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ABSTRACT

The remote senaing of aurface vibrations on an object via
optical methods has many applicationa. Current techniques
use phase coherent methodas which are difficult to apply
againat a noncooperative target, or one at great diatancea.
A simple method of exploiting the apparent amplitude modula-
tion imposed on a light bear reflecting from a vibrating
aurface ia explored. Thia method requirea no phaae reference
between source and detector, and can use reflected sunlight
as its sensor beam. The deasign and construction of an
experimental receiver is presented, and itas senasitivity
againat targeta of varying reflectivity, apecularity, and
mechanical compliance is tested. Impact detection at a dia-
tance uaing this technique ia demonatrated, aas ia identifica-
tion of the impacted object from its recovered acoustic
apectrum. Theoretical range curves are developed, and sug-

gestions for additional uses of the technology are discussed.
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I. INTRODUCTION

The ability to sense vibrations remotely, in an object of
interest, hsa numerous military and induatrial applications
ranging from intelligence gathering to non-invasive machine
health determinations. Traditional methods of noncontact
vibration sensing include passive sonar, direct acoustic
measurements in air, and various optical methods. This paper
will explore the potential of one aimple optical technigue.

There are aseveral methoda currently in use for optical
vibration aenaing (0OVS) auch as direct interferometry, apec-
kle interferometery, time-average holography, and optical
Doppler measurements. 0’Shea, et al [Ref 1] providea a good
overview of the mechanics of these techniques: however, two
technical points pertinent to the discussion at hand will be
reviewed here.

Firat, all the current methods of OVS are based on some
type of optical heterodyning. This might have to be expli-
citly deaigned by the engineer, as in Doppler measurement, or
it may be inherent in the optical layout of the sensing
system, as in speckle interferometry. In either case the use
of a beam of phase coherent light ia required, usually gene-
rated by a laser of asome type.

It 1a thia uae of laser light as the target illumination

that givea riase to the aecond point, namely that auch methoda
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are active techniquesa, in the electronic warfare aenase of the
word; that is, they all require deliberate illumination of
the target with the sensor beam and, conversely, they cannot
use any illumination that is already falling on the target to
perform the OVS. Indeed, any such ambient illumination is
generally considered as noise, and hampers the measurement
process,

Another drawback to coherent techniques of OVS is a rather
severe range limitation, generally to the coherence length of
the illuminating laser. (Although highly specialized lasers
may have coherence lengths of a kilometer or more [Ref 1:p.
32)] those lasers with sufficient power to perform 0OVS are
typically characterized by coherence lengths measured only in
tens of meters.)

This thesis deacribes a different method of 0OVS, one which
can utilize either a dedicated sensor beam (the "“active"
mode) or reflected incident illumination (the “semiactive™
mode). The theoretical ranges at which this technique can be
used are limited only by the sensitivity of the receiver
syastem, and the signal-to-noise ratio of the target’s local
optical environment.

One possible application of this technique would be the
remote monitoring of the vibrational astate of a machine in a
vacuum, such as a satellite.

As an example, a simple rec-

eiver and illuminator aboard the Space Shuttle could be used

to measure the surface vibrations in a nearby satellite, to
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check for proper poast-deployment operation in the absence of
telemetry (such aa occurred in the recent Hughes LEASAT
failure) or to determine if exhaust plumes from the orbiter’s
propulaion ayatem were impinging on a docking target.

The approach described in this paper is based on ex-
ploiting the amplitude modulation (AM) which is usually im-
pressed on a light beam reflecting from a vibrating surface.
Aa ia noted in Chapter Two, this technique haa been known for
at least a hundred years, however certain drawbacks in itas
use have limited reasearch in this area aince the end of World
War II.

Sensing surface vibrations in this manner does have many
drawbacks compared to the phase coherent\pethoda previously
touched on. Specifically, the ability to accurately measure
vibrational surface excursions, map out vibrational nodes,
and sense extremely minute vibrationa would be difficult, i1f
not impossible with thia method. The advantagea of asimple AM
detection are quite attractive, however. The object need not
be illuminated with coherent radiation, and the illumination
may take the form of a beam transmitted by the researcher (as
ia done in this study) or may be reflected ambient illumina-
tion. Since a diatinct phaae reference ias not needed between
the target and the detector, measurement may take place over
long distances, and through phase distorting mediums.
Finally, the egquipment is, in principle, extremely simple and

inexpensive compared to the phase coherent systems.
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In the chapters that follow, the deaign and conatruction
of the receiver used to test this detection technique will be
explained, and the results of several experiments presented.
The goal of this experimentation was to remotely detect the
vibrationa in aeveral geometrically aimple test objects aub-
ject to mechanical impact, and to attempt to identify the
individual objects based only on the optically detected
acoustical spectrum of the resulting impact data.

Other inquiries undertaken were a atudy of the effect that
varying the specularity of the reflecting surface had on the
apparent modulation of the beam, the relative efficiency of
the various teast objecta as modulators, and a method of
predicting the impact apectral response of a test object

using noise excitation.




II. BACKGROUND

One of the simpleat achemes for modulating a light beam is
amplitude, or intensity, modulation (AM). In this scheme the
intensity of the light is varied in direct proportion to the
amplitude of the modulating signal. The relative simplicity
of both modulation and demodulation using this technique led
to its adoption by early researchers in the field of optical
communication.

It ia surprising to note that the basic principles of
optical AM voice communicationa were well underatood over one
hundred yeara ago. Mima (Ref. 2:pp 8-14] providea an inter-
esting account of the early work of Alexander Graham Bell in
this area. It ia a little remembered fact that Bell was
tranamitting apeech over impreasive diatancea (several hun-
dred feet) nearly twenty yeara before A. F. Collins made the
firat radio tranamiasaiona; the modulation method uaed by Bell
for these early transmitters formed the basis for the re-
search outlined in this paper.

The most direct method of amplitude modulating a light
beam is to modulate the current to an electrical light
source,. This light source can range from a low power light
emitting diode to a multi-kilowatt carbon arc lamp. The lack
of power handling devicea (such as vacuum tubes) capable of

providing the drive current necessary for this scheme forced

10
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ng early researchers to devise ingenious mechanical modulators
Ezi which impressed voice modulation on either artificial light,
o1

: or reflected sunlight.

:?a The simpleat mechaniam, and that initially used by Bell,
;;  was to reflect the beam to be modulated off a thin, flexible
rs mirror. Physical distortions of the mirror’s surface, caused

by impinging sound waves from the operator’s voice, resulted
in the reflected beam being *“modulated', as its reflected
path varied. (It is important to note that the beam did not
have its intensity varied per se but, to the diatant

e receiver, the shimmering effect caused by the uniform inten-

sity beam aweeping over the detectora effective aperture

gf caused a virtual amplitude modulation.)

.;a Optical communication languished after this brief heyday
{ at the turn of the century. A small interest was expressed
by various military organizations during the World Wars,

however the rapid advance of radio technology eclipsed the

O usefulness of optical communications schemes. Even though

E{ the advent of the laser sparked a renewed interest in the

;i; field, the line-of-sight restrictions on transmission range
;- still has limited free-aspace optical links to a few special-
iﬂ% ized applications.

ﬁéﬁ The primary difference in the optical transmission systems
-;f of today and those of a hundred years ago is the type of

iik modulation. Detector technology haa, of course, advanced

ESE rapidly but the potential for increased range with these

11
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% deviceas would be hard to realize using AM. The simple AM
»
Iy, modulator described earlier shows how easy it is to amplitude
1 modulate sunlight. Thia effect, when cauaed by mechanisms
Y
2‘ such as atmoapheric turbulence, random reflections off moving
v“;
\; machinery, or the presence of vibrating objecta in the field
. .
o of view of the detector, causes various levela of AM noise in
A
]
R
{: the receiver. It waa to minimize the effect of such noise
;{ that the more aophiaticated methaoda of amplitude invariant
W modulations were developed. These include several forms of
E pulse modulation (e.g. pulse position and pulse frequency
.
o modulation) and fundamentally different techniques, such as
| ]
o phase and frequency modulation of the light beam itself.
W
ﬁ (0’Shea provides a good introductory treatment of this sub-
;"
§1 ject [Ref. 1: Chapter 8].)
;F The tremendous range increases made possible by these
I~
;§ techniques has reasulted in the virtual abandonment of optical
s
.\ AM since the middle fifties, except in ayatema auch as opto-
'f
U isoclators and like, where simplicity is paramount {(Ref 31].
Y
;* It ias, however, thia very susceptibility to noise that
1)
?; makes the high gain AM optical receiver such a good candidate
M for vibration sensaing. (Note that Bell’s early receiver was
1
;} in esasence an OVS device, senaing the vibration levels in a
‘\1‘
A distant transmitter mirror.)
9
e, An example of the potential of this technique was noted in
.-
' passing by a researcher in New Zealand, A. G. Richardson.
15
ﬁg Although not mentioned in his original paper [Ref 4], Rodgersa
|?
K~
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{Ref S)] indicatea that Richardson waa engaged in reasearch on

high gain optical receivers for long distance AM reception.
Whatever the reason, Richardson was testing such a receiver
by exposing its cesium cell sensor to sunlight. (The rumble
induced by the passage of clouds was apparently used as an
expedient optical signal generator for initial adjustments.)
While engaged in this atudy, Richardson was puzzled by the
presence of numerous tone bursts lasting about 100 milli-
seconda, and varying in frequency from 100 Hz to about 500
Hz. He devised a clever experiment to determine the aource
of the modulation, and finally concluded that it was caused
by the passage of insects through the field of view of the
detector. Although invisible to the human eye, the reflec-
tion of sunlight from the vibrating wings of the insects

imposed an extremely small AC signal on the strong DC sun-

light seen by the receiver. That this was easily detected by

Richardson’s equipment is a hint of the usefulness of this
technique,

Interestingly enough, a similar '"“problem™ was encountered
by the author in constructing the receiver used in this
research. While initially aligning the first succeassful
deaign, a strong, intermittent buzz of about 30 Hz was no-
ticed in the receiver’as output. This interference was even-
tually correlated with the appearance of a hummingbird at a

window feeder located several meters from the receiver. At

this point in the construction the receiver was devoid of any

13




external collecting optics, yet it provided a strong detec-

.“b tion of the modulated sunlight reflected from the small
;:( bird’s wings.
;ﬁg For purposes of this researcﬁ, the author haa assumed that
:EG light reflected from any vibrating surface would be similarly
:?1- modulated to aome extent, and that this modulation could be
;Ec detected by a&a carefully designed high-gain optical AM
Eiz receiver.
f{: The anecdotal experiences above also serve to illustrate
’E% another fact:; the signals produced by this inadvertent AN
N
ifﬁ nodulation are generally frequency invariant. That a given
’, target of interest may modulate light with a small, distinct
;i group of frequencies is a powerful asset to the engineer
:3 trying to detect them, particularity if their values are
o known in advance. Even if these frequencies are not known, a
Eéal apectral display of the AM receiver’s output is likely to
ﬁﬁt show the presence of aignals of intereat more quickly and

unambiguously than any other method. Thia fact waa borne out
" during the author’s research, and is somewhat analogous to
the effectiveness of '"panoramic® displays on electronic war-
fare equipment.

The usefulness of viewing this problem in the frequency
domain cannot be overemphasized. Signals and events in this
experimentation, which would have been undetected on a con-

ventional time domain display, or by the human ear, were

easily spotted using a sensitive audio frequency spectrum
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analyzer. The effects noted in the atudy of targeta subject
‘? to impact, which were simple to record and compare in the
frequency domain, would have been difficult, if not impos-

g sible, to interpret in the time domain.
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III. RECEIVER DESIGN AND CONSTRUCTION

A. DESIGN SPECIFICATIONS

Before elaborating on the deasign and conatruction of the
teat receiver, it is8 neceasaary to present the apecifications
used to guide this effort. These apecifications are not

preaanted in any apecial order, however their relative impor-

tance is noted in the individual discuasions below.

o

o 1. Bandwiden

éﬁﬁ Although useful acoustic measurements can be made in
5:%, excess of 1 MHz, particulsrly in machine health diagnosis
,§£§ systems, the bandwidth of the receiver was limited to the
f¢3j audio spectrum (20 Hz to 20 kHz). The primary reason for
Fron. this limitation was that the receiver was to be interfaced
.1;§ with a Hewlett Packard HP-3285A digital apectrum analyzer.

The research to be conducted was heavily dependent on the

capabilitiea of this machine, which is limited to an upper

frequency of 20 kHz, hence the receiver was designed with a
similar bandwidth. (As will be seen, this did not handicap
the experimentation.) An equally important reason to limit i
the bandwidth was the need for very high gain in the first |

stage of the amplifier, and the resultant easing of the gain-

. bandwidth tradeoff problem simplified the design. Finally,

SSN
NN
{}} limiting the response to the audio frequencies allowed lib-
T e .
~iﬁ eral use of bypass capacitors throughout the amplifier,
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preventing RF feedback without imposing the usual reatric-

tions on lead dreass and component layout, although the latter
could not be entirely ignored.

2. Gain

The gain of the receiver was to be as high as pos-
asible, given the bandwidth restrictions above. Since the
modulation components being sought would be only a tiny AC
ripple, the ability to amplify the signal to a useable level
would hinge on a relatively high gain, likely in excess of SO
dB. Although predicting the exact gain needed without a
priori knowledge of the experimental results was impossgible,
the assumption was made that the higher the receiver gain,
the better. Naturally, low noise components were selected
for the first stage of the amplifier to prevent masking the
signal of interest with receiver-produced noise.

3. Cost

The cost of the receiver was to be kept to a minimum
by using off-the-shelf components for construction. This not
only had the laudable benefit of cost reduction, but signifi-
cantly reduced development time as all components were read-
ily available.

4. Complexity

It was decided that incremental improvements in recei-
ver performance would not be purchased at the price of
greatly increased complexity. The design of very high-gsin

amplifiers is a specialized discipline, and maximizing
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receiver performance would necessitate considerable study in

this field if a atable design waa to be produced. Since the
research goals could be accomplished with less than the
naximum performance possible by the receiver, a more modest
design of good atability was chosen.
S. Optical Bandwidth
The tranaducer selected for the receiver was to be
aenaitive to visible (400 nm to 700 nm) wavelengtha to =im-

plify the process of optical alignment of the test setup.

B. TRANSDUCER SELECTION

There are numerous optical transducers on the market. A
brief summary of each of the more common ones, and their
characteristics, is presented below. Particular attention is
paid to the detector’s parameters that make it suitable or
unsuitable for use in an AM optical receiver, and f-ctors not
important to thia taak are ignored. Readera intereated in a
somewhat more thorough description ahould conault Mims [Ref.
2: Chap. 4] or the professional literature.

1. Photoreaiastive Devices

This claas of detectors includes devices whozae regis-
tance changes aa a function of the incident illumination on
their sensitive surfaces. A typical example is the cadmium
sulfide (CdS) cell. These devices are inexpensive, and rela-
tively sensitive to viaible radiation, however they have poor
dynamic range (i.e. they are easily "swamped™ by strong DC

sources) and exhibit undesirable hysteresis.
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2. Photomult er Tubes
These devices represent the opposite end of the apec-
trum in detector technology. They have unrivaled sensitivity
(down to the single photon level) and extremely faat rise
times. Drawbacks include the need for a high voltage bias
supply, the physical fragility of the tube, high cost, and an
extremely small dynamic range.
3. Phototransistors

These devices are formed by packaging a specially
designed tranasistor in an optically transparent case. They
are small, inexpensive, have reasonable rise times, and good
senaitivity (particularly in FET or photo-Darlington arrange-
ments). The only drawback for the purpose at hand ia the
nonlinear gain curve these devices follow, again resulting in
saturation at moderate illumination levelas and poor dynamic
range.

4. Avalanche Photodiodes

Avalanche photodiodes have been referred to as “golid
state photomultiplier tubesa", and rightly so. They exhibit
nearly the same high gain as the photomultiplier tube, but in
a smaller, rugged package. Unfortunately they still require
several hundred volts of bias and are easily swamped by
bright background illumination if not equipped with special

filters.
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° 9. PIN Photodiode

The PIN photodiode is so named because of its con-
struction, wherein heavily doped p and n layers of silicon
are separated by an undoped (intrinsic) layer. These devices
have a sensitivity somewhat lower than that of the photo-
tranaiator, but exhibit a very wide dynamic range. They
generally give useable aignal outputs over a range of aseveral
decades of illumination. Photodiodes are also inexpensive,
extremely rugged, and produce little noise.

Given the facts above, it was not hard to narrow the
detector choice down to the the phototransistor, or the PIN
photodiode. Initial experimentation during the receiver
construction showed that the low noise of the photodiode,
coupled with its broad dynamic range, made it the preferred

transducer.

C. RECEIVER FRONT END DESIGN

The PIN photodiode may be conaidered a variable current
aocurce, whose output is proportional to the intensity of the
incident illumination. The generally accepted method of
amplifying the output of these devices is the use of a sens-
itive current-to-voltage converter consatructed from a high
gain, low-noise operational amplifier. The amplifier should
have a very high input impedance (to reduce detector loading

and hence noise) and a high gain bandwidth product.

The next matter to conaider is that of detector bias. The

PIN photodiode may be reversed biased, with typical values of

20
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up to 20 volts. This bias voltage has little effect on

detector sensitivity, but plays an important role in determi-
ning the shunt capacitance of the device, in a manner similar
to that of the varicap diode (i.e. varying the width of the
depletion region). 1In circuits designed for extremely fast
rise time (on the order of nanoseconds) the diocde should be
biased at as high a value as possible to minimize the shunt
capacitance, and hence minimize high frequency roll off. In
the circuit considered here however, this is of little con-
cern and the detector was unbiased for the sake of
simplicity.

Uaing the current-to-voltage convertor shown in the firat
stage of the receiver schematic diagram (Figure 1), the
output of the first stege amplifier (LF 353) can be calcu-

lated as:

Vi

RF = (Ip + Ip)

where RF is the 1 megohm feedback resistor, and Ip is the
photo current produced by the diode in response to the in-
cident light. Ip is the so called dark current, and results
from a combination of current leakage mechanisms within the
diode. This quantity represents the shot and thermal noise

levels associated with the device at a given temperature, and

hence determines the threshold sensitivity. (The dark
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current will be used later in predicting the range of the

receiver against a given signal of interest.)
Almoat any operational amplifier could have been used for

the first stage amplifier, however the LF 353 was chosen

because of its high input impedance (1012 ohms) and low noise
figure (.01 pA/Hz-5) compared to other generally available
devices. The gain-bandwidth product of 4 MHz was considered

aufficient for the demonstration receiver being conatructed.

D. RECEIVER SECOND STAGE DESIGN

The second astage of the receiver (Figure 1) was designed
around the LM 386 audio power amplifier, configured to give a
gain of 46 dB. The operation of this circuit is well docu-
mented in numerous design handbooks, and will not be =slabo-
rated on here. This particular device was chosen for itas low
external parta count, and the ability to directly drive a low
impedance load such as a speaker. (Initial adjustments to the
receiver were made using a speaker to provide audible output.>
hence the capability to directly drive such a load was
convenient.)

The second stage of the receiver was AC coupled to the
front end, since only the AC portion of the signal would be
of intereat in thias research. The overall gain of the recei-
ver is adjusted with the 10 K ohm potentiometer that follows
the 0.1 uF coupling capacitor.

The complexity of rejecting DC in a current-to-voltage

convertor, such aa is uased here, ia conaiderable: the
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compromise of blocking out the DC in the intersatage coupling
was chosen instead. This procedure does have one drawback
however, the photodiode will generate sufficient current to
swing the output of the LM 353 to the point of clipping when
exposed to bright light, such as specularly reflected sun-
light. Thias effectively locks the receiver up when it ia
expoaed to a very bright acene, even though the photodiode
itself may atill be operating in a linear fashion. This
effect proved to be little practical trouble during the
experimentas being conducted. However if exposure to very
bright backgrounds was expected, the simple addition of a
neutral density filter to the receiver’s optical path pre-

vented lock up. The 500 uA meter movement connected to the

[NENEESLLIRAG ' LA PACL I

the front end of the receiver was included as an operating
aid, indicating the DC level of the front end output. Cor-

rective measurea, such aa decreaaing the target illumination,

were taken if the indicated DC level began to approach the

front end op amp’s positive clipping threshold.

E. RECEIVER CONSTRUCTION AND TESTING

The teat receive®> was congtructed on a small circuit

oy
*

prototyping board, keeping all lead lengtha aa ahort as
possible (asee Figure 2). The detector and power supply (two

nine volt batteriesa) were mounted on the board also to

A "!-f‘, [hn g SRS

minimize the possibility of feedback and hum pickup. For the

£
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collector optics, a amall lens constructed of optical plastic
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Figure 2. Receiver Layout
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was attached to a 35Smm film can. The lens used is approxima-
tely 2 cm in diameter, with a focal length of 40 mm.

During initial testing, the circuit was noted to be very
sensitive, and very prone to breaking into oscillation. The
47 pF bypasas capacitor connected to the input of the aecond
atage eliminated thia problem. Once the amplifier was op-
erating atably, the two photodiodea obtained for the exper-
iment were connected to the circuit and then installed in the
optical housing for teating. The firat diode, manufactured
by Hewlett Packard as type 5S082-4203 performed well, but not
nearly as well as the second diode, a Texas Instruments
TIL413 which produced about twice the signal-to-noise ratio.
This was not surprising since the TIL413 has both a larger
active area and roughly twice the responsivity of the 5082-
4203. This device was chosen for use in the experiments to
follow.

The final problem to be acolved revealed itself when the
recejiver was connected to an oacilloscope. The second stage
of the amplifier was oscillating at a frequency of about 250
kHz, causing distortion of the signal waveforms. This prob-
lem was eliminated with the installation of a S pF capacitor

from ground to the second stage output.

To test the overall amplifier frequency response, a vol-
\
tage divider was constructed from a 10 megohm resistor and a i
1
510 ohm resistor; a signal generator was then coupled via

this network to the input of the first stage of the receiver

26
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e

E$§ ' and the input-output relationshipa shown in Table I were
:ﬁ€ obtained at the given frequencieas. It should be noted that

the "gain" calculated ia not a true voltage gain for the

anplifier, since a current to voltage convertor has no vol-

R A

LN X R

tage gain defined per se, but rather a transimpedance gain

o

given by the ratio of the output voltage to the input cur-

Ko

?E rent. However, since this minute input current is difficult
%f to measure directly, and since we are interested only in the
ﬂi. relative performance of the amplifier as a function of fre-
':i quency, these figures will serve adequately. The voltage VIN
;i in Table I is the voltage developad across the 510 ohm resis-
.;; tor in the voltage divider; this voltage waa coupled to

'ﬂﬁ inverting input of the LF 353. The gain figuresa preaented in
- the Table are plotted in Figure 3.

\f; The relative change in the amplification, from maximum to
v

ig minimum, was on the order of 14x%. As matters turned out,

moat of the data of interest was between 100 and 1000 hertz,
where the amplifier’s response could be considered flat.
\h% A later test of the aaplifier using bandlimited white
R, noise and a spectrum analyzer gave essentially the asame

o reaults as those shown Figure 3.
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" TABLE 1I
: AMPLIFIER FREQUENCY RESPONSE
2 Frequency VIN vouT Gain
B4 hertz microvolts volta dB
S ——-
o 100 47.7 4.00 98.5
\
. 200 47.7 6.00 102.0
o 300 47.7 6.50 102.7
LWy
W 400 47.7 6.50 102.7
o S00 47.7 6.50 102.7
s 600 a7.7 6.50 102.7
o 700 47.7 6.50 102.7
q
i 800 46.7 6.20 102.5
& 900 46.7 6.00 102.2
R 1000 46.7 5.60 101.6
'i 2000 46.7 4.80 100.3
(4 3000 46.7 3.00 96.2
- 4000 46.7 2.50 94.6
/‘
x S000 46.7 2.25 93.7
v 6000 46.7 2.00 92.6
X

7000 46.7 1.75 91.5
- 8000 46.7 1.60 90.7
y 9000 46.7 1.40 89.6
"
-3

10000 46.7 1.30 88.9
7 20000 46.7 1.20 88.2
g
4
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hLJ IVv. TEST SYSTEM CONFIGURATION
W\
L
A A. TEST SYSTEM LAYOUT
Qﬁ
1&} Figure 4 shows the physical layout and data flow in the
A5
v experiments conducted. The beam from the illuminator (aym-
W
v“’l
‘;a bolized by a dashed line) was directed at the teat object,
l‘\‘:'
?Sﬁ and the reflection therefrom was intercepted by the receiver.
Eo
) The object-to-illuminator and object-to-receiver diatances
§;3 were fixed at one meter for the experimenta deacribed herein.
a3
f} The speaker located behind the teat object allowed acoustic
e
. excitation using either bandlimited white noise or a single
\" '
‘;§ tone. Figure 5 ia a photograph of the teat layout showing
o
"
¥:ﬁ the test object (a mylar disk in this case) and speaker on
200
' the left, the illuminator in the right background and the

receiver in the right foreground. (The oscilloscope screen on

L%
AN

the extreme right ahowa an actual received aignal; the cir-

"l
2 0 P2

cuit was in operation at the time the photograph was taken).

"
.,ﬁ_ Signal flow, shown in Figure 4 by so0lid lines, was

W

t-ﬁ straight forward. The received signal was passed to a trig-
' -

1l d

[ ) jJered sweep oscilloscope, and a Hewlett Packard 3582A audio
AR

L

spectrum analyzer. The spectrum analyzer was interfaced to

S

an HP-85 microcomputer, which drove a digital pen plotter for

.““ £
ZLE

spectrum hardcopy (see Appendix B for a listing of the rele-

vant computer programa). As noted above, the white noise

Lf’l S
?ﬂb..eJ

output of the spectrum analyzer was one source of acoustic
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excitation for the test object, the other source was an audio
signal generator.

Figure 6 is another view of the system layout, taken from
behind the receiver,

The test objects used in the initial tests were con-
structed by stretching various reflective materials over
100 mm embroidery hoops. Figure 7 shows the four test disks,
and a twenty-five cent piece which was included for scale.
The materials used were (clockwise from top) asilver mylar
sheeting, silver mylar painted flat white, transparent food
wrap, and aluminum foil.

Figure 8 is a close-up of the transparent disk mounted in
front of the speaker, in the test position. The bright
reflection in the disk is that of the illuminator. Figure 9
is a side view of this arrangement.

To test the sensitivity of the receiver to specular and
diffuse reflections the disk shown in Figure 10 was con-
structed of silver mylar, and then painted with flat optical
white paint. Figure 11 shows the reverse of this disk, which
was left in its normal state. By exposing either the sil-
vered, or the flat white side of the disk to the receiver,
comparative measurements could be made of the modulation
capability of a diffuse and a specular reflector.

The illuminator was a commercial underwater flashlight
lamp and reflector assembly mounted in an optical ring

atand. The three-volt quartz-halogen bulb was powered by an

33

A Y » A )
Lo

-
S e

e ATt A M-
TN AT e
A b - N »

[P S
L
.

- -..-1
N A




S ao oad A oh o e L ra s RN oBR Lt SRV s ot ofa- Yol SAU - 2hC BAS SAc Aat ail dac SaF Bas Lol b dak et ol Sl Rat Sad Fod B Sal-Sall RAECA LA R Ak Vi an alic ath-ach s A AV SO et A i S B i

Figure 7. Test Objects (clockwise from top: Mylar, painted
mylar, aluminum foil, plastic wrap.

1

Figure 8. Disk and Speaker (front view)
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Figure 9. Disk and Speaker (side view)

Figure 10. Diffuse/Specular Test Disk (diffuse side)
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(Specular Side)

Diffuse/Specular Test Disk

Figure 11.

Target Illuminator

Figure 12.

36




:r!r SR L
My } o H'c""‘-‘ R
by DU E

A
Cod T

adjustable, filtered power supply to provide a variable sen-

sing beam. Figure 12 shows a front view of the illuminator
in operation. 4
The final piece of test equipment used was a battery
operated sound pressure level meter, employed to measure the
intensity of the acoustic excitation of the test object in

some of the later experiments.

B. EXPERIMENTAL ENVIRONMENT

Initial tests of the receiver showed that it was highly
sensitive to noise induced by AC powered fluorescent lamps
and, to a lesser extent, AC powered incandescent lamps. The
interference induced was highly regular; a 120 Hz apike for
incandescents, and the addition of decreasing amplitude odd
harmonics of this frequency for fluorescents. Although the
predictability of the interference made it pogsaible to ac-
count for it in the experimental results, the author elected
to conduct all experiments in darkness to simplify inter-
pretation of the results.

Another noise problem noted in the environment was that of
acoustic noise. As will be explained in a following Chapter,
some of the diskas were extremely aensitive to external acous-
tic excitation. To prevent receiver clipping, the level of
the excitation asignal produced by the apeaker was kept very
low, generally just barely audible. Converaation, or the
normal noises associated with a working laboratory, could be

seen to be clearly influencing the test data. This problenm
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was éuppressed by time averaging most of the data, which
rejected the effecta of transient noise. Impact spectra,
collected from cobjecta subject to mechanical impact, could
not be time averaged, but since they were a result of fairly
short (much lesa than one second) collection periods, they
were not as serioualy affected by local noise. Additionally,
the high asignal levels associated with the impact responses

further auppreased this problem.
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V. SYSTEM PERFORMANCE

A. INTRODUCTION

This Chapter presents the results of the experiments con-
ducted in optical vibration sensing using AM detection.
These tests evolved from several days of trial and error
experimentation by the author, after the receiver was con-
structed and inatalled in the test layout. Although the
remote sensing of impacts and the positive identification
thereof in the presence of noise was of primary interesat,
aome fundamental gquestions involving the nature of the in-
duced AM needed to be addressed; hence such experiments as
the diffuse / specular reflection signal-to-noise comparison.

The experiments are presented in the order they were
performed, to give the reader a feel for the "“top down"

approach used in the investigation.

B. OBJECT IMPACT STUDIES

This series of experiments was conducted with the expec-
tation of being able to remotely determine if an object had
been impacted and, ideally, to identify the object from a
samall test population.

The experimental apparatus was arranged as shown in Figure
4, with the the speaker connected to the white noise source.
Exciting the disks with white noise was expected to produce a

signal at the receiver which was the convolution of the white
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noise input and the response characteristics of the indivi-

dual disks. Specifically, it was expected that the disks
would all show peaks in their time averaged noise spectra
corresponding to their mechanical resonance points.

The receiver and illuminator were trained on the test disk
and the spectrum analyzer was uaed to produce a time average
of 128 samplea of the received aignal. The resultant apectrunm
was inapected for each of the three teat diaka. Thia initial
analyais showed that all the diakas had multiple and distinct
reaonance peaka, and that the majority of theae peaka lay 1in
the region betwgen zero and one kilohertz. With this know-
ledge in hand, further experimentation was limited to that
region of the spectrun.

Each of the three disks was subjected to this bandlimited
white noise excitation, and a plot of the characteristic
resonance apectrum for each diak was produced. It was
hypotheaized that exciting a disk with a mechanical impact

(inatead of white noise) would produce a similar spectrunm,

which could
on matching
white noise

The test
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be considered to be the impulse response of the disk.

well known that the impulse

LNt POV
'.l\‘o Ty ‘... I.IJ.

then be used to identify the disk (based solely
the impact spectrum with the previously recorded

spectrum).

procedure is based on the assumption that an

impact could be modelled as impulse excitation of the disk,

and hence the acouatic response generated by an impact could

It is

(delta) function may be
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practically replaced by its Fourier tranafroa, i.e., white
noise in filter impulse response studies, and this is freqg-
uently done as it simplifies the measurement of this impor-
tant filter characteristic. (Although we are dealing with a
mechanical filter in this caae, the same principles apply.)
Hence, we expect the white noise and impact aspectra of the
disks to be very similar.

The noise spectra recorded were normalized in the follow-
ing manner: the sensor beam illumination was adjusted to
produce a two volt (DC) output from the receiver front end
with no acoustic excitation of the teast object. The level of
the white noise at the speaker was then adjusted to provide a
atrong aignal at the receiver, just below amplifier clipping.
This required markedly differing levels of both illumination
and acoustic excitation for the three disks. (The differing
levels of illumination required was not surprising, since one
of the disks was transparent, and two were silvered. The

differences in acoustic sensitivity were interesti .- howevev,

&
&

and a separate experiment was designed to quantire this.)

"..l'

Once these spectra were recorded, the speaker was removed

b o ;
Fy s

and each disk was then asubjected to a mechanical impact from
a spring loaded plunger. (The impact was varied in itsa
intensity for each case to prevent amplifier overload.)
These impacts were analyzed using the transient capture mode
of the spectrum analyzer, in which a signal sufficient to

exceed the threshold preaet on the instrument initiates a
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single sample of the data and a subsequent display of its
spectral componentas. This spectrum was then plotted for
comparison to the previoualy obtained noise reaponses of the
disks.

The results were encouraging. Figures 13 through 18 are
the noise and impact apectra for the three test diska. The
arrows indicate a visual correlation between the impact and
noise apectra of a given disk. For example, the white noise
excited spectral peaks for the aluminum foil disk (shown in
Figure 13) located at about 110, 250, 380, and 390 Hz were
alaso evident in the impact spectra for that disk (Figure 14).

The interested reader may wish to remove these plots from
the binding and overlay them to see the remarkable correla-
tion between the noise and impact results. Another interes-
ting exercise is to overlay the various noise apectra on one
impact spectrum, and attempt to identify the varioua test
objecta. The author had little difficulty diatinguishing the
three test objects based on this aimple visual correlation,
which is an admitally crude technique. That it works, even
on this limited test population, is a strong indicator of the
potential of AM detection when coupled with more sophisti-

cated (i.e. computer based) correlation methods.

The aluminium foil disk showed the higheat visual corre-
lation between impact and noise spectra, and the mylar the

worst, although it too was jidentifiable.
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This fact did not come aas a total aurprise, since the
noise spectrum peaks for the mylar were well below those of
the aluminum foll (the aforementioned normalization masks
this in the spectral plots). This indicates that the mylar is
a better transducer in that it did not "color* the white
noise to the same extent as the foil. Consequently, the
white noise and the impact were both reproduced by the recei-
ver with less coloring when the mylar was being tested, hence
the apectral patterns were not as distinct at those of the
aluminum foil. (Note the atrong low frequency response of
the mylar to impact, which is a result of its high compliance

and sensitivity.)

C. COMPLEX OBJECT IMPACT

The above reaults seemed to indicate that the less com-
pliant disks produced the spectra that were the easiest to
identify. This suggested the next experiment wherein a geo-
metrically complex metallic object was subjected to the same
type of testing.

The test object chosen was an aluminum beverage can with
an anodized, reflective finish. The can was mounted to the
test stand by meanas of its 1lift tab, which was spot welded to
the top. This provided a aecure mounting, but one that did
not tend to damp vibration in the main body of the can.

Although a rather high level of noise was needed, a noise

apectrum for the can waas obtained (Figure 19). The can wasa
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:f‘ then subject to a mechanical impact, and the resultant spec-
trum plotted. The impact was repeated on various surfaces of
the can, and at varying intensities, however the results were
:33 always similar to those of Figure 20. It can be seen that

. four of the six noise spectrum peaks were clearly reproduced

> in the impact spectrum. (The low frequency components present
LYY

.y
.gk in the impact spectrum were a result of the impact causing

3

the entire can to vibrate on the test stand (at the weld
joint of the tab) in addition to the normal "ringing'.)
The ‘clean'" noise and impact spectra produced in this

case, and the obvious correlation between them, indicates

™ that impact detection may be simpler against complex targets

with strong, diatinct vibrational modes.

D. COMPARATIVE TES© OBJECT RESPONSE TO NONRESONANCE EXTERNAL
AN EXCITATION

. As was mentioned in the previoua section, the levela of
s
i)“ acoustic excitation needed to produce a atrong aignal in the
;& receiver varied widely for the three diaka. An experiment
‘é E was conducted to quantize these differences.

s
i.:l e N4

For this experiment, a new piece of equipment was intro-

e
P
ot

&i' duced, the sound preasure level (SPL) meter. This device can
i{ give a standard SPL measurement of a given sound level using
&
AR

9 any of the three common weighting curves; "A", “B*, or "C",.
3}: The first two of these curves are tajilored to match the
:ig response of the human ear, and are commonly used for indus-
'..\".

® trial noise measurements by health and safety officials. The
s
:q.,,'.
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30 called dBC ("C" weighted) scale is an essentially flat

decibel measurement of the incident sound pressure level,
referenced to an arbitrary atarting point of one dyne per
square centimeter. (As a rough guide, a very quiet room will
exhibit an SPL of about 35 dBC, and 120 dBC ia conaidered to
be the threshold of damage for human hearing.)

The experimental setup was again as shown in Figure 4,
with the addition of the SPL meter, which was mounted in a
fixed poaition near the apeaker. The three diaks were then
excited with a aingle tone from the signal generator, and the
SPL needed to produce a two volt peak-to-peak aignal at the ]
receiver output was measured for the three disks. The re-

sults are presented below, in Table II.

TABLE II

SPL COMPLIANCE TEST RESULTS

Disk Receiver Output Sound Pressure Level
Mylar 2.0 volts 75 anc
Plastic 2.0 volts 81 dBC
Wrap
Aluminum 2.0 volts 94 dBC

(Ambient noise 60 dBC)

The nearly twenty dB difference between the aensitivity of
the Mylar and that of the aluminum foil points up the vast
differences in these materiala aa transducers of incident

acoustic energy. It is of interest that the ranking of these
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materials, in best to worst order, is the aexact opposite of
their ranking in the previous experiment in noise/impact
spectra correlation.

The frequency used to excite the disks for the above
experiment was chosen at a nonresonance point for each one,
as determined from the previously produced noise spectra. As
will be discussed in the next section, the disks were much

nore sensitive to excitation at a resonance frequency.

E. RESONANCE SENSITIVITY OF THE MYLAR TEST DISK

While conducting the above experiment, it was noted that
the output signal-to-noise ratio of the receiver could be
made to vary widely by slowly sweeping the signal generator
through the resonance peaks of the disk. Although certainly
an expected effect, the high sensitivity of the Mylar disk to
excitation at a reasonance frequency was one of the more
impreaaive demonatrationa to casual obaservera. Uaing the
layout of Figure 4, with a aspeaker-to-disk separation of 3
cm, a aubaudible level of 3500 Hz tonal excitation produced
the input / output relation ahown in Figure 21. The input to
the speaker is shown in the top trace, and the output from
the receiver in the bottom.

The interest generated by the fact that the excitation
signal was inaudible to a nearby observer aparked a more
careful measurement of this effect. Using acoustic excita-
tion at the 520 Hz resonance peak of the Mylar disk, an SPL

of only +7 dBC above ambient noise (measured at the disk’a
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surface) produced a receiver signal 66 dB above the noise

floor, as measured by the spectrum analyzer.

F. RECEIVER RESPONSE TO DIFFUSE AND SPECULAR REFLECTIONS

All three test disks used in the above experiments pro-
vided highly specular reflections. 1In an actual remote vib-
ration sensor, particularly one designed for use against
noncooperative targets, the operator might not be fortunate
enough to get such a reflection of the sensing beanm, or
ambient illumination source as the case may be. This experi-
ment was designed to measure the variability of receiver
signal-to-noise ratio when viewing specular and diffuse ref-
lections from targets exhibiting the same vibrational
excursions.

For this test, the Mylar disk coated with flat white paint
on one surface was used. As discussed in Chapter Two, and
shown in Figures 10 and 11, this disk was only painted on one
side leaving the other in its normal, apecular silver state.
This disk was mounted in the teat stand with the silver side
facing the receiver and illuminator. The receiver was alig-
ned to directly intercept the reflected sensor beam, and the
illumination power adjusted to give a no signal reading of 2
volts DC at the receiver front end. The aignal generator was
then connected to the excitation speaker, and its output was
adjusted to give a moderate aignal level at the receiver
ocutput (27 mv P-P). The SPL required to produce this éutput

level was noted and the diak reversed on the mounting.

Sé




With the diffuse side of the disk now facing the receiver

the senaor beam was, of courae, not as efficiently reflected
to the senaor. To compenaate for thia effect, the illumina-
tor power waa increaased to provide the same no-aignal DC
level at the receiver front end as in the previous case (2
vDC). (The effect of this was to equalize the "carrier"
atrength for the two cases, so that the differences in modu-
lation efficiency could be measured.)> The signal generator
was then adjusted to give the same receiver aignal output as
was produced from the specular side of the disk, and the SPL
required to accomplish this was recorded. The disk-to-
apeaker distance waa kept at a constant 3 cm in both cases.

The results are presented in Table 11II.

TABLE III
DIFFUSE VS. SPECULAR REFLECTION SNR
Surface Sound Pressure
Type Level
Diffuse 43 dBC
Specular 7 dBC

(SPL shown is above a 61 dBC ambient noise level)

The large disparity in these figures shows that long range
use of AM detection for OVS will be much easier againat a
specular target. This experiment also gives a clue to the
underlying form of the modulation; a model baased on the

modulation being impressed by the physical sweeping of the
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%. sensor beam (or subelements thereof) over the effective aper-
LAY

)

ﬁﬁ ture of the detector fits well with these results. This
- sweeping action is a result of the physical distortions in
$¥ the aurface of the diak cauaing deflectiona in the sensor
e bean.

G. EQUIPMENT VALIDATION

An initial concern during the experimentation was that the

reaonance peaka shown in the varioua apectral displays were

A not a result of the vibration characteriatics of the object

§ﬁ under test, but rather were being impressed on the ocutput by
;: the other apparatus (receiver, apeaker, etc.)

Y;S Overlaying the noise spectrum plotas from the three disks
Eﬁ ahowed no common frequency peaks, which implied that any

i system resonances were well below the levels of the disk

;ié reaonances being measured. Further, the gain plot of the

LY

;i; receiver amplifier ahowed no untoward dipa or peaka over the
Y audio frequency spectrum, which seemed convincing evidence

,Ej that the receiver waa not a likely aource of system reson-

1

Eﬁ ancea. However, the apeaker used aa the noise excitation

;& aource, combined with ita mounting, might have been. The

ii. following teat was devised to examine thia possibility.

‘{é The input of the spectrum spectrum analyzer was connected
iﬁ to the audio output of the SPL meter. (Thia output provides
i% an audio signal from the SPL meter’s calibrated microphone.)
o

|¥ The white noise signal used to excite the test objects was
i

’f then connected to the apeaker, and the resulting signal from
",

o
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the SPL microphone (placed 4 cm from the speaker) time-

P

R

averaged over 3512 samplea. The apectral analysis (Figure 22)
showed no peaka that could be consistently reproduced, indi-

% cating a lack of significant resonant points. The only

¥ repeatable feature of the spectrum waas the amooth roll-off at
the 200 Hz point, which waa not unexpected for a 10 cm

A speaker.

3 To teat whether a low level resonance would indeed be

detected uasing this time-averaging of the SPL’a output, the

. o
»

experiment waa repeated but with a very low level S00 Hz tone

G,

Py

injected into the environment near the apeaker. This was

4

A; done by placing the SPL calibration source (a amall audio

é? oscillator and tranaducer) in its SO0 Hz tone generation

5 node, and physically mounting it beaide the teat apeaker. :
?' The tone was adjusted to a point 9 dBC above the ambient

ﬂ background noise. The aspeaker white noise was then used to

: “bury* this weak tone, by adjusting its level to 24 dBC above
{ ambient. A typical instantaneous (i.e. non time-averaged)

;5 spectrum of the resulting signal is shown in Figure 23. Note
R~

2 that the 500 Hz component ia indiatinguishable in the white

X noiae.

L

: The apectrum analyzer waa then allowed to time-average the
% aignal over 512 samplea, aa in the firat test. The resulting

spectrum (Figure 24) ahowa the 300 Hz tone reproduced quite

Y clearly; hence it is to be expected that any significant
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apeaker or mount resonancesa would have indeed been detected

"\ by thia type of measurement.
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VI. THEORETICAL RANGE PREDICTION

\%ﬁ In the Introduction to thia theais, the claim waa made

)

iS that AM detection for OVS could be exploited at long ranges,
i )
%2 and againat target glints resulting from reflection of am-
%?s bient illumination. This chapter will develop a simplified
i. prediction of the maximum range that such modulation detec-
U
. tion could be accomplished, uaing the experimental tranaducer
§@ﬂ and lens aasembly as a model.
éﬁ; To facilitate this development, several simplifying as-
7.. sumptions will be made. First, that the target and receiver
;ib are both in a vacuum, and hence there is no illumination
Ygﬁ scattered into the path between them. Second, the target is
) vibrating to such an extent that the entire reflected glint
%Eg ' is awept across the detector’s aperture (i.e. 100% modula-
;ﬁé tion). Third, the target is being view against a perfectly
P
%{ black background, giving an infinite signal-to-noise ratio at
:é the detector’s input. Finally, only the signal-to-noise

WS
:&a ratio at the output of the detector will be considered, any
..
s noise induced by further amplification will be ignored.
‘ii Although the above may seem to be simplification to the

-
‘ﬁE point of triviality, the ewpresaicns developed {fzum Lbis

.h model do serve a useful purpose, much in the same manner as
2
:;: maximum radar range predictions based aoclely on the pulse

2i repetition frequency: they give the maximum range that could
)
\cé 64
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be expected under ideal conditions and serve as a basis for

further modeling.

The SNR of the photodiode detector may be expressed as

:
‘. 4
Y

Y H
A )

22

b
Pl
A
v
]

(Ref 6]:

Responsivity (A/W) x Input (W)
SNR = e e b b (1L
Noise Current (A)

-
»
b

gt/

J
\(‘_.u

i:} The responsivity of the detector used (TIL 413) may be

e

’ computed as approximately 1.45 A/W (see Appendix A), and its
C_{ noise current is specified as having a typical value of 5 nA.
NS

}} Hence, we may solve Equation 1 for the input power necessary
Y

M
"‘ to give a apecified level of detector SNR at the output.
‘K}' The maximum range that an optical sensing or communication
4'\1:

{2{ system may be expected achieve is given by the optical range

equation as [Ref 7]:

h' Po AR t ‘
2o RZ = ------- (2>

K
5\‘ where:
i
S R2 = the square of the maximum range
;yﬁ AR = the area of the receiving lens

4 t = transmissivity of the receiver optics

T~ PTH = the threshold receiver power

‘Si 8 = the divergence of the asenaor beam in radians

Eia Pg = the power output from the target

R
e “R"™ is, of course, the value to be computed, AR is approxi-
-
- mately 3.14 x 10-6 m2 for the lens used in the experimental
v;; receiver. The value of "t" is not known precisely, but a
-
ulé value of .9 is generally taken as a good estimate in these
‘ _ L
\)\:
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cases. PTH is computed from Equation 1, given the detector
SNR the engineer wishes to at the output.

The final two parameters may be estimated using the facts
that the divergence of reflected sunlight is approximately
the same asa the angular width of the sun in the aky (about
nine milliradianas as aeen from the earth) and that the aolar
flux at the top of the atmosphere is about 13S0 watt/meterZ.
Aasuming that all of the apectral componenta of thia radias-
tion can be used equally by the detector (again an ideal case
aince the detector has a nonuniform apectral reaponse), the
laat two parameters may be computed knowing only the target’s
reflective area, and its reflectance. Assuming the later to
be unity, we may combine Equations 1 and 2 to obtain:

(13505 (.9)(3.14%10-6)(d2/4) (pi)
R2 = ~--cccmmmm e m e o (3
(9%10-3>2([(snr)(5x10-9>/1.45)1
where "d"™ is the target’s diameter in meters (the target is
assumed to be circular.)

Figure 25 is a plot of Equation 3, showing range (in
kilometers) as a function of detector output SNR (in dB) for
various target diameters. (Appendix B contains the computer
program used to generate the data points plotted.)

Again it must be atressed that the above calculations are
based on highly idealized circumstances. More accurate

modeling of the environment in guestion, or empirical obser-

vation are needed to predict the exact range curves in a




given situation. One would, however, expect a form very

. similar to those shown in Figure 25.
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VII. CONCLUSIONS AND RECOMMENDATIONS

The uase of AM detection as a method of optical vibration
sensing was clearly demonstrated. This method easily reco-
vers vibration frequencies in the audio spectrum, and shows
respectable sensitivity when employed against specularly
reflecting targets.

Noise, induced by a confused field of view for the sensor
or as a result of atmospheric turbulence, would be expected
to have a serious impact on this technique. Its effective-
nesa for impact detection may be impaired to a lesser extent
than its effectiveness for vibrational analysis. This pre-
diction assumes that the vibrational modes (tonals) of the
object being scanned are known, or can be predicted. If this
knowledge is available, then the well-developed arsenal of
digital signal processing, as used in conventional sonar, may
be employed to ease the signeal-to-noise restrictions. The
process of optically detecting an impact on a target (viewed
against a noisy background) is very similar to that of long
range detection of a submarine (in a noisy ocean) when taken
in a signal processaing context.

There are several other possible uses of thia technology.
For example, the Mylar test disk was reasonably sensitive,
and had resonance peaks located well below those of the other

materials, Presumably, using a suitably constructed
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miniature disk of similar material, one could design a

general purpose optical acoustic transducer. Similar in

-
5
.

-

MR AT X A A
P g

construction to a condensor microphone, the diaphragm would

)

%%f have little to impede its faithful reproduction of incident
it: ) sound waves. However, unlike a condensor mike it could be
%3 “*interrogated' over a range of tena of meters using very

éﬁé simple equipment. Thisa would allow acoustic senaing in areaa
%§§ where it would be inconvenient, or imposaible to route cablea
. (in a sealed biological or nuclear containment vessel, for
:ié example). In a case such as this, the use of a monochromatic
;Eé source such as a laser, and a narrow bandpass optical element
:; at the receiver, such as an interference filter, could consi-
i;% derably reduce the optical background noise problem.

Yﬁ? The noise induced in the receiver by fluorescent lights

also brings up another possible use of the high gain optical
4" : receiver, an entirely pasasive one. The classification of

2 shipas by nationality could be asaiated by uaing an AM recei-

’ &) A‘v r"r““:f’
o0

ver trained on a mastlight, or exposed internal light. The

Eig characteriastic SO0 or 60 Hz modulation recovered could be be
T

;%ﬁ of considerable aid in the identification process. Such a

L

’. system could be easily employed from air, surface, or sub-
1?; surface platforms.

P

~$¥ The possibility of other modulations being impressed on
2

,’. such a signal are good, particularly for an incandescent

‘.

%;3 lamp, whose filament is free to vibrate. The author noted
?ﬁ such modulation in the experimental work for this paper. As
¢

1~\"'

't% 7°

;t

o

‘J,s}:;{ “S-‘»;‘\‘\"\ O W R P L ) ”.'J“-".-,..‘n'*ﬂ")."\;“';'--f-'.;"‘.'.".\. ., \-.". -._(‘.}s__:.‘x PN Y AN e o N W T




an example, scraping a fingernail across the ribbed outer
surface of a flashlight (whose beam was directed at the

receiver) produced a startlingly clear reproduction of the

; sound in the output of the receiver. Exploiting this pheno-

gy mena, one might derive much useful information from a light J
;2 source mounted rigidly on a target of interest. !
:;% Any of these topics might provide an investigator with an

55 area of interesting research, however they also point up an

important fact. The sources of "noise" that caused the

tf~ abandonment of AM aa a uaeable acheme for optical communica-
%%: tion may all serve some measurement or sensing purpose if
‘fj isolated and quantified in some manner. Thia research has

,
;§£ primarily focused on the remote sensing of man-made effects,
Zi% however the researcher in the biological or physical sciences
: may find equally useful 'noise’ sources to exploit, be it
?% insect bioluminescence or lighting sastrokea.
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APPENDIX A
aé' TIL413 PHOTODIODE SPECIFICATIONS
\«,._v . Active Area: 4.4 mm2
O VBR: 30 volta
i Ip: S nA
o IL: 1S uA for 250 uW/cm?2 irradiance (930 nm)
Ct: 15 pF at VR = 3 volta
*t? This diode is mounted in a black, infrared transmissive
:: i plastic package of dimensions 6.5Smm x S.2mm. The front of
W the package is formed into a spherical lens with a radius of

|

l

& curvature equal to 2.5mm ‘
|

|

OO 72

RS2 SRV, .

S s i Sl vt R



wew Aol W WY W T U YR T O T —r Y Sadh Al AT ™

APPENDIX B
COMPUTER SOFTWARE
I. HP-85 / HP-3582 / HP-7470 INTERFACE PROGRAM

10 t!prograam transfers display from the 3582, including alpha-
numerics, to the 835 display

20 !program can hardcopy to the HP-85 printer or plotter on
HPIB

40 dim as8(5201, b811281, a(255)

50 iobuffer as ! display buffer

60 output 711 ; “HLTLFM,74400,256"

70 transfer 711 to a$ fhs ; count 512 !store display in as

80 output 711 ; *“LAN"

90 enter 711 ; bS ! store display annotation in bs

100 output 711 1 “LFN,77455,1"

110 enter 711 using “#,B" ; c,d ! aingle / dusl chennel input

120 8=250 ! single channel

130 plotter is 750 ! use plotter for hardcopy

138 k=40

140 1limit k,k+178,k,k+127 ! plot size setup

150 pen 2

160 scale 0,s8,0,1030

170 for 1=255 to O step -1 v
180 enter as$ using “#,W" ; a(4) ! tranafer display to “a"

190 next i

200 move 0,0 ,
210 for i=0 to s ! plot graph

220 a=binand(a(i),1023) ! remove non display data
230 plot i,a

240 next i

247 sacale 0,100,0,100

250 xaxis 0,-10

260 yaxis 0,-10

520 print bs$(1,32] ! print annotations

330 print bS$[33,64]

540 print bs$(65,96)

560 print bs(97,128)

600 frame

610 disp "NOTATION 2"

620 input ps

630 print ps

700 pen O

710 output 711 ; “RUN™

720 end
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I1. RANGE PREDICTION PROGRAMNM

REN prograa to compute expected OVS range as a

REN function of target size and detactor SNR
REN

REN george r. scott sept 1985
REN

DEFINT I-N : DEFDBL R : IFILE=0
CL8=CHRS$(26) ’ clear screen character
PRINT CL$;"Range Estimation Prograa“
PRINT : PRINT “Input upper,lower SNR bounds (dBW) and step: *“;
INPUT SU,SL,SS
PRINT : PRINT “"Input upper,lower target diameter (meters)
and step: “;

INPUT DVU,DL,DS
RENM
REM begin computation loop
REN
FOR D=DL TO DU STEP DS
AR=(DsD)#(,785398) ’ compute area from diameter
FOR S=SL TO SU STEP SS
SF2(10°(S/10)) ’ change dB to fractional form
R= (1.366%9E+10 » AR) / (SF) '’ compute range
R=R*.5 7 1000 ’ convert to kilometers
IF (IFILE) THEN PRINT #1, USING “#### ###!";S:" ":D;",":R
PRINT USING *“####.###"; S,D,R:PRINT
NEXT S
NEXT D
IF (IFILE) THEN CLOSE : STOP

PRINT: PRINT “done"

PRINT “Repesat with file output *;

INPUT ANS

IF MIDS(ANS,1,1)="y" OR MID$(ANS,1,1)="Y" THEN GOTO 320
STOP

PRINT "Name of file “;

INPUT F1s

OPEN *“0",1,FIs

PRINT CLs : IFILE=-1 : GOTO 160
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