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ABSTRACT

A des gn study was carried out of a small, expendable,

self-contained laser altimeter for overwater operation at

low altitude. A .904 p.m GaAs laser was used to build a

prototype transmitter/receiver at a cost of less than $600

and small enough to fit inside a 5 -inch diameter cylinder,

5 inches long. Tests at a height of 120 feet above the

surface ot" a lake resulted in a signal to-noise ratio

of' 6, and validated the trade-off equation used in the

study. A second Lest model, with design improvements

incorporated, is predicted to yield a SNR of over 20 for an

altitude of" 150 meters.
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i. INT!!)UCTIN

Many methods are available for measuring height above

the ocean surrace. However, a sinai L, inexpensive, system for

short range determination is unavailable. Design of such a

system is possible with the use of laser diods to produce

light pulses which bounce off the ocean surface. The time

delay from transmission to reception determines the

altitude. The many factors involved are considered below

with respect. to specific objectives such as size, cost, and

application. These objectives define what makes one design

better than another and must be kept in mind through every

stage of development. This thesis covers the initial design

phase for such a device and the prototype model tests.

A. BACKGROUND

rthe pro jec t is sponsored by the NA'ro Sea (Gnat Pro.ect

Office of the Space and Naval Warfare Systems Command (PI)E-

107 .5) 4I' I.he U.S. Navy. Kfforts to improve anti ship

missile defense include research to upgrade Pxisting defense

5vstems. One system involves the use or cha t''.

A chaff cloud, consisting of thousands of metallic

s.t rips dispersed trom a ship, (-r'eat(s at radar -ross sect. ion

comparable to that of' the ship. An incoming missile is then

;'4"'" Ir'wn l owird the chaf rr cl oud and away from the i .nf,,d

.1*.
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target. The effectiveness of a chaff cloud depends on its

position relative to the ship and its altitude. A cloud too

low will disappear into the ocean before the missile is

close enough to see it. A cloud too high will be too

widespread when it drifts down into view. The addition of

- - an altimeter to a chaff' round can ensure the proper height

of dispersion.

The altimeter must measure its distance above the sea

surface. This is the design requirement. Nominal range is

150 meters. Other design objectives include:

(1) Size - It must be small enough to fit on a chaff
round.

(2) Cost - one altimeter is expended with each round so
unit cost must be kept low.

(31 Structural strength - It must be rugged enough to
withstand the explosive launch from a ship's deck.

(4) Lifetime - Although storage life may be quite long,
the operational lifetime will be only minutes.

B. I'ROCEDURE

To develop a system that works requires an understanding

of each component and how it interrelates with the others.

A trade off' equation, derived in Chapter It, determines what.

design parameters need to be considered and their functional

dependence on signal level. Three terms of' the trade-oft'

equation correspond directly to system components; The

ransm it Ler', receiver, and l. te(-tor. Each is; discussed with

regard to the design o,.jectives. Aiso included in Chapter

o°
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11 is a brief description of the overall system and the

other components which become necessary during further

stages of development.

rThe fourth term ot" the trade-off equation, the sea

surface reflectivity, is discussed in Chapter 1i. Its

dependence on transmitter beam pattern is determined as a

function of sea state and angle of incidence. Three

patterns are considered; pencil beam (1 x I), offset fan-

shaped beam (10 x t0o), and wide angle beam (200 x 200).

The analysis yields insight into a suitable beam pattern and

allows performance predictions.

A prototype model was constructed using a 120 watt peak

power laser diode, a 2" diameter receiver aperture, and a P-

I N photodiode detector. Details are in Chapter IV. The

transition from theory to production involves further trade-

of's because available rather |.han ideal parts are used.

Laboratory tests were conducted with reflection from a plate

glass window at. range of 25 feet and 'ield tests at the New

Metones reservoir near Columbia, CA, from a height of 120

'eet. above the water surface. ilesul L--; were good but less

than ideal. Design improvements are being incorporated into

a second model for Uiurthir t.e-sts.

C. PREVIOIUS WORK

Laser ranefIi nders have been in pt rolu't ion Fo r ove!r a

decadf . Diverse military andt civi lan applications have



required a wide variety of system designs. Reference I

discusses many of the aspects which must be considered for a

specific design and how objectives, such as those listed

above, affect the end product. Laser radar systems operate

essentially with the same constraints as rangefinders with

added features for scanning and tracking. Design techniques

presented by Bachman [Ref. 21 for laser radar indicate some

of the basic theory required as well as the complexities

which can be avoided for simple rangefinders. The Infra-Wed

Handbook [Ref. 3] contains basic component design

information and analysis. Most discussions emphasize

increased performance for increased complexity at increased

cost. The unique objectives of this laser altimeter stress

reduced range and accuracy in exchange for reliabil ity at

greatly reduced cost.

The problem of the sea surface reflectivity was

addressed by Swennen [Ref. 41 for a collimated light beam at.

normal incidence. Reil ected energy levels were calculated

as a function of receiver height above sea level for several

transmit .er -rece tver spacings and receiver ap|,ertures. A

similar calculation is presented in Chapter [11 for three

divergent beam patLerns and for angles of incidence up to

100 from normal.

Experimental measurements of sea surface rell t , (-livitlv

were conducted by Stephens ard Burroughs iRef. 5 . Ihe

,angle of incidence dependence- was le. rmined ['or r;-everal

1 0



transmitter- beamwidths. Reflectivity measurements for

whitecaps were simulated with a ship's wake and by spraying

salt water from a fire hose. The effective reflectivity for

* . wind speeds up to 60 knots was presented as a function of

dArig I orI incidence.

This thesis is in c-on junction with an ongoing project of'

P-rofessors A.W. Cooper, E.C. Crittenden, and G.W. Rodeback

of the Naval Pos tgraduate Schoo I. rhey demonstrated

operation of a small, "cheap" altimeter at a range of 1:35

meters. A :100 watt. peak power galium arsenidie laser diode

at-ray was used as a transmitter. Fifty nanosecond length

pulses were reflectedt off' a diffuse white screen into an -

inch diameter Celestron telescope. A silicon avalanche

photodiode was used as a detector. The reiceived signal was

well within limits for further design analysis.

Des i gn and con st ruc I.ton of' the prototype test model,

with closer adherence to the objectives listed above, was

al ready ujnde rway when this thesias work began.



It. SYSTEM ANALYSIS

Operation of the laser altimeter is similar to other

rangefinders. The output signal level from the detector can

be determined by tracing the light pulse through each step

of its travel and taking into account all gains and losses.

This will lead to a trade-off equation. Improving gains and

reducing losses can then be weighed against the objectives

listed in Chapter 1. Limitations due to physical

constraints also become apparent. Figure 1 shows the path

of a typical signal pulse used for the analysis. Steps I

through 5 determine the signal voltage of the detector.

Laser Detector
1 5

Optics Optics

2 
4

- 3

Sea Surface

Fig. I Path of a Light Puise

12
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A. THE TRADE--OFF EQUATION

The following list of variables will be used in the

derivation.

Pt transmitter peak power
t:

E r energy received at. the detectorr

.7 transmitter pulse length

C) tsolid angle of the transmitted beam
t

h - height of the altimeter

T -- transmission factor from power source to target

T - transmission factor from target to detector
r

r reflectance of sea water

R :.reflection factor for the sea surfacef

A 2 effective receiver aperLure area
e

D aperture diameter

f focal length of the receiver optics

r1# : ratio of local length to aperture diameter

) fov solid angle of the receiver field-of--view

Ad  area of' the detecLor

H responsivity of the detectors

C :apacitance of the detector

V signal voltage at the detector output
s

The Light pulse st.arts from a laser eorce. The energy

contained in a single pulse is P I (Step 1). It is sent
L

through the output optics to form a beam of sol id angle C)

This also causes a reduction in energy due to re'iection at

"- * 13
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each lens surface. Losses due to atmospheric absorption and

scattering also occur so that by the time the pulse reaches

the sea surface it has energy per steradian of P 'T T t T t"

(Step 2)

The sea surface is a distance h away. The energy

spreads as the square of the distance so the energy per unit

area striking the surface is Pt r T t / C t h 2

Reflection at the sea surface causes loss in two ways.

Light incident on an air-water interface undergoes

transmission and reflection. At normal incidence, the

amount reflected is determined by the index of refraction,

n, of the water. The Fresnel reflectance coefficient is

2

This is the fraction of energy reflected.

The second loss is due to the geometry of the

reflection. Energy can be reflected anywhere in the

hemisphere above the sea surface. The amount reflected back

toward the receiver aperture depends on the roughness of the

surface, the transmitter beam angle of incidence, and the

beam pattern. The reflection factor, Rf, indicates how much

energy reflects from a unit area of the sea surface into a

unit area at. the aperture. See Chapter III for further

d iscuss ion. (Step :1)

14
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The effective aperture area, A , is a measure of the~e

light gathering power of the receiver. It accounts for the

' actual aperture size and transmission losses between the sea

surface and the detector.

Multiplying by the last three factors gives the total

energy received at the detector,

Pt Tt rRf Ae
t t f e (Step 4)

r
0 t  

h2

A detector with responsivity M lamps/watt coul/joulej
5

will convert the energy of the light pulse, E , into a

charge Q E R The detector acts as a capacitor to
r s

store the charge which increases its voltage an amount

V = Q / C Therefore, the signal voltage at the detector
s

output is

P T r R A M
t t f e s (Step.4 .Se 5

h 2

t

This is the trade-off equation; however, some algebraic

manipulation will make it. more useful.

The effective aperture area can be replaced by the

ltual area, iD / 4 , L.imes the transmission loss factor

T . With f/# f / D and the receiver field--of view

Ad / t"2 
,he equation becomesC)fovd

15
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VsP t TT )(r Tr

ft(f/#) f Adt'

The four terms of this equation correspond to the design

areas of the transmitter, reflection, receiver, and

detector, respectively. The transmitter beam solid angle

has been included with the reflection term because It is

closely dependent on it. The design parameters related to

the transmitter, receiver, and detector terms are discussed

below. The reflection term is reserved for Chapter III.

I. Transmitter

Lasers provide a nearly ideal power source for

rangefinders. Several types are available to choose from;

He- Ne, CO Ruby, Nd:YAG, and GaAs are all used in current
2'

systems. Gallium Arsenide laser diodes have many

advantages. They are small, inexpensive, and shock

resistant.. They operate in the infra red at a wavelength of
-, -

904 nm.

Although stacked arrays (:an reach peak powers of 1200

watts, cost becomes excessive for peak powers above about

100 watts. Power supply requirements (less than 100 V) can

be supplied by battery.

Modulation of the output is easily achieved by

*-" electronics. Commercially available pulsers were used for

[- l.his stage of development but ('urther designs will r--(Iuire a

16
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K separate pulser design and integration of electronics into a

single package which should reduce the size and cost.

The transmitter term shows the signal voltage directly

proportional to the energy of the pulse, P 'r. Higher powerL

or a longer pulse would increase the energy. The limit of

the pulse length is usually determined by the heat that

builds tkp within the laser diode when it operates. A

typical maximum pulse length at maximum power is about 200

nsec [Ref. 6]. Longer pulses can be used but only at

reduced power so that the energy of thie pulse would be about

the same.

The maximum pulse repetition frequency (PRF) is

determined by the duty factor, typically .02%, by the

f'ormu ta PRF i' Duty Factor / ,or I kllz f'or the values

given. Shorter pulses allow higher PRF's, but measurements

- at. one i housand times per second is more than adequate here.

Detector characteristics also affect PRF and will be

consid (eredl later.

PulIse i1t!ngth shouldi be muc hh lo'ss than thercund trip

travel time to the target. At 150 meters, the round trip

equates to 1 .0 lsee. A r of 200 risec should y ie!l only ILt

precision. The objectives statedl in Chapter I dto not

requ ire a highly precise measuroment , tUt a short.or pulse

length may be necessary. In general, a higher power/short

pulse is be tt1er thlan a l ow poweit-/ l ong pulse )1the same

energy.

17



T t is the last transmitter factor. It includes the

transmittance of the output optics and atmospheric

propagation to the sea surface. The laser diode has a

natural beam pattern of about 80 x 240. Each lens used to

produce the desired pattern wilL cause about a 8% loss of

energy. This is determined by the Fresnel reflection

coefficient described above but for the air-lens interface.

An outer protective nose dome must be used at the cost of

another 8%.

Atmospheric absorption and scattering losses must also

he considered. High resolution transmittance data published

by McClatchey and Selby !Ref. 71 show neglible absorption at

904 nm wavelength. Scattering losses are also shown to be

negligible in a clear atmosphere .,visibility > 23 km).

However, when clouds, rain, or fog are present, the

scattering loss van he essentially complete IRef. 81. The

transmittance under these conditions depends on the water

troplet (:onceit. ration :-nd size distribution. This may prove
'4

to be a major limitation in the system operation.

R~eceiver

The receiver fou-uses the ircomi ng I i ght. on1. the

surface of the detector. A ftiter is included to reduce

iunwanted background radiation.

The apterture diameter limits the total amount ol power

re ,C' v1 dl. I t. shou I d be large to rec-eive Lhe most power, tut

". IX
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*'1

one objective is that the system be small. Three designs

are shown in Figure 2. Designs a) and b) have the same size
aperture and detector. However, design a) has an f/# three

times that of b) so that the field-of-view of b) is nine

times that of a). Therefore, b) can Focus much more signal

onto the detector. In general, a smaller f/# increases the

intensity of the return signal incident on the detector.

Designs b) and c) have the same f/# so, that although

b) gathers more light than ), the intensity on the detector

is the same. When capacitance of the detector is taken into

account, the signal voltage is shown to depend on the

intensity rather than power on the detector. Therefore, the

ctual size of the aperture can be seated larger or smaller

without loss of signal. See the next section for further

I i scuss i on

A 0
A d

A d<

c) f / D 1.0
b) f /D z 1.0

F I g. 2 Feceiver Opt ivs womet ry

- - - .



Although smaller is generally better, the receiver need not

be tiny. Ease of construction, alignment of the field-of-

view, and parts availability set a practical limit.

The f/# is determined by the focusing lens. Fresnel

lenses can provide f/#'s as low as 1.0 and have several

advantages over conventional lenses. Figure 3 shows a

diagram of each. With the bulk removed, the Fresnel lens's

lower mass and thin disc shape make it easier to work with

and less susceptible to fracture. They are produced with

aspheric curvature to reduce aberrations. A single lens

focusing system is preferable to reduce reflection losses

but will depend on the detector geometry and beam pattern.

I $4'

Frmsnel Lens onventionalem

Fig. 1 I.tns Type Comparnson

," .o_
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-he field-of-view should he small according to the

trade-off equation. If it is smaller than the transmitter

beam pattern, however, some of the return signal entering

the aperture will be missed. A field-or-view which exactly

matched the transmitter beam would be ideal but a slight,

enlargement may be necessary to allow for alignment errors.

[he Field of-view is determined by the focal length of the

lens and the detector size and geometry.

" narrow bandpass filter placed in front of the

detector will reduce the background light considerably.I li gh qual i Ly in ter ference ' i I ters for in fra-- red wavelengths

are commercially available with bandwidths as narrow as

I rim. [hey are not cheap and are t imi ted in size to about

2 inches in diameter.

Fhe line width or' the I:tser diode s '' l'ted for use is

3.5 nm (Full Width at, Half Maximum) which fits well inside

Lhe IO m band. This is Irue fo-r I ght ;it normal ini (lence

to the filter surface. Reference 9 shows that. a 30 angle

S. I [I v i ](,n(:t- tecr,-eis .s . he cen t,*r wave i en tih (,it t he I'i I t r

by more t ha n I % For X - ) Ol nm, this equat (s t o aojout a '.

mi shi rt. Much ol" ;he- ' r I U I ther he otij .idie the

bandpass. The solut ion is vit her to I mit i tie ;in$ le (,f'

I no i de rce or w i df.n I he bantil I i mi I s .

i' , UrC ,r shows tWo p!lat mice -ri I sch e mvS I or the lveis

".iH ,'r ai l iat l fl, lfh. i rt illows tor tin .t1)ert Ur-, lie

I;irs'.'r th in t nit I Uit .-r- lt)i , .15 (c.ian be seen, a s 'rilti carl



portion of the incoming light strikes tire filter at high

angles of incidence. A wider bandwidth would be reqjuired to

pass the light and would therefore cause higher background

Detector
Detector

Filte LensLens Filter

a) b)

Fig. '1 Lens/Filter Configurations

noise levels. Placing the filter in front of the tens as

shown in b) limits the angle of' incidence to the maximum of'

the field ot*-view. A LO0~ angle causes a s h ill of abouL .2%

or less than 2 nm which is welt within the 10 rim bandwidth.

Trhe aperture size is theni limited to the size ot' the filter

(2-inch diameter).

The transmission factor, r' is s imi lar to I' . he
'U.p

losses due to the lenses, nose dome, and atmospheric

propagat ion are the saime. rhe I iiter causes an addi tional

loss factor of about .50%



:3. Detector

The detector converts infra-red radiation into an

electrical signal. There is a wide variety of available

types with photo-multiplier tubes, avalanche photodiodes,

and P-I--N photodiodes being most common for rangefinding

systems. The characteristics of the P-1 N photodiode best

match tie Listed objectives. They are small, shock

resistant, relatively inexpensive, and they operate on less

than 100 V power supply. The most significant disadvantage

is that responsivity is limited to about. 0.5 amps/watt.

The P-I-N detector circuit is shown in Figure 5. A

reverse bias voltage is applied so that it operates in the

"phoLoconductive" mode. The capacitance of the detector

results in a pulsed light signal being ini.egrated to produce

a change in voltage of V R~ P. /c. Figure 6 shows the rise
s S r

in voltage proportional to the length of the pulse. For

this mode, the decay time of the detector must. he long

compared to the rise time.

-[he totl power incident ,in the detector is th sum ol

the background noise and the signal puls(. It' Lie-

background signal is too large, the detector wl I I saturate;

that is, the change in voltage due to the de signal wi I I

equal the bias voltage. rhe ulet ector w 1 l I [hen he i .i

photovoltaic mode which is undesirable. 'rhe solution is to

kep th e inLerfrence i. v r btandp " as ditarrw ss 015)5blI

- -.. .. ... ......... : ... -  ;.. ., . .,,i .,,.1 " .i .
• ". , ' .'" '-. '.% " ." - - - '. .'-' ''' ,," " '*' c ,".. . . . . . .. . . . . . . . . . .".. . . . . . .-.. . . . . . .-. .".. . ." "" • "



detector-
RL to pre'-amp

bias voltage

Fig. 5 Detector Circuit

t

Fig. 6 Detector Response
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to reduce the background signal and then increase the bias

voltage well above the saturation level.

A high bias voltage (-50V) will reduce the detectoi

(:apacit nce and also decrease the rise time. The benefit of

reduced capacitance can be seen from the trade-off equation

where it shows directly the increase in V . Maximum PFRF

also depends on the capacitance. The decay time of the

detector, 7d is equal to R LC. If the time between pulses

is insufficient for complete decay of the signal, the tovel

will build up over several pulses and yield an incorrect

a I t i tude.

1The rise time determines how quickly the voltage

changes when a light pulse strikes the detector. A higher

bias results in a faster rise 1. ime. This is due to the

mobility of Ihe t'ree :harge carriers produced in the

semic(onduc:l ive layer. Faster rise I me improves [ :he timing

a(*(l ura((y of' the system. The leading edge of' the s ignal

voltage (e!termines its "arrival" time. Nois;( which adds or-

subtracts trom the leading edge wiLl advance or retard the

eirriva l I 1mf- 1() produce an error in the alt itude

measurement. A signal whi(h rises quickly has less room 'or

r, r or.

Per lornance td.,ta for a si I 1(0th pliot 0(1ode detector is

ivvn in F i gure 7 1 Re'. 1 . eSponsvivt y is near optimum

) 1 h : aJml m wave v' t t h. U ise C I m-s (an o ,is ow is ai

tf'w i.anosevonds. The capacitance of' a P 1 N dete e or is

................................... ...................................................
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(b') I-rcqucncy respon.c of detctor D) pA,. f. I).

Note

(1) Small detectors have been made in arrevs on 0.6 mm centers or less. and large
detectors several centimeters in diameter or more have been made.

(2) -o depends upon bas voltage.

(3) Capacitance can vary from 2 to 300 PF. depending on bia.

Fig. "7 Si detector performance data at 300 L [Ref. 3]
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proportional to its area. Therefore, a large area, large

capacitance is no better or worse than a small area, small

detector. This can be seen from the trade off equation.

For the terms which afrect the size of the system,

A d  Ad 2
-* . V cc , - constant'

(t/#)- C f- A
toy v d C

'This is a constant since D OC A and C c A . Figure 2
o d*

shows two sizes, b) and c), which yield the same signal

Voltage since the f/# and 0 are Lhe same in both cases.

.hus , the ent. re system can be scaled up or (town in size

(within pracrti(al limits) without loss of signal voltage.

The s igna vol tage can be found w i. h the abovtt

analysis but the signal-to noise ratio is the actuai

parameter used t o determine how wel I the system works.

Sources of noise include background radiation, detector

.;v kagr, currvrnl., t. hermal noise , atid quatrum noise.( .

"" 'kground r.mdi at, on, consisting primarily of scat tered and

,I. i tC(ed solar I i.ht, is the ma.jor" sourc'e ( of noise.

Ross I ef. 10i dl idneates the c ondit. ionis for

in nimi z i ng background noi se whe.n i t is th I i m t i nf, fact.or.
-9

Vh,-- iand pass Iti I t(-r shoul id be as na rrow iis poss ii 61e, Ithe

'oid it VI (*W Shotid be as sma I I as poss ibile, .111d the( post

uete(ct i on )andwidl i should be the minimum that w I I pass t he

.

,'''''. - .-.-. -. -' ,-.- " - -- .- ,'. ,". .. , . . . . . .- -. '--, - -" " •.. . .. . . .. ". . -.

I=',- 
'
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information. The first two conditions have been met through

use of the trade-off equation. The last is a function of

the pre-amp and amplifier design and is discussed below.

Thermal iJohnson) noise is the second major source of noise.

*The mean square thermal noise voltage is given by

V 4 k T B R
n 

L

where k = Boltzman's constant
T = Temperature

R = Load resistance
B System bandwidth

Thus, the system bandwidth should be small to reduce thermal

noise as well. This value is a lower limit for the total

noise of the system. R conforms to the detector and bias

voltage parameters to prevent saturation and the bandwidth

should already be reduced to a minimum. The only factor

left is the temperature. A cooling system would be needed

to reduce it but is not considered feasible within the size

and cost objectives.

B. THE SYSTEM

A complete block diagram of the system is shown in

Figure 8. A timing sequence starts with a pulse at step I

which signals the transmitter to fire. A short burst of

mnfra-red energy is sent toward the target at step 2.

- Heftect(!d vnergy is received and converted into an

. electronic signal at step 3. The signal is amplified and

28
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SynhnSel Surfaae

sent to the p~~~~~rocessor a tp4 1tesga srcie

witin he et inedelyAn ututsinafiisnta

Putsp 5.

A bref escipton fPte-Amtrncpopoetsi

possblte pitatoneso witinp4.It the signal rorecssor.

Theief dynchroiptio poide tming pulespoete enire

syste!m. Oscillation pulses are produced by an integrated

circuit with a variable frequency adjustment. A f'requencyV

in thie kilohertz r~ange will provide near-continuous
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operation with a duty cycle sustainable by the laser diode.

The detector recovery time is also short enough to prevent

pulse-to-pulse build up. The laser pulser stores energy

between pulses and releases it when a timing pulse is

rece L Ved. A si I icon conltrol led rect i fier al lows a short

burst of high current to be sent to the laser. The pulse

width aitd pulse shape are determined by the pulser and laser

diode character ist ics.

The p re-amplfer (-onvlerts the detector output into a

signal suitable for amplification. A capacitor decouples

.he modulated signal from the de component and sends it to a

pre-amp transistor. A JFET is used in an emitter-follower

configuration. The bandwidth should be kept to a minimum to

reduce the effect of background noise. To pass the signal

" . effectively, however, 11 will need to be on the order of

l/2nT or about 2 MHz for a 100 nsec pulse.

A single video ampjifi(er can boost the signal enough to

be processed. A comparator in the signal processor sLarts a
"gat e wilh the initial sequencing pulse. Au output signal is

senit if the received pulse is detected within the gale.

Minimum signal level can be ndjusted to reduce the

probability of false detection. Thue gate widLh determines

the activation altitude and is aiso adjustable. A counter

may be necessary to improve precision.

o(wer sP upply requiriements range from to ) 80volt.;

fiat teries can be kept sma II sinee operation ns i imi ted to



- , .7V

about two minutes. Shielding is a necessary part of the

design to prevent crossover signals.

A last part of the design is the container which

includesa nose dome for aerodynamic efficiency. It must be

transparent in the infra--red and its curvature must be

considered in transmitter and receiver optics. Construction

must be tough enough to withstand high g-forces.

Development of the laser altimeter system involves two

distinct phases. The theoretical stage determines the

parameters to be considered and how they interrelate. A

trade-off equation is an effective way to gain understanding

As to just what's needed in the system. The experimental

stage determines the limits of the trade-off equation.

Realistic, engineering trade- offs must be made.

Construction of a component often leads to changes in

design. Only by continual analysis and testing will a

working system result.
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111. SEA SURFACE REFLECTION

The reflection factor, Rf indicates how much of the

light that is ref lected from the sea surface returns toward

the receiver aperture. It will depend on the transmitter

beam paftern, the attitude of the transmitter (which

determines the angle of incidence), arid the sea state. Each

of* these effrects must be considered when applying the

reflectivity to the trade-off equation.

Reflection of light can be either specular or diffuse.

Most surfaces will exhibit both, but one is usually

dtom in ant. Specular reflection is that of a mirror surface

where the reflection angle equals the incident angle. For

low sea states t.his will dominate. nDi ffuse reflection

occur's when the power reflect ed var ies over- all

angles. Trhis will dominate for high sea states whitecaps).

A. SPECULAR REFLECTION

At, low sea states, the sur face )f* 1. he wat er c-an be

cons i dered as a col Iect ion of' wave face ts. Tha t I s, small

atareas inclined at various angles. A ry o t ligjht which

strikes the sea surface will reflect in a direction

depend t rig on th~t d i rect i on ofI the wave facet. i rc I i a t. i on.

Figure 1t shows a one-dimensional view. The inci inat ion of'

1e j(:h facet -hanges with time due to, wave mot iaik. gh I ph

%: %



'Rough Seas Flat Seas

Ftg. It Wave Facets of the Sea Surface

wind conditions, the sea is "flat". The normal of a wave

facet does not vary much from vertical. During high sea

" slates, the normal of a wave facet is rarely vertical and

often tilted at large angles.

Cox and Munk lRef'. Il1 determined the probability

distribution function For the wave slope angles as a

.unction or wind vetoct.y. This distribution can be used t.o

calculate the reflection factor, RI.

A single light ray which strikes the ocean surface has a

-ertdtn probability of hitt. ing a wave facet. that. is at just.

the right inclination t.o reflect back into the receiver

.- : aperture. The toler nce in the inc I inat. tort ,ing, le dep(nds on

tie sol Id angle spanned by the aperture. ,A iarge aperture

lose ,, I hthe iur- face wi I I r--ceive ref'leted rays over ; wile

range of wv Iacet in(:] i natons. A sinai I aperture far from

............ ..... ..... - . . -



the surface will require the wave facet t~o be within a very

narrow range of inclinations.

A divergent transmitter beam will have light rays which

span a given sol id angle. The (Ii rect ion angles of each

light ray determine its probability of reflection back into

the aperture (equal to the probability that the wave slope

is within tolerance). Integration over all direction angles

within the beam solid angle yields a probability of back

reflection for the entire beam. For a beam which spreads

over many f*acets, the probability becomes a percentage of

reflected power which enters the receiver aperture;

The inclination or a wave facet requires two angles to

be defined. Let a and P be such that

-. the angle clockwise from the wind direction (y-axis)
to the vertical plane containing the line of steepest
"sce.nt of . he wave faceL.

the angle from vertical to the normal of the wave
-Facet (Figure 12)

The direction angles of a light ray emitted by the

transmitter (-,in be specified by similar arigles o af' l $'

( Figure 13).

Power is reflected back toward the uprt lurc onlv if

a a' and :' within the limits spanned by the size of

the atwrture. The probab i I i Ly that a wave slope is within

" ± da/2 and P ± dp/2 is given by Cox and Munk as

p ae,O8) t an (8 sec 8 ) dcc d8

II"
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Z wind direction

line of steepest
- // ascent _y

Light ray

x gox

Fig. 12 Wave Facet Angles Fig. 13 Ligbt Ray Angles

Th f! t'unct ion pk ,g) is a two d imensional Gaussian multiplied

by a Hermite polynomial which corrects for wind elfe:cts.

A wave tacetI .;pans ;j d I'l'eren t a I so i a( angle dtlf w i tIhin

the transmitter beam pattern. For a total transmitter

power, ' , spread over i heam di vergence angle, 0 the
L '

power i nci (dent on a wave acvt' , is

P d 0t t
d P

t

The Fresnel ret l:tan :e (-ofti,: ient do t eflii,14 how Mut h

(oI* that power is reflected vi rnsmi ,t Il( or .il)sorbtwd

The probit) i I tv (list ri hut. i on de t or-ni ries I Vie ra ioe lwtgr

* - (Iistdrl bution of* back re'_le t ion. Therefore, the ;averaget.

'I.
.. : .-"
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differential power received at the aperture within a ± dcc/2

and p ± dp/2 from a wave facet is

2
, , Pt L r p(a,p) tan(p) sec (9) dc dR

." t

,This can be tntetgrat.ed over the enLire transmi ted sol id

angle to give the power reflected from all wave facets into

di fterent i al ;an I es (ic and (1P at the receiver. Integrating

over the solid angle subtended by the receiver aperture, C)r t

gives, P , the total power received.

- Thus,

•P dO r p(dcp)tan(#)sec (P) da d
p ... (i :Q. I)
r JJ...

t

home impi i icat ion of Q. is in order. Figure 14

shows a typical wave facet within the beam pattern

,leter-mnned by (irec tion ang les cc and P. The ent i re

transmitter beam is tilted to the directions cc arid
0 (0

because of the altimeter swing. Define 0 to be the angle

from the center of the beam axis to the direction of the

wave facet and A to be the slant distance from the aperture

to the wave facet.

Then the differeatial solid angle spanned by a

differential area of the aperture from the wave facet is

•f A cos(O)

r

I2

U

* . 2 4 . . . . * ," " " " .
- 

*" " . - '. ,- . " * " " " " , ' ..
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to the distance h so the angles a and can be considered

constant for the integration over A. Therefore, the power

received becomes

P r
"'r.'.f p(aP) sec(#) cos(e) dO dA

h 2 t tt A

-" .-. or,

Pp r A
r f

where Rf ff p(a,) see($) cos(O) dO is the reflection
f t

factor given in the trade-off equation.

This equation for R was evaluated by the author. The

IMSL subroutine DBLIN [Ref. 121 was used for the two-

dimensional integration. Three transmitter beam patterns

were used for 0 0 is a to x to pencil beam, 0 is a 0 x
- 1 2

10 0 offset fan-shaped beam, and 0 is a 20 x 20 wide angle

beam (See Figure 15). Variation with angle of incidence was

determined from zero to ten degrees at a wind speed of 5

m/s. Variation with sea state was determined for windspeeds

up to 14 m/s at two angles of incidence, zero and nine

degrees.

The results are plotted in Figures 16 and 17. The

curves shown are of H',/0t, the reflection tactor per

transmitter beam solid angle. This is a more useful

'1 0
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Fig. 15 Beam Patterns

parameter to compare because it normalizes R f to a constant

transmitter power. That is, pattern 0 2 covers ten times the

area of pattern 0 but pattern 0 has ten times the power

density. R t takes this into account.

The offset fan--shaped beam is not symmetric and

therefore the angle of incidence depends on the orientation

of the beam. Figure 18 shows the two limiting cases for a

t 0 _ingle. The tilt can move the pattern away from normal

2) or toward normal incidence (09.), or at some sideways

direction which wilt give a value between the two limits.

rhe results show behavior as would be expec ted. F igure

16 shows that a narrow beamwidth at normal incidence yields

a greater RI t value, ,specially at low wind speeds. For

I:)
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1,-Pencil beam
-Fan beam

.n-Wide beam
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Conclusions are that 1) the wide angle pattern yields

the most consistent but generally the lowest value of R f/()t,

2) the pencil beam pattern yields the highest value but is

most susceptible to angle ot incidence, and 3) the fan

shaped beam can yield a value quite high or quite low

depending on the orientation.

Significance can he found in the /0 / curves through

the dynamics of the altimeter. Operation is assumed to

occur during a parachute retarded descent which c:auses the

altimeter to oscillate as a two-dimensional pendulum. For a

Characteristic length L, equal to the distance from the

parachute center of effort to the center of mass of the

payload, the period of oscillation is about T 2n4L/g

where g 9.8 m/sec. Then, or ,n assumed L 2 m,

T 2.8 sec.

The al t imeter wi II swing ir an etI I ipt ica , pat tern such

that the orientation of the fan beam will cycle every 2.8

seconds. This is the maximum time between -ondit. i(,s 'or

which the 1? /0 curve would apply. If this condition is" 2 I-

re#quired to yield a signal stroiig enough 'or dl.ection, t.hben

tie maximum error in the altitude would le 2.8 sec x descent

rte. The descent raLe spec i F i -d is about, tO mns ',r a

maxImum error of' 28 meters. This is a worst case error.

*'i'- " I rit.ermelial e values appr'oa(h the maximum smootIh y ,rit. i a

. strong enough signal is det ected



This analysis also applies for the pencil beam pattern.

The angle of incidence swings through a minimum which is not

necessarily zero degrees. Nearly circular swings could be

stet up such that the angle stayed about 10", but this should

be rare. Figure 17 shows tLhat for it 5 rn/s windspeed, the

a ~ngle need only decrease to 30to beat the value of' 0,-

* A closer study of the specific- vehicle dynamics is needed

f'or f'urther analysis.

Measurements of sea surface ref'lectivity at .9 j~m were

reported by Stephens [Ref. 131 for predominantly specular

reflection. Conical beam patterns of 2, 4, 8, and 16 degree

beamwidths and fan-shaped beams of 20 x 8 0 and 2 0 x 160 were

used from at height of 25 feet above the water surface.

Angle of incidence was varied from zero to 200 Wind speeds

ranged from .5to 1.0 knots. Reftectivity values reported

were normalized to a 100% effective diffuse reflector.

One conclusion drawn by Stephens was that for a constant.

power transmitter, beam size had only a sIi gh t e ffect o f

re1 le I i v i t y. A 64 --flolId i ncrease tin the beam so l id anglIe

decreased the reflectivity by a factor of iess than 2.

Vigure 16 shows similar behavior of'1 H~/0 for a '100 -fold

increase in beam size.

Figures Ili kind 17 show values consistent. witLh those

meas u red-. Figure t9 shows measured data for a 2 degree

b Pitmw i d t n . Data for the x it' beam taken Urom F igures Ii"

trad I i h js~ beten adde-d atrid igrves i t I v we I I . Vari at a mis iluc
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to changes in windspeed can be significant for speeds less

than 10 knots and account for some of the differences.

Another conclusion by Stephens is that the wider

beamwidths yield smoother, less rapid fluctuations. Raw

* "reflectance data shown in Figure 20 indicates peak values

occur about once every 2 seconds for the 16 degree

beamwidth. This corresponds to a spot size on the sea

surface of 25 tan(16 0 ) 7 feet in diameter. A 10 spot at

150 m is about 9 feet in diameter. Thus, the fluctuations

should be nearly equivalent, ignoring angle of incidence

variations. At the higher altitude, the wider beam patterns

would produce essentially constant returns.

16DEGREE BEAMWIDTH

S2ODEGREE BEAMWVIOTH

iI I I I I I I I I I I I I

0 4 U 12 16 20 24 28 30
TIME. SEC

Fig. 20 Raw Reflectance Data I Ref. 131

Variations it, windspeed during the measurements had a

riot i ab l e ,i fec t. on t he rf-, lectivitv. . l owever, l.h(;

'18
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functional dependence was difficult to deduce. The

consistency of the calculated with the measured data lends

credence to the dependence shown in Figure 16. The effects

of windspeed decreases considerably for values above about 8

m/s t- 16 kts). This is about the point at which whitecaps

form and therefore must be taken into account.

B. DIFFUSE RFFLECTION

A perfectly diffuse reflector results in a Lambertian

distribution of reflected power. That is, the light

.,ntensity varies as the (:osine of the angle from the normal

and reflects into a 2n solid angle (hemisphere). The power

ref'lected into the differential solid angle (if) is
r

(1Pt,- P .dO cosP( P )• ~r t r . . . . . .

Measurements conducted by Stephens and Burroughs

fiter'. 51 determined the diffuse refle-. ivi Ly of sea foam to

be about p .4 cos(p). A ship's bow and propeller wake as

we I I as --a] I water spray trom a f'i re hose were used to

simulate whitecaps on the ocean surface. This value of

I di ffuse reflectivity is va I id ror "in ocean sur face

completely covered with spray; i.e., greater than 60 knots

wndsped'. rho size ot water droplets due. to the sea spray

wiil bf- on the order of or larger than the wavelength of t he

l.ight. The s;pher ica part i(: les a all -lct as part a I

'1!
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reflectors which increase the amount of back reflection

during high sea states.

For lesser windspeeds, only a fraction of* the surface is

covered with whitecaps. The total reflectivity is then the

sum of specular and di ffuse components. St. eliens and

Burroughs calculated the total effective diffuse

reflectivity (due to specular and (IiI f'fuse reflct. ion) as a

function of angle of incidence with windspeed as a

parameter. Their results are shown in Figure 21. The

reference value of 0 dB is for a 100% diffuse reflector.

The diffuse contribution begins to dominate above about :(

7. knots windspeed.

The value of p r R / 0L can be obtained from Figure

20 and used in the trade off equation for performance

predictions for high sea states. Figures 16 and 17 can be
u.ed 'or low sea states. A wrst case design value is about.

-10 .dl The effect of beam pattern is reduced at. al

a 1, L i Lude of" I M m except, for a very narrow beam or- -in ang i

oF i idenc! greater . han I10 . A fan shaptd beam may

provide a strong return signal more ofLen than a pen, I beam

but. .t 'uwer peak values

.• .. ,.
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IV. PROTOTYPE

Confirmation of theoretical predictions by experiment

can validate the theory or indicate deficiences. The next

step in development of the laser altimeter was construction

I"-' of a prototype model for experimental tests. Figure 22

depicts the system that was built and tested both in the

laboratory and in the field. The parameters chosen for the

.*'. design were not "ideal" but were within practical limits set

'A by parts availability and test requirements; i.e.,

validation of the trade-off equation. A list of parts and

costs is presented in the appendix.

A. CONSTRUCTION

The transmitter consists of a laser diode, pulser, and

" .beam-forming optics. Laser output power was selected on the

htgh side at 120 watts. Less power might. not have given a

useful return signal and greater power was considered

uneconom ca I. Pulse length was set at 75 nsec as a

compromise between accuracy and signal strength. An off-

tite-shelf pulser was used for the initial tests. A

cylindrical lens was used to condense the beam to a 3 ° x 17"

pat. tern. The divergence was measured using an II image

converter. Since the beam does not have sharp, well--defined

-,iges , the measureument is considered approxtmate. A shield

": 2
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between the output lens and the receiver aperture was needed

to block stray light signals.

Both receiver configurations shown in Figure 4 were

initially constructed for tests. The first design used a

1 inch diameter Fresnel lens with a 2.8-inch focal length in

front of a 2-inch diameter filter. Signal levels, however,

were only marginally higher than for the second design which

used a 2-inch diameter Fresnel lens behind a 2-inch diameter

filter. See Figure 22. The Fresnel lens has a focal length

of 2 inches which gives a 12.60 conical field-of-view for

the detector selected. Original requirements were for

consistent return signals over a wide range of incident

angles. This would require a wide beam pattern and large

fielt of-view. Subsequent specifications of the operational

characteristics allowed a smaller beam size for stronger,

although less consistent, return signal. The current model

was still considered useful for analysis.

The detector is a planar dit fused si I icon photodiode of

I cm area. Responsivity is rated at. . amps/watt with a

Capacitance of 200 picofarads. Response time is about "5

-nSec. Thus, the detector bandwidth is about 10 Mltz. The

reverse bias voltage is 67.5 V and the load resistance is

-50 kO.

A decoui)l it ri} c;pact Itor of ;120 p1' is Used to .;eparat.o t he

" gnal pulse from the dc compone.nt . This high pass l'i I ter

has a f're(p,(!n('y cj Io ff o f I /nWC I kliz. From

*- -. . . . . . . . . . . - .
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Chapter 1I, the post--detection bandwidth should be as small

as possible and still pass the signal. The pre--amp uses a

single FET with a bandwidth of 500 kHz. The effect of this

is to increase the signal rise time to the amplifier to

about 300 nsec. This may also limit the signal level to the

amplifier. Thermal noise is then about 20 a•V.

Total costs for parts is less than $600. This is

reasonably inexpensive compared to range'inders on the open

market. Additional costs will be incurred due the items not

covered here such as the case, nose dome, batteries, etc.

This also does not include the pulser which will need to be

designed. However, costs may be reduced through bulk rate

buys and/or using different parts; i.e., switching to a

90 watt laser would save over $100.

B. TESTS

Table I contains a summary of the specifications for the

prototype. These values, when used in the trade-off

'quat ion, should yield signal levels which can be verified

Kby an operational test. Actual time/distance measurements

wtll I Iot be conducted until a t'urLher stage of development.

1. Laboratory Test

The first test was conducted in the laiboratory using

a plate glass window for reflection. The distance was 2"5

V t-e t. . For -in index of' refraction of' . he glass of' 1.5, the

Fresnel reflectance is .04 This applies for each

m%
g -•.°. 5.)
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air/glass interface (front and rear) for a total of

r - .08 . The reflection factor, 1f can be! determined by

geometric optics. The power received from specular

ret'[e l ion is

I' r A
t

4 0 Lh"

Therefore, by comparison to EQ. 2, It .25 The predicted

signal voltage is then 420 millivolts. The observed signal

was 29 mV.

Many factors can contribute to this discrepancy.

Column one of Table I shows the values used to predict the

signal level by the Lrade-off equation. Column two shows

derated values which, when used in the trade-off equation,

yield the observed vol tage. Each derated adjustment can be

considered as going from an ideal value to a realistic one.

The laser- diode is rated at 120 watts by the

manufacturer. This is for the maximum current specified

under idteal conditions. Output Ifrom the pulser may not

match these conditions so the power is derated to 100 watts.

The product P r is I. he energy of' te pulse. [he pulse
t

Ifength of 75 nsec was obtai ned from metisurements of Ihe

current pulses from the laser pulser during operation, It

loes riot take int.o ac-ount the threshold current required to

star-t the. laser, which is 25FA of' the peak current Rof'. 61.

G
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The time to reach the threshold current should be subtracted

from the pulse length and then again for the time after it

falls below threshold. Thus, the pulse length is derated to

5 - r.see.

Transmitter and receiver optics assume a 4% loss at.

each air/lens interface. This is correct only for light

rays at'normal incidence. Both the cylindrical anti Fresnel

lenses have large angular refractions for light rays off the

beam axis. Actual losses are not known but have been

estimated as shown in Table I.

The beam pattern was measured visually with an I

converter. The small angular width of the beam was
0

difficult to measure accurately. The 3 spread was derated

to 40. Also the output beam from the laser is not of a

spatially uniform power distribution. The laser is a linear

array of diodes which produce a rectangular beam. Power

density varies along one axis such that peak intensity

occurs on either side of the beam venter. For normal

incidence onto a plate glass window, the power reflected

back to the aperture is from the center of the beam where

the power density is less than the peak value. This is

iccounted for by derating the reflection tactor, Rf t,, . if)

Changing the angle of incidence to match the peak power

densi.ty would r' , euire an increased value of f.

Although the wide angular spread of the beam (170

is grfeat. er t.han the! r-'((, i ver f iv I(d of view, it do(es not.

.7
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affect the reflection factor for the plate glass target.

This is because there is no signal returned at large angles,

but only from the small solid angle determined by the image

of the aper ture ini the window. This would not be true for

sea surface reflection.
* .':: Capa(:it. ance of th-e detetor varies slightly with

each unit. The value of 200 pic-ofarads is near a typical

value listed by the manufacturer. This was increased to

250 pf, the maximum value listed.

These derated values may be closer to the actual

values or the system. The problem with a system test is

that no indication is given as to which parameter is the

most in error or which are correctible. One source of error

which does not show up here is due to the frequency response

o" the detector and pre-amp. A wider bandwidth will pass

more signal but w i I I also pas.,; more no i se. Timing accuracy

also requires a wide bandwidth. Plans for the next stage of

.*lvelopment include a second test model with wider bandwidth

pro'ess i ng.

A fur t h.r t est of" tfie protot ype sy s. em was an

extension to field conditions. All parameters within the

trade-off equation r,,ma ined the same except For those in I he

refiection torm, r' 0 h .

• -



2. Field Test

The field test was made from the Parrots Ferry

bridge over the New Melones reservoir near Columbia, CA.

Bridge supports were far enough away from center so as not

to be within the beam divergence angle. Height above the

water surface was 120 feet. Wind speed was about 10 knots

with mostly sunny skies.

Noise measurements were taken with the receiver

pointed at the water surface in a direction away from the

sun, directly into the glint spot produced by the sun on the

water, and at a cloud overhead. Average noise level was

about 45 MV for all conditions. Using the derated values, a

signal level of .28 mV was predicted. The observed value

was .27 mV. This indicates that the overall error in the

trade-off equation is the same for each condition. The

reflection factor was estimated from Figure 14 as 7 and

derated to 5 to account for the transmitter

beamwidth/receiver field-of-view mismatch.

Extension of the current system to the nominal altitude

t" 150 meters yields a predicted return signal below the

noise level. However, narrowing the beam divergence and

matching the receiver field-of view yields the predicted

signal levels shown in columns (4) and (5) of Table 1. The

fan shaped beam does not appear t.o be nearly as good as the

pencil beam if only signal level is considered, but the

5 9
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return signal would be more consistent for the fan-shaped

beau. Analysis in the next stage of development should

* . determine which beamwidth is more appropriate.

'5'



TABLE 1. PREDICTED AND MEASURED TEST PARAMETERS

Parameter Value for Derated Derated Value Est. Value

Lab Test Value for Field Fan Pt! ncil

- ___ H2) ______(3) _4 (5)

Pt (W) 120 100 to0 I00 100

7 (sec 755050 dl 50

T .9 .75 .75 .75 .75
t

r .08 .08 .02 .02 .02

Rf .25 . [5 - -

0 t  (str) .015 .027
t

r " ., t 5 3 3

(str)

h (M) 7.6 7.6 :36.6 150 150

".T ..5 . •3 .3 .3
r

I / 1 1 1

0 n1 .0377 .0377 .0377 .00274 .0003

(str)

A d (Mm") to0 100 t0 7.1 .79md

I A/W) .4 .4 .4 .4 ..1

0250 50 250 2501: . !p1l) 2000 025

%*1

V 420 2 .28 .14 1.:4

(mV) calculated

-signal

(mY) ohservw-d

V o. i. 2 '15 ,5 15

IAV

S N I 170 (17 0 0 6 3 2 8

• ;°
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V. CONCLUSION

i)esign ot Lhe laser altimeter is proceeding. The

initial stage of development can be summarized by the

f o I lowing:

" [) Derivation or the trade-off equation now allows system
performance to be predicted and test results to be

anal yzed.

:,) Theoretical and measured data exist for reflection at
the sea surface. Values of p rRf/0 can be-~t
predicted based on sea state and transmitter beam

pattern and vary from about 0. 1 to 1.0

3) A prototype model was constructed for less than $600.
This establishes a basis from which improvements can

- be made, both in cost and performance.

1) rest results indicate a discrepancy betweetn predicted
and observed performance by a factor of about 15.
,erated parameters can account for Lhe di fference.

Results are consistent from laboratory to field test
ClondiLtions.

SExtrapolat ion of Lest conditions to an alL itude of 150
meters predicts a SNR or 3 for the fan-shaped beam and
a SNU of 28 or the penci I beam.

" Current design specifications are:

rransm 1I ter GaAs Laser 1) iode
Peak Power 120 watts
Wavelength A104 tim
Pulse Width 75 nse(.
Pulse Repetiltion Frequency I klIz

Receiver Si i icon P- I N photodiode
Aperture (I t am) 2 irches
Focal Length 2 Lnch s
F i I L f!r 6andwidth 0 nm

Size c'ylindrtcal 5 inch diameter
inch I erw, t h

................- ....- . ... ...,...v.-........-.. ......-......-.. . .- - ..-... ' -v. - . . ,.- . -



Weight (estimated) 10 lbs

Range 150 meters

Cost $500

Much remains to be dlone. It i s recommended I hat the

following specific areas be addressed during the next phase

of development.

t) Extension of the tradle off* etiuaLi on The pre-amp andl
amplifier components should be included. The effect

*of' frequency response on system not.,(e as well as
signal should indicate a proper system bandwidth and

2)yield more accurate pert ormance predictionis.

2)Analysis of actual vehicle dynamics - This should
nd ica Ic wh i ch is moret td~vaintageous ; the penc i I or

the fan-shaped beam pattern.

.1) Individual components tests This will determine
more accurately derated values. More effective
improvements can then be made.

41 Field tests - An altitude of 1SO meters should be
used under a variety of seai state conditions. The
possibility of signal absorption cor false detection
f'rom a low 1 oud layer shiould tit i rives .i gated.

5) Other system components should bie added (synchronizer,
redesisirried puiser, amplifier, si ,na I pro)cessor) its

* well as refinement of the current system to include a
wide bcandwiadth pre amp, riono dome, ind bt&i I ory power
5U)ppI'.



APPENDIX A

PARTS LIST OF MAJOR COST ITEMS

Laser - LD 215, Laser Diode Laboratories $305

Fresnel Lens - #H6004, Industria[ Opt.ics Div 1H

Filter - S--DIO-905R, Corian Corporation 150

D)etector - P[N 1O D)-[, intloed DttecLor technology ,19

Pre-Ampl ifier Electronics JO

$5412

*Does not include:

'ync-hronizer/PuI ls, riSi gnaI Processor Elec t ronics

TR Nose Dome

Con ta t ner

Bat teries

'p
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