, where the outgoing beam is
focused at maximum range. The second method uses a focused continuous-wave
beam to precisely define the scattering volume at a fixed location in space. The
location of the scattering volume can be scanned over a minimum and maximum

range by changing the focusing properties of a laser beam expander.



The coherent lidar which will be described in detail throughout this paper
will, in fact, resemble a Mach-Zehnder Interferometer because of a separate path for
the transmitter and receiver and because the reference arm, i.e., the local oscillator,
does not actually employ a reference mirror to direct the wavefronts back toward
the detector. Figure 1.2 shows the separate transmitter, receiver, and local oscillator
arms.

Since the power backscattered by the aerosols is proportional to the trans-
mitted power, high-power lasers are required which additionally maintain a high
degree of frequency stability, in order to permit optical heterodyning. A CO, laser
was chosen for the reasons stated above and because these lasers operate in the
spectral region near 10.6 um, where absorption due to the intervening atmospheric

molecules is a minimum.

\I\ /:/ 0 Target
Transmitter E E
NN
““\“ “““““““““““ O Target

Receiver

Local Oscillator

Figure 1.2. Subsystems of modified Mach-Zehnder interferometer



CHAPTER 2

CHARACTERISTICS OF COHERENT LIDAR

Coherent lidar systems are considered to be active sensors, as opposed to
passive, since they transmit the radiation which is subsequently scattered by the
aerosol and collected again by the receiver. Coherent lidars can not only measure
the energy scattered by the target particles, but can additionally determine the veloc-
ity of a target by optical mixing or coherent detection. Using this technique involves
the comparison of the phase of the scattered signal beam to that of a stable reference
beam (Sonnenschein and Horrigan, 1971). The location and volume containing the

scattering centers must be known or the information obtained is of little value.

2.1 Coherent Detection

2.1.1 Optical Mixing

Optical mixing is the basis for coherent or heterodyne detection as applied to

coherent lidar systems. A single scatterer located a distance 7, from the lidar will

scatter light of a particular phase which is temporally coherent with respect to the
incident radiation. The electric field at the detector plane due to this scattered radia-

tion will have a phase shift proportional to the round-trip distance 2r,, and the scalar

electric field can be written as:

E, = E,, cos[wf — (2 / M)2r, ] 2.1)



If the particle moves with constant velocity, v, in a direction parallel to the trans-
mitted beam, then the phase at the detector plane will change with time and can be

written as:

E, = E,, cos[wt — (47 / A)(ry 2 v1)] 22)

where the positive sign refers to the particle moving away from the lidar and the
negative sign to one moving toward it. The time-dependent terms in the argument

can be combined to obtain:

E, = E,, c0S [{m T 4%} - 4’;’0] 2.3)

This constant velocity will produce a doppler shift in the received wave, as com-
pared to the transmitted wave, which is given by:

2v

Jp=% —l— (2.4)

where the plus sign means that the frequency has increased in the case of a scatterer
travelling toward the lidar, and the minus sign means that the frequency has
decreased for the case of the scatterer travelling away from the lidar.

Heterodyne detection refers to the fact that two different beams are focused
onto the detector. One beam is referred to as the local oscillator, i.e., the original
beam of frequency ®,, and the other is the return or signal beam at frequency w =
(o, + ®,). Since these two beams are temporally coherent, their electric fields will
be combined in the detector plane. Because the detector is a square-law detector,
the current in the detector will be proportional to the irradiance or the square of the

resultant electric field. The two fields can be expressed by:



E, =Eg coslot-a,],  E, =Eqcos[{o,+op}i- o,] (2.5

where o, and o, represent the initial phases of the fields at time ¢ = 0. When these
two fields are optically mixed in the plane of the photodetector, the photodetector
will measure the average irradiance, where the average is taken over a period long
compared to an optical cycle but short compared to the period of the doppler fre-
quency. Thus the cosine squared terms average to 1/2, and thus the resulting detec-

tor current will be proportional to:
<[E L +E, ]2> = %[E&L +E2 +2Ey E,, cos{wpt - Aa}] (2.6)

where Ao represents the initial phase difference between the two beams, i.e., Ao =
o, - o, . Note that the current will have an ac and a dc component, where the first
two terms are the dc and the last represent the ac signal, which varies sinusoidally at
the doppler frequency. Note also that the sign of the doppler frequency will have no
effect on the detected signal, and thus the direction of motion of the scattering cen-
ter, i.e., toward or away from the lidar, cannot be determined from a transmitted
beam with a fixed propagation direction.

In addition, it should also be noted that the ac term in (2.6), which provides
the velocity information, has the amplitude of the electric field due to the local oscil-
lator as a factor. Therefore, the signal power spectrum will have an associated
heterodyne gain proportional to the power of the local oscillator beam incident on
the photodetector. This fact allows the coherent lidar to be sensitive to extremely

low energy scattered by atmospheric aerosol.



2.1.2 Phase Front Alignment

The local oscillator and return beams must be aligned very carefully so as not
to lose the ac component of the current which carries all the information about the
velocity of the target. The phase surfaces of the two beams must be parallel for
maximum detection efficiency. In practice, however, perfect alignment is impos-
sible, and so a maximum angular misalignment can be determined. Close to the
detector plane, the two beams will have nearly planar phase fronts, but with some
finite angular misalignment, 6 (see Figure 2.1).

Detector
Plane

Figure 2.1. Maximum misalignment angle between local oscillator and signal beams

If the two beams are misaligned, as shown above, there will be one complete fringe
(bright and dark band for plane waves) on the detector. For a return beam due to a
scatterer moving with constant velocity, the phase of the return beam at the detector
plane will change with time, as shown below in Figure 2.2. For the misalignment
angle shown, there will always be one complete fringe, and thus the detector current
will be constant, i.e., the term in (2.6) which represents the ac component remains

close to zero for angles greater than or equal to the above misalignment. Thus, in



order to have a sinusoidally varying current at the beat frequency, ®,, the maximum

misalignment angle is approximated by:

emisalignment =A/D, 2.7

where D, is the diameter of the detector.

\ S \
\

A N
\ \\
\ \
\ \
\
A
N Y

Figure 2.2. Phase change of signal beam with time for maximum misalignment

Because of this misalignment limitation, coherent lidars operated at 10.6 pm
are much less affected by misalignment than those operated at 1.06 um. In addition,

coherent lidars must use very small detectors (typically D, < 0.3 mm). For the case
of a coherent system with A = 10.6 um and D = 0.15 mm, the misalignment toler-
ance would be:

emisalignment < 70.7mrad (2'8)
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If equation (2.7) is rewritten in terms of solid angle, the relation:
A4;Q, =22 (2.9)

(Siegman, 1966) results, where A is the area of the photodetecting surface and €, is

the solid angle defined by the allowed cone of the signal beam. Thus, for a given
detector area and wavelength, the solid angle subtended by the receiver is limited by

the above expression (see Figure 2.3).

2.1.3 Coherent FOV
From Figure 2.3, it can be seen that, because of the invariance of throughput

(Wyatt, 1978), equation (2.9) can be rewritten as:

A,Q, =2\ (2.10)

where A, is the area of the receiver plane and €, is the solid angle subtended by the

photodetector at the receiver plane. Likewise equation (2.7) can be rewritten as:

—
D
d D ,
Detector
Plane
N/
Receiver
Plane

Figure 2.3. Relationship between detector and receiver



0 emi-rov =AM/ D, 2.11)

where D, is the diameter of the receiver. A more rigorous analysis would show that
for a circular incoherent source, which is the case for aerosols that are spatially
incoherent (Sonnenschein and Horrigan, 1971), the finite, coherent semi-field of

view is given by (Saleh and Teich, 1991):

Bscmi—FOV = 1221 / Dr (2.12)

Since the receiver diameter is typically one thousand times larger than the detector
diameter, the field of view for a coherent lidar is about one thousand times smaller

than (2.8) and so with A = 10.6 um and D, = 15 cm, 0., zov Will be given by:

B emi-rov = 862 urad (2.13)

Using (2.12), the field height over which the received signal will be coherent at the

detector plane is given by:

L =1220f/ D, = 1.22M(f 1#) (2.14)

coherence

where f is the effective focal length of the receiver (see Figure 2.4).

Note that the coherence length is equal to the radius of the Airy disk.
Because each scattering center is a source of spherical waves which are apertured
by the receiver, each point source will produce an Airy function irradiance profile at
the detector plane. Only the irradiance at the detector plane due to an axial particle
will have an Airy disk which is fully coherent (Zhao et al., 19904, b).

10
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— T
Detector

v

Receiver

Figure 2.4. Dependence of coherence length at detector plane on the coherent field of view

2.1.4 Spot Size Matching

Looking at (2.6), note that the ac signal term is proportional to the product of
the amplitude of the electric fields of the local oscillator and the return beam. Thus,
in order to attain the largest ac signal, the product of the electric field amplitudes
must be maximized. Assuming that the two beams which are being mixed on the
photodetector have Gaussian irradiance profiles, with no net phase difference
between the two, their transverse irradiances as a function of the radial distance p

from the beam axis may be written as:

Iy =1y eXp[‘Z(P/W01)2] i I =1 eXP[—Z(P/Woz)Z] (2.15)

(Saleh and Teich, 1991), where the symbol, 7, represents irradiance instead of using
the correct symbol, E (so as not to confuse irradiance with the electric field), and the

waists are located in the plane of the photodetector. I, and I,, are the axial irradi-

ances and can be written as:

11



2P.
Iy =—5 and Iy === (2.16)
o, W2

(Saleh and Teich, 1991), where P, and P, are the total power of beam 1 and beam 2,

respectively (which are assumed in the following derivation to be constants). Apply-
ing (2.6) and the fact that irradiance is proportional to the square of the amplitude of
the electric field (Hecht, 1987), the total power in the detector plane (assuming a

plane of infinite extent) will be proportional to:

I o
Poat = (Tonf2)'” fexp {-PZ (1 Iwhy +1/ W%z)} 2mpdp (2.17)
0

which after substituting (2.16) for I, and I, , results in:

Pt = 1/ (Worwoy )TGXP {—Pz(llwgl +1/wh )}pdp (2.18)
0

Upon evaluating (2.18), the total power will be proportional to:

Wo1%Wo2
Powal = —5 7~ (2.19)
wop +Wo2

To determine the relationship between the spot sizes for maximum power detection,

the derivative of equation (2.19) is taken with respect to w,, when w, is constant,
which gives:

wa =w, (2.20)

12



and since the spot sizes are real and positive, the only possible solution is:

Wo1 = Wo2 (2.21)

Thus the spot sizes for two Gaussian beams should be equal even if the two beams
have different total powers. Since the product of the two Gaussian electric field
profiles will still maintain a Gaussian irradiance profile, the total power in the finite
detector plane will increase monotonically for increasing detector radius; thus,
beyond a certain radius, the detector current will show little increase. Cohen (1975)
shows that, for the case of a backscattered beam with an Airy function irradiance
profile and a Gaussian local oscillator irradiance profile, the maximum coherent
detection efficiency can be attained when the radius of the Airy disk is 1.4 times the

spot size (radius of 1/e2 irradiance surface) of the Gaussian beam.

2.1.5 Relationship between Transmitter and Receiver

A coherent lidar can be viewed with the transmitting aperture as shown in
Figure 2.5. From this diagram it can be seen that the following expression will hold

for a lossless system:

AerZ = Aer = ArQs2 = Aser = Ath = Athl (2,22)
Transmitter Receiver
Plane Scattering Plane
T Plane TN

- — N
ST N ». Plane

Figure 2.5. Relationship between transmitter and receiver
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An equality involving the transmitter and receiver area may be written as:
40, =4Q, (2.23)

and since Q,=A4,/R;? and Q, = A,/R,?, where R, is the distance from transmitter
plane to scattering plane and R, is the distance from receiver plane to scattering

plane, therefore:

Qq=Qp (2.24)

for R, = R,; therefore, the transmitter and receiver FOV's should be equal. Under

these conditions, it is apparent that:

= Arcccivcr (2.25)

Atransmittcr

Thus, the area of the transmitting and receiving apertures should be identical for
maximum throughput of energy, and, from the previous discussion, the area of the
receiver and the receiver field of view is limited by coherent detection considera-
tions. Note that the above discussion does not take into account the effects of dif-

fraction by the transmitting/receiving aperture.

2.2 Continuous-Wave Operation

In the case of CW operation, the laser emits coherent radiation continuously
and so the scattering volume must be defined by the finite depth of focus of both the
transmitter and the receiver. If the outgoing Gaussian beam has a waist of radius w,,
located at range R, then the irradiance along the optic axis with the distance z mea-

sured relative to the location of the waist is given by:

w5

w(z)?

I(z)=1I, (2.26)

14



where I, is the axial irradiance in the plane of the waist, and since w(z) =
w,[1+(z/2,)?]"%, where z, is called the Rayleigh Range (z; = ©w,?/A), equation (2.26)
may be rewritten as:

Iy

H)=—"9
(2) v (i) (2.27)

Thus, when z = z, , the on-axis irradiance falls to 50% of its peak value at z = 0.
Because the irradiance decreases on either side of the waist, the power scattered by
particles located far from the waist is reduced in comparison to those near the waist.
In addition, since the receiver is designed to image the points near the waist onto the
detector plane, object points located far from the waist will produce wavefronts with
nonzero curvature in the plane of the detector. This phase front curvature, as dis-
cussed earlier, leads to inefficient mixing of the radiation scattered by these par-
ticles. Thus the longitudinal length of the scattering volume is generally accepted as
2z,, and the cross-sectional area can be approximated by nw,2. Therefore, the scat-

tering volume may be approximated by the expression (see Figure 2.6):
v=2mwizg (2.28)

The power collected at the plane of the receiver may expressed as:

= 2P
P = ﬁ}%‘izR_A’. T2 (2.29)

where T = exp{- | a(R"dR'} is the one-way atmospheric transmittance evaluated
from the lidar to the scattering volume, o/(R") is the atmospheric extinction coeffi-

cient (m1), and [, is the atmospheric backscattering coefficient (m-!sr).

15
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Transmitter
Plane

Figure 2.6. Parameters defining the scattering volume for continuous-wave operation
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CHAPTER 3

OPTICAL DESIGN OF COHERENT LIDAR

As with most engineering problems, solutions involve practical constraints.
Thus, due to fiscal constraints, certain components were not considered even though
their inclusion in the lidar would have been preferred. All of the major optical com-
ponents were prepurchased, which further limited the design considerations,
although additional optical mounts were open to requisition. The optics inventory

available for the optical design of the coherent lidar is summarized in Table 3.1.

TABLE 3.1 |

Optics Inventory for Coherent Lidar
ICOMPONENT MIN. CLEAR ICOATING: RADIUS OF CURV.: ICENTER
DESCRIPTION IAPERTURE |[Surface 1 Surface 2 [Surface 1 Surface 2 THICKNESS |
f/4 Paraboloid, 1/8 Wave 5" Prot. Al N/A 48" IN/A N/A
ZnSe, Meniscus Lens, 0.75" efl 10.16 mm AR AR 16.600 mm 41.500 mm  [1.820 mm
ZnSe, Meniscus Lens, 1.5" efl 15.240 mm AR AR 33.547 mm [85.400 mm [2.870 mm
ZnSe, Meniscus Lens, 2.0" efl 20.320 mm AR AR 44.250 mm [111.310 mm_ [3.150 mm
ZnSe, Plane Parallel Window 1" AR 96% | Large Large 3 mm
ZnSe, Plane Paraliel Window 1" AR 5% " " 3 mm
ZnSe, Plane Parallel Window 1" AR AR " ! 3 mm
ZnSe, Brewster Window 39mm x 15m |[Uncoated Uncoated S - Bmm
Wire Grid Polarizer (100:1) 25 mm AR AR " " 5 mm
ICdS, Half-Wave Plate (9.4 mic.) 0.7 AR AR " " 5 mm
CdS, Quarter-Wave Plate (9.4 mic.) 0.7" AR AR " " 5 mm
Elliptical Mirror, 1/8 Wave 1.502"x1.062" |Prot. Gold N/A " " N/A
Si, CO2 Laser Mirror, 1/2 Wave 1.0" Enh. Ag N/A " " N/A

3.1 Transmitter Considerations
3.1.1 Maximum Range

In order to reduce the associated cost and complexity of the laser source and
the associated electronics, the coherent lidar described here was to be operated CW.

Thus, the range and the scattering volume would be determined by focusing of the

17



transmitted beam. Since this system was developed for remote sensing work, the
maximum focal range needed to be as large as possible. According to Self (1983), a
lens will transform a waist of radius w, located a distance z from the lens to a waist

w,' located at a distance z’ (Self uses s and s’, respectively) from the lens by the rela-

tion (see Figure 3.1):

, (z//)-1
(21 f]=1+ 3.1
[/ £)=1] +(zx / 1) G.1)
The relationship between the input spot size and the output spot size is given by:
' . 1
wo'=mwy withm = ; A (3.2)
-G/ N +Gr 1£)}
and the relation between the input and output Rayleigh range is given by:
zp'=mzp (3.3)

where m is defined in (3.2). Self shows that the ratio of the Rayleigh range to the

focal length of the lens determines the characteristics of the transformed spherical

Gaussian beam. In the limit that the ratio z,/f approaches 0, the spherical Gaussian
beam can be treated as a uniform spherical wave; thus, the usual behavior predicted

by geometrical optics can be applied. He also demonstrates that only a true geomet-

rical beam can be imaged at infinity; thus, the smaller the z,/f ratio, the further the

waist can be located from the lens.

18



Figure 3.1
(2'/0) vs. (Z/f)

4 o
-3 2 1 0 1 2
2/t
O Zolf=0 — 2o/f=0.25 -—- Zo/f=058
e Zof=1 - Zif=1

Therefore, in order to image the initial Gaussian beam produced by the laser
at a long range, either the Rayleigh range can be minimized before reaching the
transmitting optic and/or the focal length of the transmitter must be maximized. Due
to the need to make the lidar as portable, i.e., as small as possible, a very long focal
length would not be appropriate. Thus, the obvious choice is to minimize the
Rayleigh range. Since the Rayleigh range is proportional to the square of the spot

size:

= (3.4

the spot size prior to transformation by the transmitter must be minimized.

19



The physical rationale behind the relationship between the ratio of z,/f and
the characteristics of the transformed beam can be explained on the basis of the cur-
vature of the wavefronts of a Gaussian beam along the beam axis. The radius of

curvature varies with distance z measured along the axis and can be written as:

R(z)= z{l +[zz /z]2 } (3.5)

where z = 0 at the beam waist. From this expression, it should be noted that for z
>> z, the radius of curvature is approximately equal to z and thus behaves like a
geometric spherical wave. From a perusal of Figure 3.1, note that a Gaussian beam
differs most markedly from a geometric beam when the beam waist is located near
the front focal plane of the lens. Thus, when the waist is located near the front focal
plane and the Rayleigh range is small in comparison to the focal length, then the lens
will be located a distance z from the waist where z >> z,, and the phase fronts inci-
dent on the lens will be spherical.

The characteristics of the Gaussian beam emerging from the laser are as

shown in Table 3.2:

TABLE 3.2. CO2 LASER SPECIFICATIONS.

Wavelength: [Spot Size: |Rayleigh Range: |Divergence: |CW Power:
9.3 microns 1.5 mm 76 cm 2.0 mrad 7 Watts

where 6, is called the divergence angle (see Figure 2.1) and is given by:

90 = (3.6)
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The spot size and radius of curvature as a function of z are given in Table 3.2, where
use has been made of the relation:
2 ]Vz

w=w0[l+(z/zR) (3.7)

The last column in Table 3.3 gives the minimum aperture diameter required, which
according to Siegman (1986) will transmit over 99.9% of the incident radiation with
near field and far field irradiance ripples with variation (A7) less than 1%. The

necessary aperture diameter to satisfy this condition is given by:

D =4.6w (3.8)

where w is the spot size in the plane of the aperture. The optical table chosen for
the lidar measured 2' x 3' (60.96 ¢cm x 91.44 cm), and thus the longest distance from
laser to beam expander would be less than 150 cm. Thus, the largest clear aperture
required would be 1.5 cm.

As was discussed earlier, the initial waist, which is located at the output
coupler of the CO, laser (since the coupler is a flat), must be transformed by a lens
into as small a spot as possible in order for the secondary waist to be transformed
once again into a waist at a remote location. Assuming, as in the case of ray optics,
that a small magnification can be obtained by a short focal length lens, then it can be

shown that in the case of z >> f, equation (3.2) may be rewritten as:

w =mw, Where m = S (3.9)

[22 +Z}2Q]%!
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TABLE

3.3 |

Spot Size and Radius of Curvature

las a Function of z

z (cm) w (mm) R (cm) {Aperture Diameter (mm)
0| 1.50[Infinite 6.9
5 1.50 1160 6.9
10 1.51 588 7.0
15| 1.53 400 7.0
20 1.55 309 7.1
25 1.58 256 7.3
30 1.61 223 7.4
35 1.65 200 7.6
40 1.70 184 7.8
45 1.74 173 8.0
50 1.80 166 83
55 1.85 160 8.5
60 1.91 156 8.8
65 1.97 154 9.1
70 2.04 153 9.4
75 2,11 152 9.7
80 2.18 152 10.0
85 2.25 153 10.4
90 2.32 154 10.7
95 2.40 156 11.0
100 2.48 158 11.4
105 2.56 160 11.8
110 2.64 163 12.1
115 2.72 165 12.5
120 2.80 168 12.9
125 2.89 171 13.3
130 2.97 174 13.7
135 3.06 178 14.1
140 3.14 181 14.5
145 3.23 185 14.9
150] 3.32 189 15.3
1000| 19.79| 1006 91.1
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and thus the spot size varies directly with the focal length. Since, according to
(3.6), the beam divergence is inversely proportional to the spot size, the beam will
expand rapidly after being transformed by the expansion lens and must be properly

sized to keep from overfilling and thus losing some of the incident power.

3.1.2 Maximum Power Transmission

The collimating mirror (following the expansion lens), i.e., the transmitter,
was a 6", f/4 paraboloid reflector. This was the shortest focal length paraboloid
available as an off-the-shelf component which would fit within the project budget.
Since the FOV of both transmitter and receiver, as discussed previously, will be
very small (< 14 arcsec), the most significant third order aberration would be spher-
ical; thus, a paraboloid is necessary to correct for this, since Wy, = 0 in this case.
The combination of expansion lens and collimating mirror form what is typically
referred to as a beam expander. When the separation between these two elements is
equal to the sum of their respective focal lengths, an afocal telescope results. A
Newtonian telescope arrangement was determined to be the simplest beam expander
as shown below (see Figure 3.2).

As is obvious from the above drawing, the outgoing beam will be apertured
by both the paraboloid and the diagonal mirror. As was stated earlier, the waist
formed by the expansion lens needs to have as small a spot size as possible, in order
that the waist formed by the collimating lens be located as far away as possible from
the lidar. As much of the paraboloid as possible should be used without losing too
much power; however, if the spot size at the paraboloid is reduced too far, most of
the power in the outgoing beam will be lost because of the central obscuration.
Since the irradiance in a given transverse plane located a distance z from the waist

at some radial distance p from the beam axis is given by:
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Figure 3.2. Beam Expander

2 AR2
I(p,z)=lo{—v;%} exp{wzf(’z)} (3.10)

and the total power which is transmitted through an aperture of radius a at some

location z along the beam axis is given by the expression:
Puansmited = [ 27pI(p)dp @.11)
0

which when evaluated becomes:

1 2 -2a?
Prransmitted =7 10T {1-€xpl — (3.12)

w*(z)
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Since P, = I,m(w2/2), an expression for the percentage of power transmitted

through an aperture of radius @ may be written as:

% P, =1 ~2a’ 3.13
o Piransmitted = 1~ €XP @) (3.13)

(Siegman, 1986).

The problem then is to determine the correct spot size of the beam at the par-
abolic reflector, knowing that it has a fixed radius of r, and that the diagonal mirror
has a fixed radius of r,, as shown in Figure 3.3. Equation (3.13) will give the per-
centage of power lost due to the paraboloid, and so (3.13) must be subtracted from
one to give the percentage of power transmitted around the obscuration. Once the
two expressions for the power transmitted by each aperture are determined, the two

can be multiplied to give the percentage of power transmitted by the beam expander:

2 2
% Pyansmitted = [l—exp{—z [%-] Hexp{—z B—] } (3.14)

Figure 3.3. Parameters for calculation of maximum power transmission through beam expander
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Since the elliptical diagonal mirror has a circular projection in a plane perpendicular
to the propagation direction of the outgoing beam, it has a projected radius of 0.5",
and the paraboloid has a fixed radius of 3". Equation (3.14) can be plotted as a
function of spot size (see Figure 3.4).

TRANSMITTANCE VS. SPOT SIZE

Figure 3.4

mozr—A—A—Z0nZ>3-

0.0 : : : : : : R : : : : : : : : : : : : j : : : : :
1 1.2 1.4 16 1.8 2 22 24 26 28 3 3.2 34

SPOT SIZE (INCHES) |

From the above graph, note that a maximum transmittance of almost 90% can
be obtained for a spot size of about 2.2 inches. Holmes et al. (1972) demonstrate
that for the above obscuration ratio (r,/7, = 0.2), only minor changes in the shape of
the focal plane encircled energy will be found with a 10% shift of the energy into the
tails of the Gaussian irradiance profile. This spot size for maximum transmittance
and the focal length of the paraboloid may be used to determine the proper focal
length for the expansion lens.

Using equation (3.9), the magnification and thus the spot sizes at the waist
transformed by the expansion lens using the three different focal length lenses avail-

able are found to be:

26



f=0.75", wy =21 um, z; = 150 um
f=15", wy=43 um, z; = 625 pm
f=20", wg=57 um, z, = 1100 pm

where the object distance, z, was chosen to be 115 c¢m, based on a preliminary lay-
out of the laser and paraboloid. Initially, the beam expander was designed to focus
the waist at maximum range. In order to determine what the distance, z, should be

to maximize the distance, z', a derivative of (3.1) must first be taken:

diz1f] (@) -1+ (rlf)’ = 2fetf) -1f

dzlf] {19 -1] + (zals ) }2 (3.15)

which after setting equal to zero, the extremum is:

(1) -1]" = [zrlf ] (3.16)

and solving for z results in:
z=f*zp (3.17)
The plus sign gives the distance, z, for a real waist, and the minus sign gives the dis-

tance, z, for a virtual waist (see Figure 3.1). Using the following object distances to

determine the best expansion lens:
z=60.98 cm for f=0.75"

z=61.02 cm for f=1.5"
z=61.07 cm for f=2.0"
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in equation (3.7), the spot sizes at the paraboloid will be:

w (60.98) = 3.4" for f=0.75"
w(61.02) = 1.7" for f=1.5"
w (61.07) = 1.3" for f=2.0"

After examining Figure 3.4, the 1.5" efl lens is the best choice.

3.1.3 Multi-Configuration Beam Expander

In order to determine the minimum separation between the expansion and col-
limating optical elements, the following derivation was necessary. The minimum
separation will focus the transmitted waist at maximum range, i.e., will produce a
nearly collimated beam. By increasing this separation, the waist can be focused at
various finite distances from the transmitting paraboloid. The geometry for the fol-

lowing derivation is shown in Figure 3.5.

As was discussed previously, it may be assumed that z, >> /', and thus (3.1)

simplifies to:

5’ =4 (3.18)
and equation (3.17) may be used to write:
5 =fr+zg (3.19)

where z;' = m2z;,. Upon squaring (3.9), the separation distance d can be expressed

as:

2
d=f1+f2+[ = 2},2 (3.20)
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The following parameters can be substituted for the variables in (3.20):

f,=38lcm, f,=6096cm, z =115cm, z, =76 cm

The required length for the afocal Newtonian telescope is approximately equal to:
d=65cm

Table 3.4 summarizes the characteristics of the transmitted Gaussian beam.
Figure 3.6 demonstrates the reason for the selection of the maximum focal range of
50 meters for actual use. As can be seen from this figure, the resolution, i.e., the
Rayleigh range, will be less than 10% of the focal range for ranges less than
50 meters, which was considered to be the upper limit on the resolution for precise
experimental results. Table 3.5 summarizes the transmission characteristics of the
beam expander, with the clear aperture dimensions of the diagonal mirror imme-
diately after the expansion lens also contributing to additional losses in the trans-
mitted power. Figure 3.7 shows a sketch of the transmitter portion of the lidar,

where all distances are given in centimeters.

k— -

o

/|\
k— 2 ¥ 25 N

Figure 3.5. Gaussian beam parameters relative to transmitter components
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TABLE 3.4 [ [ | {

IGAUSSIAN BEAM PARAMETERS OF TRANSMITTER

Z1 Z1' [Wo' Zo' d 72 72" (Wo" Zo"

cm) cm) Ymm) (cm) (cm) Kcm) (cm) (mm) (cm)

114.9] 3.90] 4.25E-02| 6.09E-02{ 65| 61.1]|2.23E+04| 1.69E+01| 9.59E+03

114.7] 3.90| 4.25E-02] 6.10E-02| 65.2| 61.3| 1.06E+04| 7.48E+00| 1.89E+03

114.5] 3.90| 4.26E-02] 6.12E-02| 65.4| 61.5|6.84E+03|4.77E+00| 7.68E+02

114.3] 3.90| 4.26E-02| 6.13E-02] 65.6| 61.7| 5.04E+03 | 3.49E+00| 4.13E+02

114.1] 3.90| 4.27E-02| 6.15E-02| 65.8| 61.9]|3.99E+03 | 2.76E+00/| 2.57E+02

113.9{ 3.90| 4.27E-02| 6.17E-02| 66| 62.1|3.31E+03|2.28E+00| 1.76E+02

113.7] 3.90] 4.28E-02| 6.18E-02| 66.2| 62.3| 2.83E+03| 1.94E+00]| 1.28E+02

113.5) 3.90| 4.28E-02| 6.20E-02| 66.4| 62.5|2.47E+03| 1.69E+00| 9.69E+01

113.3| 3.90| 4.29E-02| 6.21E-02| 66.6{ 62.7| 2.19E+03| 1.50E+00| 7.61E+01

113.1] 3.90| 4.29E-02} 6.23E-02| 66.8| 62.9| 1.97E+03| 1.35E+00| 6.14E+01

112.9] 3.90| 4.30E-02| 6.24E-02| 67| 63.1|{ 1.80E+03| 1.22E+00| 5.06E+01

112.7] 3.90| 4.30E-02| 6.26E-02| 67.2{ 63.3| 1.65E+03| 1.12E+00| 4.24E+01

112.5] 3.90| 4.31E-02| 6.27E-02| 67.4| 63.5| 1.52E+03| 1.03E+00| 3.61E+01

112.3}| 3.90] 4.31E-02| 6.29E-02| 67.6| 63.7| 1.42E+03} 9.60E-01|3.11E+01

112.1] 3.90| 4.32E-02| 6.30E-02| 67.8] 63.9{ 1.32E+03| 8.95E-01|2 71E+01

111.9] 3.90| 4.33E-02| 6.32E-02| 68| 64.1|1.24E+03| 8.39E-01)2.38E+01

111.7] 3.90| 4.33E-02| 6.33E-02| 68.2| 64.3| 1.17E+03| 7.90E-01|2.11E+01

111.5| 3.90| 4.34E-02| 6.35E-02| 68.4| 64.5| 1.11E+03| 7.47E-01| 1.88E+01

111.3] 3.90| 4.34E-02| 6.37E-02| 68.6| 64.7| 1.05E+03| 7.08E-01| 1. 69E+01

111.1] 3.90| 4.35E-02| 6.38E-02( 68.8] 64.9{ 1.00E+03| 6.72E-01| 1.53E+01

110.9] 3.90| 4.35E-02| 6.40E-02{ 69| 65.1|9.58E+02| 6.41E-01}139E+01

110.7| 3.90| 4.36E-02] 6.41E-02| 69.2| 65.3|9.17E+02| 6.12E-01| 1.27E+01

110.5] 3.90| 4.36E-02| 6.43E-02| 69.4| 65.5|8.79E+02| 5.86E-01| 1.16E+01

110.3] 3.90| 4.37E-02} 6.45E-02| 69.6] 65.7| 8.45E+02| 5.62E-01| 1.07E+01

110.1] 3.90| 4.37E-02| 6.46E-02| 69.8| 65.9]|8.13E+02| 5.40E-01| 9.84E+00

109.9] 3.90| 4.38E-02| 6.48E-02| 70| 66.1|7.84E+02| 5.19E-01|9.11E+00

109.7] 3.90| 4.38E-02| 6.49E-02| 70.2| 66.3|7.57E+02| 5.01E-01] 8.46E+00

109.5| 3.90] 4.39E-02| 6.51E-02| 70.4| 66.5| 7.32E+02| 4.83E-01 | 7.88E+00

109.3] 3.90| 4.40E-02] 6.53E-02( 70.6| 66.7| 7.08E+02| 4.67E-01|7.36E+00

109.1] 3.90| 4.40E-02| 6.54E-02| 70.8] 66.9| 6.87E+02| 4.52E-01|6.89E+00

108.9] 3.90| 4.41E-02] 6.56E-02| 71| 67.1| 6.66E+02| 4.38E-01|6.47E+00

108.7| 3.90| 4.41E-02| 6.58E-02| 71.2| 67.3| 6.47E+02| 4.24E-01| 6.08E+00

108.5| 3.90| 4.42E-02} 6.59E-02| 71.4| 67.5| 6.29E+02| 4.12E-01| 5.73E+00

108.3] 3.90| 4.42E-02| 6.61E-02| 71.6| 67.7|6.12E+02| 4.00E-01|5.41E+00

108.1] 3.90| 4.43E-02| 6.63E-02| 71.8| 67.9]/5.96E+02| 3.89E-01|5.11E+00

107.9] 3.90| 4.43E-02| 6.64E-02| 72| 68.1|5.81E+02| 3.79E-01} 4.84E+00

107.7] 3.90| 4.44E-02| 6.66E-02| 72.2| 68.3|5.67E+02| 3.69E-01|4.59E+00

107.5] 3.90| 4.45E-02] 6.68E-02{ 72.4| 68.5| 5.54E+02| 3.59E-01| 4.36E+00
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[TABLE 3.5 [
TRANSMITTANCE OF TRANSMITTER
d Spot Size at Transmittance Spot Size at Transmittance [Total
(cm) [Diagonal Mirror (in.jof Diagonal Mirror [Paraboloid (in.) jof Obscuration Transmittance

65 0.261 99.9% 1.68 83.6% 83.5%
65.2 0.266 99.9% 1.68 83.6% 83.6%
65.4 0.271 99.9% 1.68 83.7% 83.6%
65.6 0.276 99.9% 1.69 83.7% 83.6%
65.8 0.281 99.8% 1.69 83.8% 83.6%

66 0.286 99.8% 1.69 83.9% 83.7%
66.2 0.292 99.7% 1.70 83.9% 83.7%
66.4 0.297 99.7% 1.70 84.0% 83.7%
66.6 0.302 99.6% 1.70 84.0% 83.7%
66.8 0.307 99.5% 1.71 84.1% 83.7%

67 0.312 99.4% 1.71 84.1% 83.6%
67.2 0.317 99.3% 1.71 84.2% 83.6%
67.4 0.322 99.2% 1.72 84.2% 83.5%
67.6 0.327 99.1% 1.72 84.3% 83.5%
67.8 0.332 98.9% 1.72 84.3% 83.4%

68 0.337 98.8% 1.73 84.4% 83.3%
68.2 0.342 98.6% 1.73 84.4% 83.2%
68.4 0.347 98.4% 1.73 84.5% 83.1%
68.6 0.352 98.2% 1.74 84.5% 83.0%
68.8 0.357 98.0% 1.74 84.6% 82.9%

69 0.362 97.8% 1.74 84.6% 82.8%
69.2 0.366 97.6% 1.75 84.6% 82.6%
69.4 0.371 97.3% 1.75 84.7% 82.4%
69.6 0.376 97.1% 1.75 84.7% 82.3%
69.8 0.381 96.8% 1.76 84.8% 82.1%

70 0.386 96.5% 1.76 84.8% 81.9%
70.2 0.391 96.2% 1.76 84.9% 81.7%
70.4 0.396 95.9% 1.77 84.9% 81.4%
70.6 0.400 95.6% 1.77 85.0% 81.2%
70.8 0.405 95.2% 1.77 85.0% 81.0%

71 0.410 94.9% 1.77 85.0% 80.7%
71.2 0.415 94.5% 1.78 85.1% 80.4%
71.4 0419 94.2% 1.78 85.1% 80.2%
71.6 0.424 93.8% 1.78 85.2% 79.9%
71.8 0.429 93.4% 1.79 85.2% 79.6%

72 0.434 93.0% 1.79 85.2% 79.3%
722 0.438 92.6% 1.79 85.3% 79.0%
72.4 0.443 92.2% 1.80 85.3% 78.6%
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Figure 3.7. Layout of Transmitter (component separations in centimeters)
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3.2 Local Oscillator Considerations

3.2.1 Detector DC Current Level

The local oscillator arm of the lidar can be thought of as the reference arm of
a Twyman-Green Interferometer (see Figure 1.1). From equation (2.6), note that the
backscattered power will contribute to the dc current; however, because it depends
on the differential scattering cross-section (see equation 2.32), B, , which is typically
less than 106 m-isr, its contribution will be negligible in comparison to that due to
the local oscillator. As was stated previously, the local oscillator power is delib-
erately made to be much larger than the power backscattered by the aerosols, in
order to increase the heterodyne gain of the system. Thus the dc current will be
entirely dependent on the local oscillator power incident on the photodetector. The

characteristics of the HgCdTe photovoltaic detector are as shown in Table 3.6:

TABLE 3.6 |
HgCdTe PHOTOVOLTAIC DETECTOR SPECIFICATIONS

SMA-1: SMA-2:
Element Size (mm) 0.25 x 0.25 0.2 x 0.2
iSpectral Responsivity (A/W) 5.62 5.85
Cutoff Wavelength (microns) 10.67 10.68
Quantum Efficiency (%) 65 68
Maximum DC Current (mA) 1 1

Using the above specifications, the local oscillator path should transmit a maximum
of 0.17 mW onto the photodetector. Using the windows listed in Table 3.1, the
maximum power transmitted will be 0.14 mW by using one (1) 5% reflecting
window, one (1) AR/AR (1% reflecting) window, and one (1) 4% transmitting

window.
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3.2.2 Optical Attenuator

In order to allow for possible changes in the output power of the laser (since
it does not have stabilization electronics), an optical attenuator was used to further
decrease the power by a factor of 100 or more. An optical attenuator consists of the
combination of a Half-Wave Plate followed by a Wire Grid Polarizer, respectively.

The thickness of the half-wave plate, d, is determined by the expression:

d(jng —n,|) = (2m+1)A/2 (3.21)

where m is the order of the wave plate. Equation (3.21) demonstrates that a half-
wave plate is designed to introduce a relative phase difference of 7 radians or 180°
between the ordinary and extraordinary waves. For a given angle ¢ between the fast
axis of the half-wave plate and the E-field of the linearly polarized laser beam, the
E-field will be rotated by 2¢ (see Figure 3.8).

The wire grid polarizer behaves according to Malus' Law:

I=1yc0s’0 (3.22)

where 0 is the angle between the E-field of the incident beam and the transmission
axis of the polarizer. Thus, if the transmission axis of the polarizer remains fixed
(the correct orientation will be discussed in section 3.3), the transmittance of the

polarizer can vary between 1 and 0 (experimentally between 0.85 and 0.01).

3.2.3 Gaussian Beam Spot Size

The local oscillator arm was determined to have a minimum length of 70 cm
to a maximum length of 100 ¢cm based on available space. The spot size of the

Gaussian beam must be reduced in order that it have a magnitude at the detector
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Figure 3.8. Properties of half-wave plate

plane which is smaller than 100 micrometers. Because of equation (3.18), the trans-
formed waist will be located near the back focal plane of the chosen lens. Equa-
tion (3.9) may be used to determine the magnification and thus the spot size of the
waist for the three different focal lengths available. Using 70 cm, since it will pro-

duce the largest spot size, the three possible spot sizes are as follows:

for f=0.75" = w, = 28 um
forf=15" =w, = 55 um
forf=2.0" =w, =74 um

If the smaller of the two detector chips is used, then a correctly matched Gaussian

local oscillator irradiance profile with an Airy function backscattered irradiance
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profile (which has an Airy disk radius of just under 100 micrometers) dictates that
the Gaussian spot size should be less than 70 pum. Thus, a 1.5" efl lens was chosen,
since it gives a spot size of less than 70 um but illuminates more of the detector
plane than the 0.75" efl lens and therefore will not produce as high an irradiance,
which could damage the photodiode. The spot size and distance, z’, of the Gaussian
beam are provided in Table 3.7 as a function of distance, z. The local oscillator arm

is sketched in Figure 3.9.

TABLE 3.7 |
FOCUSING PROPERTIES OF
LOCAL OSCILLATOR
Z (cm) Z' (cm) \Wo' (microns)

70 3.90 56.7
71 3.90 56.3
72 3.90 56.0
73 3.9 55.6
74 3.9 55.2
75 3.91 54.9
76 3.91 54.5
77 3.91 54.2
78 3.91 53.8
79 3.9 53.%
80 3.91 53.1
81 3.91 52.8
82 3.91 52.4
83 3.91 52.1
84 3.91 51.7
85 3.91 514
86 3.91 51.1
87 3.9 50.7
88 3.9 50.4
89 3.90 50.1
90 3.90 49.7
91 3.90 49.4
92 3.90 49.1
93 3.90 48.8
94 3.90 48.5
95 3.90 481
96 3.90 47.8
97 3.90 47.5
98 3.90 47.2
99 3.90 46.9
100 3.90 46.6
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Figure 3.9. Layout of Local Oscillator (component separations in centimeters)
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3.3 Receiver Considerations

As was stated earlier, the backscattered irradiance profile in the detector
plane due to a single scatterer will be an Airy function. Thus, the system must be
diffraction limited in order that the spot size at the detector plane may be determined
by diffraction and not aberration. A sophisticated lens design program was used to
model the receiver and determine the correct separation between the beam expander
and detector lens for optimum diffraction limited performance.

Using equation (2.12) and noting that our laser operated at a wavelength of

9.3 micrometers, the semi-FOV is given by:

Bgemi-Fov = 4.3 X 1073 Degrees 3.23)

and thus the aberrations were evaluated for an image point on-axis and for an
image point at the edge of the field determined by the above angle. In addition,
the receiver was optimized for the minimum focal range, 5.5 meters (see Fig-

ures 3.10-3.16), and maximum focal range, 50 meters (see Figures 3.17-3.23).

3.3.1 Short Range

For the range of 5.5 meters, note that because the Airy disk radius is about
72 microns (see Figure 3.10), the local oscillator spot size should be about
50 microns. This will give a ratio of Airy disk radius to Gaussian beam spot size of
1.4:1. The receiver is diffraction limited, as can be seen from the Intensity Point
Spread Function (Figure 3.11), which shows the familiar Airy function. In addition,

the OPD plots show that the maximum wave aberration across the pupil is less than
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M4 (see Figure 3.13). The dominant aberration present is spherical aberration with
defocus being used to minimize the peak-to-valley spot size (see Figure 3.14).

Due to the central obscuration within the beam expander, some of the energy
normally found within the bright Airy disk has been diffracted into the outer rings.
Figure 3.12 shows that the total energy within the Airy disk is about 80% for the
5.5-meter range, as compared to a perfect system without any obscuration which
would contain 84% of the total energy within the Airy disk.

From Figure 3.15, note that the paraxial focus as a function of field height
shows little longitudinal shift, i.e., the field is quite flat with very little astigmatism,
which is necessary for proper focusing onto a flat detector plane. Finally, with refer-
ence to Figure 3.16, it can be seen that not more than 5% of the rays traced through
the receiver are vignetted, which prevents a loss of irradiance at the edges of the
field.

3.3.2 Long Range

As the focal range is increased to 50 meters, the Airy disk radius decreases to
48 microns. Therefore, the correct spot size for the local oscillator is 34 microns,
which, as can be seen from Table 3.5, is not possible for the local oscillator path
lengths available. Thus, the two beams will be matched exactly, resulting in a frac-
tional decrease in heterodyne efficiency of less than 20% (Zhao et al., 1990q,b).

With reference to Figures 3.18 and 3.20, for the case of the long range config-
uration, the system remains diffraction limited. There is slightly less total energy in
the Airy disk at about 78% (see Figure 3.19). Spherical aberration is again the dom-
inant aberration, with defocus used to correct for it (see Figure 3.21). As before, the

field is quite flat and unvignetted (see Figures 3.22 and 3.23).
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3.3.3 Optical Switching

As shown in Figure 1.2, there is a beam splitter which separates the trans-
mitter from the receiver. In actual practice, a combination of a quarter-wave plate
and a plane parallel plate oriented at Brewster's angle is used to further increase the
total signal power incident on the detector plane. From the Fresnel equations, the
reflectance of a material such as ZnSe vs. angle of incidence may be plotted, as
shown in Figure 3.24. At Brewster's angle, the p-polarized component of the elec-
tric field approaches a reflectance of 0% and a transmittance of nearly 100%, while
the s-polarized component has a reflectance and transmittance of about 50% at
Brewster's angle. Thus, if the linear polarization state can be rotated from
p-polarized to s-polarized after passing through the plate oriented at Brewster's
angle, then upon passing through the plate the second time, 50% of the energy will
be reflected. The only way to rotate the plane of polarization as described above is,
of course, to use a quarter-wave plate after the Brewster plate, where the ordinary

and extraordinary rays see an optical path difference given by:

d(jng —n,|)=(2m+1)A/4 (3.24)

where d is the physical thickness of the quarter-wave plate and m is the order. After
passing through the quarter-wave plate twice, the optical path difference is the same
as that due to a half-wave plate as described in equation (3.21). Thus, for the fast
axis of the quarter-wave oriented at 45 degrees with respect to the incident p-polar-
ized radiation, after passing through it the second time, the plane of polarization will
have rotated through twice the angle or 90 degrees.

Since the signal beam after reflection from the Brewster plate is s-polarized,

the wire grid polarizer must also be oriented with its transmission axis vertical. This

41



orientation ensures that the electric field vector of the local oscillator will be 1n a

vertical plane, which allows the optical mixing discussed in section 2.1.1 to occur.

The relative placement of the Brewster plate and the quarter-wave plate, as

well as the spacings between the optical elements for the maximum focal range of

50 meters down to the minimum range of 5.5 meters, respectively, is shown
Figure 3.25.
REFLECT. OF ZnSe V. ANGLE OF INCIDENCE
Figure 3.24
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CHAPTER 4

ASSEMBLY OF COHERENT LIDAR

Because of the fact that the CO, laser being used for our lidar has an output
power of 7 Watts, and operates at a wavelength of 9.3 microns, it would be rather
difficult to use it for rough alignment work. Therefore, a HeNe laser is mounted in
tandem with the CO,, in order to aid in alignment. The two beams were checked
for alignment just after the first beam combiner and at a distance of 6 meters. It was
estimated by visual means that the maximum separation between the two spots in
the near and far fields would not be more than about 2-3 mm and thus the maximum
misalignment between the two would be 1 mrad.

The center of the paraboloid mirror within its angle mount was 4.5" above the
optical breadboard; therefore, a mount for the two lasers was machined, in order
that both beams exit the laser cavities at this same height. In order to aid in locating
the HeNe beam throughout the table, beam pointers were used. These beam
pointers were aluminum rods having a tapered upper end that came to a point.
These pointers could be installed in any of the 1/4-20 threaded holes on the table for
precise alignment. In the following discussion, refer to Figure 4.1, where the vari-

ous components described earlier are numbered for easy reference.

4.1 Transmitter Alignment

Note: Tip refers to changing the elevation angle of the surface normal, and tilt refers
to changing the azimuthal angle. Component separations are given for a
5.5-meter target range from transceiver.

1. Adjust the height of a small iris by placing it at the output of the HeNe laser.
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10.

11.

12.

13.
14.

Place the AR/AR coated beamsplitter (2) at the exit of the HeNe laser.
Retroreflect the beam back toward the laser, as well as center the clear aper-
ture in the beam.

Locate two beam pointers between (3) and (4) [one near (3), the other near
(4)). Adjust the tilt of (2) until the beam touches the beam pointer near (4).
Translate the base of (2) toward and away from the laser until the beam also
touches the pointer at (2).

Continue steps 3 and 4 until the beam touches both pointers simultaneously.
Adjust the tip of (2) so that the beam passes through the iris placed near (4).
Insert the 5% beamsplitter, (3), and two more beam pointers along the local
oscillator path between (3) and (12). Adjust tip and tilt and center the aper-
ture within the beam to retro the beam to the laser.

Tilt (3), i.e., rotate 45 degrees initially, in order to touch the pointer at (12).
Translate the base along the axis defined by (2) and (4) to touch the pointer
near (3).

Continue step 8 until the beam touches both pointers simultaneously. Adjust
tip using iris located near (12).

With (3) aligned at 45 degrees, the finite thickness of the plate will introduce
a displacement of the beam between (3) and (4) and so translate (2) toward
the laser until the beam again touches the pointers between (3) and (4).
Translate (3) toward (2) until the beam touches the pointers between (3) and
(12).

Insert a 100% reflector at (4), center the aperture, and adjust tip and tilt to
retro the beam.

Insert a 100% reflector at (1), retro the beam and center the aperture.

Remove CO, laser from mount and place pointers on either side of the mount.
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15.

16.

17.
18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

Adjust tilt, and translate the base of (1) along the axis defined by (1) and (4)
until beam touches both pointers. Use iris to adjust tip.

Reinsert the CO, laser, and translate the base of (1) as in step 15, to center
the beam within the laser aperture.

Remove (4) and insert a brick between (3) and (4), as close as possible to (3).
Translate (1) along the (1) - (4) axis until the CO, and HeNe spots coincide
on the brick.

Adjust tip and tilt of (1) so that the two spots coincide at a range of 6 meters
using a liquid crystal sheet or thermal paper.

Repeat steps 18 and 19 until the two spots coincide in the near and far fields
simultaneously.

Turn off the CO, laser, remove the brick, reinsert (4), and place the pointers
between (5) and (8).

Retro the HeNe beam, and center the aperture of (4).

Adjust tilt (rotate 45 degrees initially), and translate the base along the (1) -
(4) axis to touch pointers between (5) and (8).

Adjust tip to send beam through iris at (8).

Insert the plane parallel plate, (5), retro the beam, and center the aperture.
Roughly tilt the plate to an incidence angle of nearly 70 degrees.

Adjust the tip so that the reflection from (5) is centered on the iris located as
far from (5) as possible.

Locate a power meter at the beam reflected from (5) and turn on the CO,
laser. (Be sure to warm up the CO, laser for at least 1 hour.)

Adjust the tip and tilt so that the reflected power from the p-polarized CO,
laser is a minimum.

Turn off CO, laser and translate (4) along the (1) - (4) axis until beam touches
pointers between (8) and (5).
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31
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Insert the elliptical reflector, (8), and retro the beam.

Insert the pointers between (8) and (9), and translate (8) along the (4) - (8)
axis. Adjust tilt to touch both pointers, and then center the reflective surface
by drawing the axes of an ellipse on a piece of paper and holding it up to the
MIITOor.

Adjust tip of (8) to center beam on iris located near (9).

Place an additional iris between (7) and (8), centered and stopped down.
Insert 1.5" efl lens, (7), with the side with the shortest radius of curvature
toward the laser source.

Center the lens aperture so that the beam is still centered on the iris at 9).
Adjust the tip and tilt of (7) to retro the beam toward the laser.

Repeat steps 36 and 37 until the lens is centered and untilted.

Using the iris at (9), insert another iris at a location along the (8) - (9) axis
near (8), and center it in the beam.

Insert the 6" paraboloid, (9), and adjust tip and tilt to retro the beam through
the iris at (8) and back to the laser.

Check to see that the beam reflected from (9) is centered about both irises
simultaneously; if not, then translate the base of (8) and repeat this step.
Remove the iris at (8) and check for correct centering of the circular pro-
jected obscuration in the outgoing beam just behind the obscuration at (8).

If the diagonal is not correctly centered, readjust (8) vertically as much as
required, and translate the obscuration along the (4) - (8) axis, if necessary.

If any horizontal translation was required in step 42, then (8) must be trans-
lated an equal amount along the (8) - (9) axis until the beam is centered about
the beam pointers between (8) and (9). Repeat step 43 if necessary, and
repeat step 41.
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10.

11.
12.
13.
14.
15.
16.
17.

4.2 Local Oscillator Alignment

Since the (3) - (12) axis was already established in the above alignment pro-
cedures, begin by inserting the 5% reflector, (12). Retro the beam, and center
the aperture.

Place two beam pointers between (13) and (15), and perform tilt and transla-
tion along (3) - (12) axis until beam touches both pointers.

Place iris near (15), and adjust tip.

Insert 96% reflector, (13), retro the beam, and center the aperture.

Place two more pointers along the axis formed by (13) and (17), but on the
side of (13) where the reflection will be found.

Adjust tilt and translate (13) along the (12) - (15) axis until beam touches
both pointers along (13) - (17) axis.

Place iris in beam reflected from (13), and adjust tip.

Translate (12) along (3) - (12) axis toward (9), until beam again touches
pointers between (13) and (15).

Place iris on the other side of (15) along (12) - (15) axis, so that the aperture
is centered on the beam.

Insert a mirror into the threaded lens holder, and adjust tip and tilt until the
reflected beam is retro-reflected to the laser. Remove mirror.

Insert 1.5" efl lens with longest radius of curvature towards (15).

Adjust lens along x- and y-axis until beam is centered on irs.

Remove (14) from solid mount in threaded assembly.

Insert HgCdTe detector in dewar, (15), into mount.

Place iris near (13), with beam passing through aperture.

Adjust tip and tilt of (15) until beam is retro-reflected, and tighten firmly.
Insert the Wire Grid Polarizer, (11), retro the beam, and center the aperture.
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18.
19.
20.
21.
22.

23,

24

25.

26.

27.

© N N wn AW N -

Insert the A/2 Plate, (10), retro the beam, and center the aperture.

Adjust the transmission axis of (11) to vertical (0 degrees).

Adjust the fast axis of (10) to horizontal (45 degrees).

Fill dewar with N,, and block entrance aperture.

Turn on CO, laser. Warm-up for at least 1 hour before unblocking detector.
Monitor detector current with ammeter, being careful not to exceed one (1)
milliampere.

Unblock the detector, and translate the detector along x- and y- axis until the
current increases.

If the detector current shows no change, rotate the fast axis of (10) by
5 degrees, and repeat step 24.

Once detector is centered on the CO, beam, rotate the fast axis of (10) back
to 45 degrees and re-insert (14).

Adjust detector as described above until centered.

4.3 Receiver Alignment

Insert a 100% reflector temporarily between (5) and (7), and retro the beam.
Insert a 100% reflector, (16), retro the beam, and center the aperture.

Place two pointers between (16) and (17).

Adjust tilt, and translate, as necessary, to align beam with pointers.

Place iris at (17), and adjust tip.

Insert 100% reflector, (17), retro, and center.

Place pointers between (13) and (17), and adjust (17) as required.

Translate (13) along the (12) - (15) axis until the two beams coalesce hori-
zontally on a card located near the surface of (13) closest to the detector.
Alternately block and unblock either the local oscillator or the receiver to aid

in this procedure.
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9.  Adjust the tip of (17) until the two beams coalesce vertically on a card
located near the surface of (13).

10.  Check that the two beams are concentric along the (13) - (15) axis, and adjust
the tip and tilt of (13) as required. Using a card, alternately block and unblock
either the local oscillator or the receiver to aid in this procedure.

11. Remove 100% reflector between (5) and (7), and insert A/4 plate, (6). Retro

the beam, center the aperture, and rotate the fast axis to 0 degrees.

12. Block detector, turn on CO, and warm up for at least one hour, then unblock

detector.
13.  Use a rotating solid target within the scattering volume and slowly rotate the
fast axis of (10) until the local oscillator provides sufficient shot noise, while

keeping the dc current under 1 mA.

4.4 Tolerance

In the above alignment procedures, it should be noted that the two most crit-
ical areas of alignment involve: 1) the co-alignment of the optic axis defined by the
secondary diagonal mirror with the optic axis of the primary paraboloid muirror,
since the paraboloid is designed for on-axis use, and 2) the co-alignment of the
local oscillator and receiver beams.

An analysis was performed to determine the maximum tilt angle of the parab-
oloid before it no longer behaves as a diffraction limited element. From Figure 4.2,
note that this maximum tilt angle is about 0.2 degree; thus, the maximum angle
between the axis defined by the secondary and the axis of the primary is about 04
degree. Using the alignment techniques described above will enable a maximum
misalignment of less than 0.2 degree. Using equation (2.12) to determine the maxi-
mum misalignment between the local oscillator (assumed to be incident normally on
the detector) and the received beam, the angle is about 3 degrees. Using the above
alignment procedures should yield a maximum misalignment of less than 0.3 degree.
Figure 4.3 shows the fully assembled lidar.
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Figure 4.3. Photograph of assembled coherent lidar
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CHAPTER 5
TESTING OF COHERENT LIDAR

5.1 Transmitter Performance

Tn order to test the transmitter portion of the lidar, several scans of the output
beam were performed in the region of the waist. The various computations made
earlier (see Tables 3.4 and 3.5) were based on purely aberration-free optics and did
not take into account the circular obscuration of the diagonal mirror in the outgoing
beam. In order to understand the effects caused by this obscuration, a theoretical
discussion of apertured Gaussian beams was sought. A very detailed discussion of
such effects is found in the paper entitled: "Parametric Study of Apertured Focused
Gaussian Beams" (Holmes et al., 1972).

For a beam radius, w, which is diffracted by an annular aperture that occupies
aregion, a < p < b, the irradiance is proportional to:

b 2

I(r.2) < |2n/02) [ exp[—(p/w)2 ~(imp*/n R)] Jo(2mprih.z)exp (imp*/\z) dp (5.1)

a

where r is the radial position coordinate, z is the axial position coordinate, R is the
longitudinal distance from the annular aperture to the waist, and A is, of course, the

wavelength.

5.1.1 Irradiance along Optic Axis

An axial scan of the transmitted beam was performed using an aperture of

0.032 inch diameter placed in front of a thermopile detector. The range to the waist
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was determined to be 570 cm from the primary of the beam expanding telescope.
As a check against the theoretical expression given above in equation (5.1), a theo-
retical curve was also plotted on the same graph after setting » = 0 and letting z vary
over the same experimental values (see Figure 5.1). In order to get a good match
between theory and experiment, the actual spot size at the paraboloid had to be
changed from the theoretical value given in Table 3.5.

Based on diffraction alone, the spot size at the paraboloid for a waist located
at the range given above was predicted to be about 4.5 cm, whereas in the theoret-
ical expression (5.1), a value of 3.5 cm was used. Thus, the spot size at the parab-
oloid is 20% smaller than a perfect aberration-free system, and the waist formed
within the beam expander must be about 20% larger than a perfect aberration-free

spot size.

5.1.2 Irradiance in Plane of Waist

Once the peak in the axial irradiance was found, a scan was performed in the
transverse plane along a horizontal and a vertical direction (see Figures 5.2 and 5.3,
respectively). The same spot size at the paraboloid as was found for the axial scan,
3.5 cm, was used when fitting the theoretical curve to the data.

The scattering volume can be determined from this data. However, since the
actual signal received depends on the characteristics of the receiver, the actual scat-
tering volume cannot be strictly specified. If it is assumed for the moment that

equation (2.31) is valid, then the scattering volume of:

V.

S

catter = 90 mm3  for R =570 cm

is obtained, where the theoretical data found in Figures 5.1-5.3 were used to deter-
mine the parameters z; and w, (zz =8 cm, and wy = 425 um).
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5.2 Local Oscillator Performance

5.2.1 Narcissus

Narcissus was a problem which plagued the lidar from the moment it was first
tested. As is obvious from a careful look at the beam expander, the outgoing beam
is directed back towards the diagonal mirror only to be sent through the quarter-
wave plate a second time and then down the receiver path to the detector. Thus,
any reflection from the optics following the quarter-wave plate will act like the local
oscillator and will add to the dc signal detected by the system. The problem with
this is that the optical attenuator described earlier cannot control the amount of local
oscillator power needed for maximum detection sensitivity.

In addition, it was also discovered that because the two sources of local oscil-
lator were nearly equal in magnitude and an optical path difference was present
between the two, they were able to interfere and produce large fluctuations in the dc

current through the photodetector.

5.2.2 Anti-Narcissus Stop

The most obvious solution to the paraboloid's contribution to narcissus was to
insert an opaque obscuration centered on the primary axis near the paraboloid. The
size of the stop was chosen to be smaller than the projected diameter of the diagonal
mirror so that it would not increase the obscuration ratio and thus not increase dif-
fraction effects. Even though some energy would leak around the Anti-N stop only
to be bent toward the detector, the irradiance of this off-axis region would be
reduced from the axial region, and these rays would refract through the expansion
lens and be aimed off-axis.

This quick fix did, in fact, work quite well and did not produce any changes

in the transmitted waist shown in the previous section. The dc current became much
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more stable with fluctuations of a few percent, rather than the 50% to 100% insta-

bilties seen without the stop.

5.2.3 Relocation of Quarter-Wave Plate

After removing the largest source of narcissus as described above, several
smaller sources became more pronounced. The biggest culprit was the quarter-
wave plate itself. Being a flat, it tended to produce retro-reflections which would
focus quite well in the plane of the detector and thus became a nuisance to handle.
The trick was that these reflections which entered the receiver path had to be scat-
tered at the second surface of the quarter-wave plate, which meant that the field vec-
tor was rotated by 90 degrees, as described previously, just as the scattered field
from the aerosols. It was decided that a tilt of the plate at a slight angle (about 2-3
degrees) would be large enough to reflect the beam off-axis but would not be too
much, so as to change the required thickness of the quarter-wave plate for the wave-
length being used.

After employing a small tilt, the third and final source of narcissus became
apparent - the expansion lens. With even the absolute lowest reflectance coating
available, there was still a significant level of power being reflected from this com-
ponent. The final solution was not to try and reduce the reflectance of the lens but
to remove its effect. This was accomplished by placing the tilted quarter-wave plate
after the lens, being careful to protect the plate from the extremely high irradiance at
the waist following the lens. Now any reflected energy could reach the photo-
detector only through the local oscillator path, which could be precisely controlled

with the attenuator.
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5.3 Receiver Performance

5.3.1 Experimental SNR

In order to test the performance of the receiver, a solid target with a known
reflectance, i.e., 400 grit silicon carbide paper oriented at 45° to the laser beam and
located at a range of 550 cm, was rotated at a constant angular velocity, in order to
produce a doppler shift in the scattered electric fields as described previously. The
average power signal-to-noise ratio was determined using an HP Scanning Spectrum
Analyzer. The signal level was found to be -9 dBm, while the noise floor was mea-

sured at -76 dBm. Thus, the actual average power SNR was:

<SNR>p =67dB

5.3.2 Theoretical SNR

With reference to equation (2.6), it is known that the detector current will
have a dc and an ac component. Both the local oscillator and the backscattered
power will contribute to the dc term; however, in the case of heterodyne detection,
the local oscillator power is deliberately designed to be the dominant source of
detector current. If the local oscillator power is made large enough so that the ran-
dom arrival of photons at the photodetector becomes the dominant source of noise,
the detector will operate under so-called shot-noise limited or photon-noise limited
performance (Saleh and Teich, 1991). Under these conditions, the total mean

photocurrent through the detector will be given by:

T P PL r
i =ne-L+2ne———"—coswpt
h hv (5.2)

and the photocurrent variance (assuming Poisson statistics) will be:
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o2 = 2eiAf (5.3)
The average power signal-to-noise ratio is defined as:
(i)
(o)

where the average is taken over an interval which is long compared to 1/w, The

(5.4)

(SNR) =

cosine term in the denominator will vanish to obtain the following theoretical aver-

age power signal-to-noise ratio:

(SNR) =— (5.5)

Table 5.1 summarizes the data used for calculating the theoretical average power

signal-to-noise ratio.

TABLE 5.1

THEORETICAL AVERAGE POWER SNR

Transmitted Power (Waltts) = 0.08
Reflectance of Scattering Target (1/sr) = 0.01
Angle of Incidence (Degrees) = 45
Range to Target (cm) = 550
Radius of Receiver Aperture (cm) = 7.62
Solid Angle Subtended by Receiver (sr) = 6.03E-04
Power collected by Receiver Aperture (Watts) = 4.824E-07
Optical Efficiency = 0.29
Heterodyne Detection Efficiency = 0.5
Backscattered Power Incident on Detector (Watts) = 6.995E-08
Quantum Efficiency of Photodetector = 0.47
Planck's Constant (J-s) = 6.63E-34
Frequency of Optical Radiation (Hz) = 3.226E+13
Energy per Photon (J) = 2.139E-20
Bandwidth (Hz) = 30000
Theoretical Average Power SNR (dB) = 77

Although a 10 dB difference between the experimental and theoretical SNR

might seem excessive, as a general rule, up to an order of magnitude degradation
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between theory and experiment is typical (Foord et al., 1983). Foord et al. (1983)
attribute speckle as one significant source of the discrepancies found between the
theoretical and experimental values. It was determined experimentally that half of
the total power in the power spectrum was contained in a circle of 6 cm diameter at
the receiver plane. Thus, the effective solid angle subtended by the receiver plane

would be:

Q = 93x lO'5 ST

receiver

and thus the theoretical mean power SNR will decrease by 8 dB using this effective
solid angle. The residual 2 dB discrepancy could be attributed to optical mismatch-
ing due to beam aberrations and misalignment.

The 6-cm diameter speckle size can be verified approximately using expres-
sion (2.10), where Q, represents the solid angle subtended by the transmitted waist
at the plane of the receiver. The beam diameter was found experimentally to be
about 1 mm at a range of 570 cm; thus, the solid angle subtended by the beam at the
receiver is:

Q,=2X10%sr
After substituting the wavelength and the above solid angle into equation (2.10) and

solving for the speckle area at the receiver plane, the result is:
- 2
A4,=40cm

which yields a diameter of about 6 cm.

5.3.3 Receiving Efficiency as a Function of Target Location

As was mentioned previously (see section 2.3), scattered energy from aero-
sols which are located far from the transmitted waist does not mix as efficiently as

that from particles near the waist. In order to determine the efficiency of the
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receiver as a function of target particle location relative to the transmitted waist, a
rotating Silicon Carbide disk was translated along the optic axis of a laser beam
with the waist located at a range of 570 cm, and the relative backscattered power
was recorded (see Figure 5.4). This plot shows that the efficiency is 3 dB below the
maximum found at the waist for points located a distance of about 12 cm from the
waist. Thus, the scattering volume will be somewhat larger than that computed pre-
viously using the experimentally determined Rayleigh range of 8 cm.

Using the previously determined spot size at the waist, i.e., wy =425 um, and

a longitudinal length of 24 cm, a better approximation to the scattering volume

would be:
Vscatter = 140 mm3 for R=570cm
FIGURE 5.4
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APPENDIX

ANALOG-TO-DIGITAL CONVERSION SOFTWARE

Data acquisition for the coherent lidar is achieved through the use of a 4-band spectrum
analyzer which includes four distinct band pass filters, four separate multipliers (for squaring the
inputs), and four integrators. The analog-to-digital converter (Data Translation, Model DT2821-
F-16SE) provides the TTL pulses for resetting the integrators, beginning and ending the integra-
tion, and then samples the four separate outputs. Once the analog output has been sampled and
converted into an Analog Data Value by the Successive Approximation Register (SAR), the
ADV's are stored into a file that is set up by the ATLAB subroutine library provided with the
ADC. This file can be read sequentially using an ATLAB subroutine, and the ADV's can be con-

verted into an analog voltage by use of the formula:

Analog Voltage = [ ADV (PFS - MFS) /NOC] + MFS,

where PFS = Plus Full Scale (+ 10 V for a gain of 1), MFS = Minus Full Scale (-10 V for a gain
of 1), and NOC = Number of Codes ( 4096 for a 12 bit ADC ).

The ADC is a 12-bit, 16-channel ADC which can be programmed to provide a gain of 1,
2, 4, or 8, allowing the input voltages to vary between +10V to -10V, +5V to -5V, +2.5V to
-2.5V, or +1.25 to -1.25V, respectively. Due to the need for control of the integrators, a program
(ATLADO3 FOR) was written using FORTRAN77 which called the ATLAB subroutines and
accounted for the required time delays. In addition, this program also converted the analog data
values into true analog voltages, which were subsequently stored in separate data files corre-

sponding to each channel's output.
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C ATLADO3.FOR -- ATLAB SOFTWARE TRIGGERED A/D CONVERSION

The program starts by including two programs provided with ATLAB, which serve to
provide a subroutine entry point for FORTRAN callable subroutines and to provide error defini-
tion files. After the INCLUDE statements, PARAMETER statements are used to assign a con-
stant to a symbolic name. The use of a PARAMETER statement invalidates any changes to the
constant later in the program. Note that the first letter of the symbolic name must be a letter
between I and N to represent an integer constant. INTEGER statements are used to define one-
dimensional arrays for storing the channel number and channel gain information input by the user.
The number following the asterisk declares whether the memory location for the variable must

contain 1, 2, or 4 bytes of data.

C Storage for unit configuration data

An array is established that will store the data concerning the ADC unit configuration in an
array of size determined by the variable KCONFIG, which has been defined within the program
ATLDEFS.FOR. The named COMMON statement allows ATLADO3 to share the data stored in

the array ICONFIG, which can also be manipulated by another program unit, i.e., ATLDEF FOR.

C Equivalence the data array with the variables
The data which is stored in the configuration file, ICONFIG, will be shared with the vari-

ables BASEADR, CDEVID, etc.

C Declare the header items
Type statements are used to declare the type of variable being defined to contain an inte-

ger or character data.

C Define the data equivalences for the file header
The data stored in the array IFHDR will be shared by the variables DEVID, DEVFLAGS,

etc.
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C Local variables

Type statements are used as described previously for the variables which are found only in
this program and for data which are not shared by other programs. DATA statements are used to
assign particular values to the variables and elements of the arrays. The variable(s) FNAME( ) is
assigned a character name, which will later be used in an OPEN statement for writing data to a

particular file.

C Begin program

A message is written to the user to explain the purpose of the software.

C Initialize the ATLAB subroutines

This subroutine initializes all the subroutines which will be subsequently called. All of the
ATLAB subroutines are called as functions by ATLADO3.FOR, which is possible only because
the program ATLDEFS.FOR declares all the subroutines as INTEGER*2. It should also be
noted that the functions called by ATLADO3 FOR will return a value which corresponds to the
error status. These error codes are provided by the program ATLERRS FOR, and the argument
passed by the function being called can be tested using logical expressions to determine the error

status.

C Address the board
Since only one board has been inserted into the computer's AT Bus, it is referred to as

board #1. ALSB selects the board to which all subsequent ATLAB subroutines apply.

C Perform a reset on the device

ALRSET resets the board to its initial power-up state.

C Warn the user about conflicting line drivers
Since damage can be done to the digital ports which will subsequently be enabled for out-

put if they are being driven by the output of some other device, a warning message is given. The
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message asks the user whether or not he wishes to continue, and then accepts a single character
response ignoring any leading blanks. If the user does not respond affirmatively, the program
jumps to the end and quits. Note the use of "A" to specify a character response and the "\" to
prevent an end-of-record mark being inserted by the format controller, allowing subsequent /O

statements to be written to the same record.

C Display the current unit configuration
A subroutine called DUMPCONFIGURATION is INCLUDEd with this program to give

the user ADC configuration data.

C Open the data files

ALFOPN opens a data file which will store the ADV's for all channels selected. The
second argument of this function, IALWRITE, passes an integer value of 1 in order to open the
file for writing. This variable has been defined in the ATLAB software. The OPEN statements
provide access to seven additional files, which will store the converted analog voltage data for
each channel as a separate file. One additional file stores the file annotations, which allows the
user to annotate each set of scan data. These files are given the names specified by the DATA
statements found in the local variable section. Since the OPEN statements specify a particular
unit number for each file, WRITE statements can use a particular unit number to write to a par-

ticular file.

C Request scan count, channels, gains, and comments

In the present version of ATLADO3 FOR, seven channels are "hardwired."

C Get the channel number
A DO loop is begun that prompts the user for channel gain information. A message is
written to the screen to inform the user as to the "Entry #" and the " -Channel " number which are

currently being selected.
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C Get the gain
The user is prompted to provide the gain setting (1, 2, 4, or 8) for the particular channel.

The response is stored in the array ADGAINS.

C Enter a comment for the channel. This is written to the data file header.

A comment can be input by the user to describe the function of a particular channel.
These data are stored as a character string in the array CHANCOM and are stored in the data file
header provided by ATLAB. This comment can be retrieved by calling the subroutine DUMP-
FILEHEADER and is not written to the additional data files created by ATLADO03.FOR.

C Enter a comment for the file. This is written to data file header.
A comment can be written to annotate each scan's data. Besides being written to the data
file header, this character string is also written to unit number 7, which is a text file created by

ATLADO3.FOR.

C Set the A/D parameters
ALSETA establishes the ADC parameters including the timing source (i.e., internal clock
and internal trigger), the number of channels being scanned, the actual channel numbers, and the

gains corresponding to each channel.

C Check for set-up errors

The numerical value returned by the function, ALSETA, and stored at the location of the
variable, STATUS, can be tested to see if it is equivalent to the value of KNORMAL (i.e., = 0),
which means that the set-up was successful. If a gain for any of the seven channels is not a valid

value or if the gain were left indeterminate, the program will jump to the end.

C Get the acquisition rate

The maximum acquisition sample rate was determined experimentally to be 10 kHz.
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C Set the sampling rate

The sampling rate is "hardwired" at 10 kHz using the function, ALSF.

C Check for sampling rate errors

The error status is again tested.

C Ask the user for the number of series conversions to complete
The user is prompted to enter the number of conversion cycles to be completed by the

ADC before control is relinquished to the user once again.

C Ask for the length of time to integrate
The user is prompted to input the number of milliseconds that the integrators in the spec-
trum analyzer will be active. The variable, INTPERIOD, can store up to a four-byte integer con-

stant; however, ATLADO3.FOR accepts only up to a three-digit integer value, i.e., up to 999 ms.

C Ask for the SCALE FACTOR for reading the RMS voltmeter

This factor allows the user to read an analog voltage from a voltmeter or other device into
channel 4 and then scale the digitized value appropriately to correspond to the actual voltage read
by the meter. The DELAY constant is used to allow the relay at the input of the spectrum to

settle after being closed.

C Enable digital ports 0 and 1 for output
ALEFO enables either port 0, port 1, or both for output. In this case, both ports are

enabled.

C Rewind the data file
ATLAB requires that the data file be rewound prior to writing to it. ALFREW sets the

pointer to the beginning of the data file.
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C Declare the buffer to ATLAB

The buffer which will store the ADV's for all the channels must occupy sequential
addresses within RAM memory. The board uses direct memory access (DMA) to maximize the
throughput to the computer's memory. If the total throughput were critical to the outcome of the
experiment, we would want the buffer size to be as large as possible. A multi-dimension array is
defined under the local variable section, i.e., BUFFER(NBUFFSIZE, NBUFFERS), where
NBUFFSIZE = 7 and NBUFFERS = 3. The first argument allows the array to hold the data for all
seven channels, and the second argument determines how many sets of data per channel, i.e.,
words, can be stored in the array. ALFDL returns the size of the buffer in words allowed for
DMA operation. In the present case, since the array size was not critical for maximum through-
put (the spectrum analyzer needs to be sampled only every 100 ms), the buffer length needed to
be only a couple of words long. ALDB declares a user data area as a valid I/O transfer buffer.
This routine will return an integer that will define the buffer, which can subsequently be written to

using the ALADS subroutine.

C Give the user a message

Self-explanatory.

C First ground the input to the SPU

The analog spectrum analyzer had an offset problem with the integrators not giving a true
zero output for zero input. The solution was to include a relay at the front panel that was sent a
TTL pulse by the ADC board, which grounded the spectrum analyzer input. Ten consecutive off-
set checks are performed, and a mean offset for each channel is computed by ATLADO3 FOR.
After the relay is reopened and the actual analog voltages are computed, the channel offsets are
subtracted before the analog voltage data are stored in the separate channel files. ALODV writes

the digital value to the specified port. In this case, all the bits of ports 0 and 1 are set low.
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C Wait to begin next cycle until delay time has elapsed
The relay needs some time to settle. Experimentally it was determined that 5 msec was

sufficient.

C Make ten zero check readings

Ten checks are made for statistical reasons.

C Call the subroutine INTEGRATE

A subroutine was written in order to perform the function of controlling the four integra-
tors of the spectrum analyzer. The integration period is passed to the subroutine via the variable
INTPERIOD, the subroutine resets the integrators, begins the integration, waits for the specified

duration, holds the integrator outputs, and then returns control to the main program.

C Complete one A/D scan
ALADS will start a series of A/D conversions using the previously selected channels and
gains. The ADV's will be stored in the buffer previously allocated for DMA operation and given

by the number stored in BUFFNUM.

C Check for errors during A/D conversion
A test of the value returned by the previous function call and stored in STATUS is used to

verify that the conversion was completed error-free.

C Write the buffer to the data file
Since the buffer holds only one set of data for each channel, it must be written to a data
file at the end of each series conversion. ALFWRT uses the previously opened data file

DATA DAT for writing the ADV's.

C Open the SPU unit
The relay is sent a high TTL pulse to reopen the input of the SPU and allow normal signal

processing functions to occur.
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C Wait until the relay settles

A delay of 5 msec is included, as before, to allow the relay to settle.

C Complete the number of cycles given by seriescount0
The user defined number of series cycles to be completed is used to perform the correct

number of conversions.

C Call the subroutine INTEGRATE

See previous explanation.

C Begin SERIES A/D Conversion

See previous explanation.

C Check for errors during A/D conversion

See previous explanation.

C Write the buffer to the data file

See previous explanation.

C Display the file header contents
The subroutine DUMPFILEHEADER provides a summary of the data file contents. A
time stamp of the data acquired is given along with the channels being used, their respective gains,

and the number of samples recorded during the entire set of series conversions.

C Close the data file before reading
The current data file, which was opened for writing, must be closed prior to opening the

file for reading.
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C Open the file for reading
ALFOPN opens the data file, "DATA.DAT", for reading, and ALFREW will rewind to

the start of the file.

C Read the offset voltages for each channel and get an average

Since as was described earlier, a set of ten scans are performed when the input to the SPU
is grounded, this offset data must be read first, a mean offset for each channel must be calculated,
and the result should be subtracted from the rest of the channel data. ADVO through ADV3 are

used as storage for the channel offset data.

C Call the subroutine READCHANNEL
This subroutine decodes the analog data value passed by the variable ADVx (where x
refers to the channel number) and returns the variable ANVALX, which corresponds to the actual

voltage sampled at the input of the ADC.

C Get the sums of each channel
A running sum of each channel's offset voltage is stored in variable SUMx (where x refers

to the channel number).

C Get the average offset for each channel
A mean offset is calculated for each channel and is stored in variable OFFSET(x), with x

representing the channel number.

C Write the offset voltages to the screen
A WRITE/FORMAT combination is used to write the channel offsets to the screen. Note

that these data are not stored in any data files.
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C Read the rest of data in four different data files, one for each channel, after subtracting
the offset voltage for each channel.

The variables SUMx are all reset to zero, and another set of variables, SUMSQXx, are ini-
tialized. The channel scan data are read sequentially using ALFRD, and the data values are stored
in an array where the first row of the column determined by the variable BUFFCOUNT contains
the data value for channel O, etc. These data values are then decoded using the subroutine
READCHANNEL, and the mean channel offsets are subtracted from each channel's analog volt-
age, which is stored by variable ANVALXx (where x refers to the channel number). A running sum

and squared sum are stored by the variables SUMx and SUMSQx.

Note: In the present version of ATLAD, the mean channel voltages, instead of the actual voltage
values for each set of scans, are stored. The "C" denotation can be removed from the lines with

the WRITE statements, in order to store all the voltage values.

C Calculate the mean and standard deviation for each channel
The channel mean values and standard deviations are computed using the running sum and

squared sum for each channel.

C Write the mean and standard deviation to the screen
WRITE/FORMAT combinations are used to give the user channel mean and standard

deviation data for each channel.

C Ask the user if he wants to continue
The user is asked whether or not he wishes to perform another set of scans using the same
channels and gains. Note that ATLADO3 looks only for an "N" or an "n" response, i.e., hitting

<ENTER> will repeat another series of scans. If the user does not respond with an "N" or an "n",

then he will be asked to annotate the next set of conversions. In addition, the user can enter a
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different scale factor for channel 4 if he responds to the prompt with a "Y" or a "y", otherwise the

current scale factor will be used.

C Close data file

If the user decides to exit the program, the data file must be closed using ALFCLO.

C Terminate ATLAB operations
ALTERM discontinues all DMA 1/O operations.
SUBROUTINE INTEGRATE(INTPERIOD)

C Disable the system clock
The subroutine begins by disabling the system clock in order to prevent any inter-
ruptions during the integration period.

C Begin RESET period
ALODV outputs a digital value to the specified port ,which in this case is port 0
and port 1. A "1" is sent to bit O of port 0 to reset the four integrator outputs of

the SPU to 0 Volts.

C End RESET period

A "0" is sent to bit O of port 0 to allow the integrator outputs to change.

C Begin INTEGRATION period
A "1" is sent to bit 1 of port 0 to begin integrating the inputs to the four inte-

grators.

C Wait until end of INTEGRATION period
The integration period passed by the variable INTPERIOD is used in a DO loop to

wait for the user-defined period.

C End INTEGRATION period

A "0" is written to bit 1 of port O to hold the integrator outputs constant.
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C Re-enable the system clock

The system clock is re-enabled before returning control to the main program.

C Return to main program

Self-explanatory.

SUBROUTINE READCHANNEL(GAIN,ADV,ANVAL)

This subroutine is passed the gain for the particular channel data value being con-
verted from offset binary to input voltage. The conversion formula given previously is
used along with the appropriate values for PFS and MFS. Once the data have been

decoded, the voltage data are passed to the main program using the variable ANVAL.

OPERATION

Turn on the computer.
The computer should boot-up and automatically change to the directory ATLFOR and
then run the program ATLADO3, due to the inclusion of the following lines in the AUTO-

EXEC.BAT file in the main directory:

cd atlfor
atlad03

Since ATLADO3 sends control signals on the digital ports of the ADC, the program
begins by warning the user that these lines are active for output and should not be exter-

nally driven. Press "Y" or "y", and then <ENTER>.

The program dumps the board configuration data and begins prompting the user with:

Entry #1 - Channel 0
Enter desired gain [1, 2, 4, or 8]:

Enter the desired gain followed by <ENTER>.

The computer responds with:

Channel name:
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10

11.

12.

after which the user may enter any combination of numbers and letters up to a total of 40

characters. Press <ENTER>.
Repeat steps 4 and S until set-up data for channels 0 through 3 are complete.

The user will then be prompted with:
File Annotation:

after which a total of 80 characters may be input.

The user is asked to:

Enter the number of scans to complete:
after which he must enter a number larger than 2 followed by <ENTER>.
The program sends the message "ACQUIRING DATA..." to the user.
The resulting channel offsets, mean values, and standard deviations are written to the
screen, and the mean values are written to the files data0.dat, datal.dat, etc.
The user is prompted with:

Play it again Sam [Y/N]?

after which the user must answer with "N" or "n" to stop the ADC, otherwise the specified
series of scans will be repeated.

Subsequent to beginning a new set of conversions, the user is asked the question:

Do you wish to enter a new SCALE FACTOR [Y/N]?

after which the program will ask for a real number as a scale factor only if "Y" or "y" is

pressed followed by <ENTER>.
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