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ABSTRACT

A iaser rangefinder may be used to perform twq functions on board
an autonomous Martian rbving vehicle, These two functions afe (1)
navigation by means of a passive satellite aﬁd (Z)Jmid—range path
"églection and obstacle avoidance, The feasibility of using a laser to
make the necessary range measurements is explored in detaii and a
ﬁreliminary design is presented., The two uses of the rangefinder
dictate widely different oéerating parameters makiné it impossible to: -

use the same system for both functions,



I.” INTRODUCTION

A léser rangefinder may be ﬁsed to perform two fhnctions on board
'.the Martian roving vehiclé. These two functions are (1) navigation by
means qf a passive satellite and (2) mid-range path selectibn'and
obstacle avoidance., It will.bé shown fhat the laser used for navigation
would not be used for obstacle.avoidance because of the great differences
in operafing power levels and repetiti§n rates. | |
‘ The séfellite navigation schene fof the ﬁartian rover requires the
Ameasurement of the distance»beﬁween the roﬁgr and a‘passive satellite
‘in order to locate the rover in a Mars reference frgmegi] The distance
to be méasured is of £he order of several thoﬁsand kilometers and
must be measured towwithinian accurécy of several meters. A laser
rangefinder combined with a retroreflecting surfacefon the satellite
will ﬁe shown to mééf'the fequirements of the navigation scheme. Of
primary concern are the'weigﬁt and power réquiremeﬁts of thé system.
An attempt has ﬁeen made to include as many factors as possible in §ﬁ§
célculation of the power reqﬁireménts for a given'éccurécy while at the
same tine using as simpie a system as possible for’reliability.

Instrumentation for a ﬁid~range path selection and obstacle
avoidance system has also been investigated. A laser_rangefinder is to
; be usea to sense terrain three t§ thirty meters ahead of the Mars |
roviﬁé véhicle. The major components of fhe system are (1) the laser,
(2) thé-photodetector,_and.(3) a écanning systeﬁ. The parameters'of
'these.components are dictated by tﬁe terrain reflectivity, the range
to be covered, and the scan rate. ‘The scah rate is determined by the
‘ particﬁlar_path selection algorithm to be used, some algorithms

requiring more data than others. The 'ideal' system would minimize
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power and weight, while adequately defining terrain to ensure vehicle
éafety; A range accﬁracy of five centimeters or less is thought to be
necessary in order to adequately define terrain slopes three;to thirty
"meters ahead of the vehicle.

::'This report is divided iﬁto two parts., The first part is a -~
discussiqn of the satellite navigation system. The, second pért deals

with the path selection and obstacle avoidance system.

PART ‘TT PASSIVE SATELLITE NAVIGATION SYSTEM

A.i.Principles §f-0peration«

| .The.lasér.rangéfinder operates in a manner simiiar to that of a
f'conveﬁtional‘radar. A Block.diagram of the essential elements of the
) syste@ is shown in Figuée 1., The measurement procedﬁre is initiated
by a trigger.pulse frbm the on-btoard computer. The trigger pulse céuses
the laser to fire a single short pulse of light. A small phbtodetectof
mounted on the laser Senses'the ledding edée of the light pulse énd
starts “he counter., The trigger pﬁlse from the on-béard qompuﬁer is
not used to sﬁart the c&unter becaﬁse there isAa time delay involved
in firing the 1asér. The light pulse from the laser fravels to the
satellite, is reflected and returns to a light receivér. The satellite
is equiéed with.a retroreflecfing surfaée so that tﬁe-light incident
uponAthe sétellite will be reflected back to the rover, independent of
the orientation of the satellite. The light receiver collects the -
.reflected light and focuses it on a photodete;tor. The output of this

photodetector stops the counter. The counter now contains a number
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| LASER RANGEFINDZR SYSTEM FOR PASSIVE SATELLITE NAVIGATION



which is proportional to the distance between the rangefindér and the
satellite, The on-board computer reads out this number and computes

the one-way range from the following simple equation:.

R = ¢nT

2
where R -z Distance to the satellite (km) .
T = Period of the counter clock (sec.)
n = Number contained-in the counter
¢ = Speed 0; 1ight (3 x 10° km/sec.)

For T = 10"9 seconds and n = 1.33(10)7; the range is given by:

R = (3)(10)°(1.33)(10)7 (1079 = 2000 kilqmeters
_ 2 ' vers

Note that the counter must be eight decades long in order to'record n.
I£Amay>be possible to use a shorter coﬁnter if the range between the

satellite aﬁd the rover always falls within a small interval; In this
case, the most significantA;bits"of the counter will always be the

same, so0 that part of the counter is not needed.

B, Range Error

.The range error is, primarily a function éf the countér clock period,
the puise width of the laser,vthé signal—to-néise ratio at the recéiver,
variation in the speed of light passing through atmosphere, and
refractién. One-way to analiée_the range error-due'to the finite pulse
width of the laser and the signal-to-noise ratio is given here. The
" laser pulse Qidth is “1¥ and has é band-limited spectrum of width AT,
Assume the noise is gaussian and occupios the samé ffequency vand Af,

rd : -

It can now be shov that the range error is zero mean gaussian with



standard deviation given by:

c ‘ ‘
R = - = | . (D)
_ uTTB(S/N)E~ »

‘where “(S/N)E Signal-to-noise ratio.in energy

B = Second moment of the transmitted spectrum (iz)

Some care must be exercised in.calculaﬁing the signal-to-noise'ratio
4(S/N)E and the second moment B. The transmitted signal can”be viewe@-
as a carrier frequency Y nmodulated b& a time signal which has the
saﬁe waveform as’the pulse shépe of the laser outfut. The carrier

frequency is just the frequency of the laser light and is given by:

. where 2R = wavelength of the light output of the laser
For example, a ruby laser has A = 6945 Q = .60U54¢ m =‘6.945(10)_7m

I -
- then g = 3(10) = 4.32(10) " 5z

6:945(10) 7

. The second moment B is given by:

— : . —y "
j (f -¥)° ,§ (f),_zdf ~
B = _Af
g - I§ ,(f_), -2_df
At | .
'__ where - § (£f) = Transmitted spectrum (volts/Hz’é)

" As an example, consider the case where the laser pulse envelope can

* be approximated by sin 2 T t/7¥, where t is time. The corresponding

2t/ T

spectrum is found by taking the Fourier transform and is rectangular
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of width A f = 2/7. For T = 10 nsec, Af = 2(10‘)8 Hz. Since the
lsﬁectrum is fectangular, 3:: LSf/ZqF;. = 5.77(10)7 Hz. The signal-
to-noise ratio in energy at the input to the receiver is equal to'the
signal-to~noise ratio in power at the output of an ideal receiver
‘(Eorrelation receiver). If‘a non-ideai receiver is used the signal-
.£o~nbise ratio at the output will be less than that at the input.
fhefefore Equatibn-(l) gives an upper bound on the rénge accuracy to
' ge expected. Continuing-the example, for kS/N)E = 10, the r.m.é.-
range error would be 13 cn. if the transmitted spectrum is approximately
~beil shaped, B is eqﬁal to one~half the 3 dB width of the spectrum, It
can be concluded that fof (S/I\T)E = 10 and Y = iO nsec, the raﬁge.
error will be less than oﬁé'meter;.' |
. : . N
The signal-to-ﬁoise ratio can be calculated. if the type of detector,
received power, and background radiatién are known. The general equ;tion

for the signal-to-noise ratio of a photomultivliér tube i;ﬂ:’

qR 2
2
= [w] i .
By | Z¥Ta 4 bt [P, aPp I
Req ny hy
- N ~19

q = Blectron charge = 1,6(10) coul,

‘R = Quantum efficiency of photomultiplier

h = Plank's constant = 6.63(10)-34 joule~-sec.
P = Received Power (watts) ~

M = Internal signal multiplication factor

Bandwidth (Hz)

s
=,
i

k = Boltzman constant ;,1.38(10)—23 joule/oK

T = Temperature (°K)



Equivalent load resistance (ohms)

eq o _
PB = Background power falling on the detector (watts)
I4 = Dark current (amps)

A siﬁilar expression exists fof photoéiodes aﬁd will be given later.
. The first term in the denominator of Eéuation (2) represents thermal .
noise and is generally insignificant in a well designed photomultiplier.
The last three terms representﬁéhot noise from the received signal, the
backgrouﬁd signal, and the dark current, respectivély. ‘The backgroupd’
Signal can bg minimized by usé-of a narrowband light_filter.and by
-limiting the field of view of the receiver. For B = (lO)7 Hz, R = 0.02,

M= 5.200° 9 = k3200 B2, T, = 8007 amp., P_ = 0.6(10)7

d

. watts, negligible backgrdund radiation, and shot noise limited operation,

~

fhe signal—to-noise ratio is 10, This is typical of an 5-20 photo-
multiplieﬂbl | l
fhe.quantizatipn error dﬁe to the digital,counte: can be expréssed
as: ASRma¥ = cT/Z vhere A&Rmax'= the maximum range error due to
'quantization. Since nanosecond counters are available, this error is
small ( A&Rmax =15 ¢cn for T = 1 nsec) and will not be considered further. ;
The velocity of light, c; varies with the properties of ﬁﬁe mediuﬁ.
For example, the velocity of light in vacuum and the velocity of 1light
'in”air at STP agree only to about one part‘in a thousanigl The velocity
‘of'light in a vacuum is known to one part in (10)6. The velocity of
" light in the‘Martian atmbspﬁere can bé,apﬁroximéted if the atmospheric
compoéitipn can be determined and the rangeuerror can tﬁen be estimated
as a fuﬁction of-the path length through the atmosphere. If it is

assumed that the average path length through the atmosphere is 5 km

and that c is changed by one part in (IO)h over this entire length
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the resulting range error can be derived as follows:

R = cT - - G
2 B ' .
"R+AR=(c+ DVt o )
2 : ‘ -

Subtfacting Equation (3) from Equation (4) gives:

LR = Act B - (5)
—=— _ | .

Rearranging Equation (3).
t=R
2. ¢
and substituting into Equation (5) gives
AR: ACR
c
Therefore, C - h ' B -~
. L 5 ,
AR = (10) 7(5)(10)7 = 0.5 m
From this example, it can be concluded that range'errors due to changes
. in ¢ caused by atmosphere are less than or at worst of the order of one
meter,

The range error due to refraction can be upper_bounded.by using earth
data., This error arises from bending of the 1ééer beam caused: by changes
in the index of refraction m. The index of refraction vafies approximately
exponentially with height and is assumed to be constant at a given
altitude. Under these aséumptions, there would be no bending of the
laser beam if it is pointed straight up. However, as the beam is moved
toward the horizon, bending does occur, The error due to refraction for
a horizontal measurement is illustrated in Figure 2, It can be show&ﬁl

that:




Figure 2

RANGE ERROR DUE TO REFRACTION
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: whére e = Radius of curvature_
' m = Refractive index
H = Height _
Also, 2 € =0¢ .,  and €=-~_Ri_9g_xl1,
o - o 2 dH

where Ro = True distance (m)
& = Refraction angle (rad)
‘E( = Total bending angle (rad)
The displacement of the séot on the receiving plane is:.
o A = Roe | _
.. & has been measured to be as large as 40,(4 rad/l*m on earth, and A
is typically 1.35 m for a 10 km measurement ﬁistance‘on eartﬁ; The
Hméasured path length is given by:
) | | R =Q ot
The true path. length is:
Ro = 2? sigoé/Z
The error is then
AR=R-R = e (<>< — 2vsi‘n¢>(/2)

© Since of is a small angle,
ar [o2fg- )| - o
- 2 L3 24

-ARz Ro(2 = R€2
2L

or

g

If we assume a worst case refraction”angle of 400,¢(raﬁ and a range of

. 100 km, the error is:

-12

AR = (10)2(400)2(10)7Y2 = 0,26 cn

6

Thus, we see that this error is extreéély small and need not be

éonsidered further,
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C.- Power Losses

The power output required'of.the laser can ﬁe determined from the
minimum received power neéessary to achieve the required signalFto-noise
ratio and the power losses along the transmission path. The transmitted

hl

pover and received pover are related by 3

) _
p oo [0, P, (6)

Power received (watts)

i

where P
T

A = Efficiency of the optics

= One-way atmospheric loss

¢T = Reflective loss at the satellite

A, = Receiver area (kmu)

Ay = Target area (xm)®

¢£ = Returnéé beam divergence~angie (rad)
..¢t = Transmitted beanm divefgence angle (rad)

P, = Transmitted power‘(waﬁts)

R = One-way range (km)

For A= .9, ¢a -

= .9, A = 200 cmz, ¢t = 1.7(10)'2rad., ﬁr = 056(10)'urad1,
fpAp = 2 m°, and R = 2000 km: |

: -16
Pr = 1.97(10) Pt

. These numbers are typical for measuring the distance to the satellite.
From a previous exa:.nple,‘Pr = .6(10)~8watts for a signal-to-noise ratio
- of 10. The required peak transmitter power is then:.

:Pt = .6(10)—8 5.3.0(10)7 watts
1“.97(10)'16

An estimate of the average pover requirements of the laser can be
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nade based upon the peak transmitted power Pt' the pulse width 7T, the
transmitted beam divergence ¢t' the search afea, the efficiency of the
iaser, and the number of'measuremeﬂts to be made. From the previous
example,'Pt = 3(10)7 vatts for ﬁt = '.L.’?(lO)_2 rad, If we Qish té search
over a'45° solid cone, the:maximum number of tiges the laser mgst be

_fired'is‘approximately:

N _ tan® (45%/2) _ tan” 0.392 _
mAX - tan®d. 7 tan® 0.017

Thrée range measurements are required to.determine'the position of the
rover relative to the satellite. ‘Theée_three measurements are made
within a small time interval (one second) and_?heréfore the enfire 450
cone need not be searched for the secoﬁd aﬁd_third measurements, The
average number of laser.firings'Qill be taken to be 300. If we wish to
locate the rover once per day (24 nrs.), the total expected number of
f?rings would be about 300 per day. ‘The_energy regquired to'fire the laser

once is given by:

E=ls¥
nL
where E = Energy input (joules)
qI,= Laser efficiency.
P, = Peak power (watts)

¥ = Pulse width (sec.)
For 7T’ = 10 nsec., P, = 3(10)7 watts, and R L = 005,

E = 3(107(10)7° = 60 joules
- ~.005

‘The total energy required per day would then be 300 x 60 = 18000 joules.

The average power of the laser is then 18000/(3600)(2k) ='0,208 watts.

From a practical standpoint, it would be desirable to make the measurements

N
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over as short a time as possible, -Thus if we aliow 15 watts continuous

operating power, vie could make: our measuremento in about 20 mlnutes.
These measurenents could be done durlng the Martian night, thereby
reducing the background radiation entering the detector and also not

inteérfering with roving activities during the day.

D, Veight Considerations
The two largest components of the rangefinding system which are
on board the roving vehicle are the optical collector and the energy

is]

discharge saﬁacitofs} A graph of weight Qs surfacévsccuracy for several
size optical collectors is shown in Figﬁre 3. The penalty for a large
blur circle is é‘wider field 6f viey whigh results in greater background
noise. It should be noted that a field stop will not correct this., If

- we éssume.a biuf circle of 100‘A<rad; fhe'weight of th; optical collector
is ‘about 8'1bs/ft2 ; 86 lbs/mz. Puise dissharge cspacitors suitable for
use w1th lasers are avallable w1th energy storage capabllltles of up

3]

to 125 Joules/lb
For rlL = 0,005 and ’F = 10 nsec, the peak transmitter power per .

pound of capacitor is:

' Pt/lb = (125)(.605) = 6.25(10)7 watts/1b
(10)~%

.Rearran*lng Lquatlon 6 and using prev1ous1y stated parameter values
gives: :
P.a_=2.08007 ¢° - (D)
t'r ‘ t :
The total weight of the system can now be written as:
=864+ 1.6007°° P, 45 - (B)

Takin; the derivative with respect to Ar and setting equal to zero gives:

61’.1 . '_’ '- 2
b—-;\-— = 0= 86 &+ )302( .2) :ﬁ_:c—
r . ) 2

Tr.
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=
i

r .88 ¢£

2.36(10}9 ¢t

o,
L]

W

i

113.5 ¢t +5

Table I sboﬁs how these parameters vary as a function of‘fhe transmitted
beam dive?genée angle. - The weight of the rangefinding system is seen

fo be pro?ortional_to the transmifted béam'divergence; The weight can
be reduced by requiring a smaller beam divergence. However, for a
sméller bean diyérgence, gfeatef accuracy in the pointingisystem uséd
to aiﬁ the”laser is requirea; Also, for angles 1es§'than lo, not much

o~

improvement in weight can be expected.

" PART III LASER RANGEFINDER FOR MIDéRANGE PATH SEZELECTION AND

OBSTACLE AVOIDAKRCE

A. Range'Measurement Errors -

The range error is of considerable importance in evaluating the
performance of ﬁath sélection and obstaclé avoidance schemes. 'Various
échemes have been proposed whiéh use combinatibns;;fanglé.and range
measurements ér fange measurements élone. The final choice of a
particular scheme will depeﬁa heavily upon the range accurééies that can
be_acﬁieved. what follows is a detailed discussion of the'range error,
| .The range is determined by transmitting a pulse of laser light to
the Martian §urface and measuring the light reflected Eack to the -
vehicle, Two photodetéctorsbare employed, one scnses.the'light emitted

from the laser and the other senses the light reflected from the surface.

The signal outputs of the two detectors are used to control the operation
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¢t W , Py | A
(Degrees) (1bs) ae) . (e
.05 _ ‘ ‘5.1_.' ~ - 2,05 | | 7465
.5 | . 6.0 . 2005 765
1.0 - 2.0 om0 153
C2.0 . e0 8 | 308
5 S T 205 965
w0 B 24,7 k10 . 1530

TABLE I WEIGHT, PEAK TRANSHITTED POWER AND RECIZIVER AREA

AS A FUNCTION OF TRANSMITTER BEAM DIVERGENCE-
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of a time interval meter, The errors invoived in the measurement of
the time interval arise from two.distincf sources, noise and quantization.
The quantization proéess is shown in Figure 4, The time in&erval
meter consisté'of three basic elements, (1) a équare wave oscillator or
'clock', (2) a counter, and (3) a gating circuit. The error involved with
the generation of the triggering wavefq;m_will be considered later., The
triggering waveform initiates and stops the count;i The true time iﬁtervél
- (to within the accuracy of fhe triggering waveform) is shown in Figure 4b
and is given by:

The recorded'time interval (Fig; L ¢) is given by:

'nT::tZ -tl

Two errors occur for each measurement, one at the beginning of the count
cycle and one at the end of the count cycle. The net error is the

difference between these two errors:

‘G:Vt—.l’lT=(t2—t2)"(t"t)

'

R | Tt .
If we denote t, =t byy and t, - t, by x (Figure 4 d), the net error

is:

e =X~y
x and y ;;n be coﬁsidered as independent fandom variables since they
arise from physically Jindependént sources., Also, for n®P» 1, x and y
will have uniform probabilityvdensities>over the interval 0 to T. The
'probability density of the total quantization error can be found by
convolving the density functions of x and y since x and y are independent, -
Figure 5 shows the density funetions of x, ¥y, and e.A The mean net error

e is seen to be zero by inspection of Figure 5c¢. The variance of the
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PROBABILITY DENSITIES OF QUANTIZATION ERRORS
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net error can be found as follows:

T
2 .
o, = 5e2p(e)de
-7 .
0 ’ T '
2 ,
g. = Sezl + 1\de + gez 1 + 1\ de
e -—2-e 2e -
-7 T Y T T
67 2 - T2
A
The standard deviation of the range error is relatéd to the time error by:
@R~=cﬁ,e T 7 ) -
2 .
O'Rz cT
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_ As an example, the standard deviation in range for a % nanosecond clock

period is given by

Oy = 300825007 = 1.5 on L
2 o6 ‘
Note also tﬁat the maximum time error is ¥ T. For a ¥ nahosecond clock
‘period, this correséonds to a maximum range error of ¥ 3.75 cx,

The accuracy of the triggering waveform has been estimated for one
particular method of thresholding and will be shown to be related to the
.signal—to-noise ratio.. The error involvéd in generating the start pulse
at tl can be assumed to be negligible compared fo the error involved in
. generating the stop pulse at t2 since the signal-to-noise ratio will
generally be much greate% at tl than at t2. An uppervbound on the error

can be derived in terms of the average slope of the transmitted pulse

and the signal-to-noise ratio. The received pulse is shown in Figure 6.



-21-

iz

—— —
— —

Mave

‘Figure 6

“NOISE ERROR IN THE RECEIVED EULSE
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The average slope of the noiseless signal is given by:

Bove = 23 | (9

where § = Maximum amplitude of the signal (volts) -
fr

m
ave

[t

Signal duration (sec.)

1}

Average slope (volts/sec.) -

V>The pulse shapé is asSﬁmed to be symmetric. If no noise is present, the
fhresholding deviég‘will genérate a'triggerin@.pulse when the signal
reaches one half of its maximum value or any other preset percentage-
of its maximum value. The saﬁe procedure is used to generate the start
and stop triggering pulses. When there is no néise présent, the'only
error will be the quantizatioh errar of the counter., ‘When noise is
present, it will cause an error in the generation of the stop pulse. If
we denoté this error by At, from Figufe 6 the magnitude of the error is:
dad ¢ 2  ao
S E mave B :

. vhere’' N = Noise amplitude (volts)

it .
ave

" Average slope (volts/sec.)

Substituting Equation 9-into Equation 10 gives:

‘Atls T

From.thisAequation’we can draw two conciusioﬁg.. First, it is desifgblé
to have as narrow a puise width as possible, and secqnd, the signal-to-~
‘noise ratio should’be as high'és possible, The range erfor associated
with a pulse width of lo.nanosecénds and a signal-to-noise ratio of 20
is 3.75 cm maximum, It should also be noted that the timiﬁg error is

minimized if the threshold point is placed at the point of steepest

slope -of the transmitted signal.
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. =23-

Associated with the signal-to-noise ratio are the detection

probability and thé probability of false alarm., .These considerations

_ arise when trying to decide when there is a signal peak or a noise peak.

If a threshold is set at K standard deviations of the noise, the

. probability of false alarm P, 1A

12

P, = 1 5; exp(-vZ/Z)dV'. - o
NETT S o : .
For K = 3.1, P = (10)72, |

. Once the false alarm probability has been given and the threshold'K

calculated, the signal-to-noise ratio for a givenf&etection probabiiity

can be calculated from:

: - N
'Pd;= ! j;' ex§(~v2/2)dv
a@t—‘ .

where S/N = Signal-to-noise ratio in volts/volt

Note that (S/W)° = (s/8)  and that (/i) = (s'/N)P for an ideal receiver

s = (10)’3, K =3.1, and (S/N)p

(matched filter). As an example, for P
= 10, P, = 0.5. For (s/N)p =25, P = 0.98.
The signal-to-noise ratio for the rangefinder méy'be dictated by

either error considerations or by false alarm rates and detection

probabilities depending on which requirement is greater,

B, Target Cross Sectien

The power requirements of the laser are highly dependent upon the

" reflectivity of the terrain., A rough estimate of the peak transmitter

4

power can be made by assuming the terrain to be an ideal diffuse surface

(Lambert model). Snow is an example of such a surface. If the receiver
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field of view is greater than the target area, the transmitted power

can be expressed ast

P, = 27TRS P

¢ A _cos8 T
Cr
where P, = Transmitted power (watts)
P = Received power (watts)
A, = Receiver area (m?)
"R = One-way range (m)
® = Angle between the mean surface normal and the receiver (rad.).

If absorbtion of light by the surface is taken into account this equation

<.
becones:

P, = 2rRE P
rArcose

where 1 = Targgt‘reflectivity
" This equation waé.évaluated at several points to illustrate the magnitude
~qf the different para%eters. The results shown in Table II are for
A, - 1_cm?, P, = (J.o)‘8 watts, and € = O, The P = (10)78 watts
éorresponds to a siénal-to-noise ratio of about lO.[;3 Ngte that nmore
~ pover is required than is showh in thé table if the‘réceiver.is not
perpendicular to ihe surface, |

Experimental evidenc£7]has shown that the Lambert model is épproaéhed
with increésing surface roughness only when the incideqt light arrives
in a near-normal direction., Since the measurement schemes considered-fqr'
use onlthe rover fequire thg incident beam to arrive at shallow angles; 
~a better model is needed. Such .a model has been developéd by Torrancg
andepqrrOWFZJ The major features of the model are (1) small random
_mirrow-like facets, (2) multiple.réflectiéﬁ, (3) internal.scattering,

.(4) shadowing, and (5) masking. The model generally applies when the :
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'- Target
Reflectivity V ' Range
r R=%7mn . R=1m R=28m
.1% . 30w . 120w , 480 w
1% - 3w 2w L8 w
10% Gow o 12w 48w

'PABLE II PEAK TRANSMITTER POWER REQUIREMENTS FOR VARIOUS
VALUES OF RANGE AND TARGET REFLECTIVITY
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_root—nean~square surface rou”hness is greater than the wavelength of
the llmht used,
The reflec'tance distribution of a rough surface can be specified

(7,

in teérms of a normalized bidirectional reflectance

(Y8, ¢) gF (W, n) [G(LV e )/cos@} exp(- c? 7)’ ) + coo.k,l
-P(ﬁW;Lp,O) : g[F(W,n)/cosk}/] +cosW

| (11)
The angles W ;EB, and Q§ are shown in Figure ?. g is a seele,factor
which determines the ratio of specularvreflection'fo diffﬁse.reflection.
.The Fresnel reflectance r(Ql rO is a strong functlon of Q) for
.600 < "~€J < 90 , which is the range of angles that nust be used in
the rangefinding system. As an example, the Fresnel refleetance for
magnesium oxide variee froﬁ .i to 1 over the ranée of WV cited. The
vFresnel reflectance also varies widely‘with‘material, The shape of the
'Fresnel_curveS'differ markedlyufor~§etals and~nonmetals.
_ The geometrical attenuation factorVG(qu’ CBD).tAkeS_intb account
tﬁe geometry of a rough surface, ‘A V-groove model is ueed to.represent
-:a surface facet. One poésible orientation bf the V-gfoove'model is showhv
in Figﬁfe 8.' The constent C and the angle'}{téefine the distributioﬁ
of_facet slopes about the mean eurface plane., .Typical curves for the
bidirectionel-reflectance retio are shown in Figure 9;. The deehed line
represents the Lambert model. Note‘that'peaks in the éietribution occur
;-at angles greater than the snecular éngle. These off-speculer peaks are
caused by the factor G/c0553 in Equatlon 11, It should also be noted
that G/cosé) is strlctly geometrical in nature, and hence, all materlals
- will exhibit some degree of off-specular peaklng.

Since the actual magnitude of the bidirectional reflectance ratio- is

i
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Figure 7

COORDINATE SYSTEM FOR. BIDIRECTIONAL REFLECTANCE
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Figure 9

BIDIRECTIONAL REFLECTANCE RATIO
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almost impossible to predict, an experiment is recommended for future
w0rk’iﬁ this area., The priﬁary objective of the>é¥péfiment would se to
determine the dyﬁamic rénge of the reflectivitj. Samples gsedAin the
experiment should be of varying degrees of'roﬁghness and material composition
and measurements taken over a wide range of angles relative to the mean
surface nérmal. The results of sucﬁ an experiment could fhen pe ucsed to
determine if contrélled power output‘of the laser is néceésary in order
‘to prevent detector_damage or detector saturation.

The spectral reflectance of two types of surfacestg}is shown in
‘Figure 10. The reflectance is assumed to be measured normal to the
éurface although the reference did not explicitly sfate how‘the~meésurement
was made. ' In any Qase,;it is important té note that the reflectivity

increases as wavelength increases. The near infrared part of the spectrum

~is therefore.a better choice than the visible part of thé spectrum,

C. Detectors

Consideration nust be given to the protectidn of the’detectof fromA
intense radiation when thé.vehiclé gets‘ciose to é speéﬁlar'surface. ﬁnder
such conditions, almost the entire output of the laser could bé'fécﬁsed
ppon the detector., As an exanmple, consider a typical PbS détectorig}whose
daﬁége threshold is 0.32 J/cmz. A fast rise £ime detectortldlhas an
acfive‘area of approximately 2(10)-5 cmz. Thus, the ma#imum input energy
per pulse is (0.32)(2)(10)~5'= 6.111-(10)"6 Joules, If we consider a iaser

with a pulse width of 50 nsec., the damage threshold in terms of peak

1

output power of the laser would be 6.4(10)7°/50(10)™% = 130 watts. 1f
the laser's output is restricted to be less than 130 watts peak, no

damage will occur for this particular detector., Similar calculations
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could be made to determine the damage threshold in terms of peak power
output of the laser for other detectors. - |

Another problem relatlng to excess radiation is saturation. The
lérger the input energy, the longer it will téke for the detector to
recover. This is due to the finite chérge carrier lifetimes of
senniconductor materials. Recovery time can be as long as several milli-
secondsﬁ Jv%lch could restrict the maximum scan rate. In view of this,
it is .desirable to operate a detector With the lowest input that will
produce a reasonable signal-to-noise ratio. This is also consistent
. with minimum laser powers.

Characteristics of several high speéd phofddiodes are given in
Table IIIKlLB. It can be seenAthat‘there is a tradeoff between reséonse
time and peak efficiency. A diode witﬁ a response time of 0,13 nsec.-
has'aﬁ efficiency of 40% whereas a similar dicde with a response time of
Vi nseci has an efficiency of 90%. Note also that the slower diodes have
larger sensitive areas, All of the photodiodes listed in Table III

operate at room temperature (300° x).

D. Lasers
A semiconductor laser is probably éhe most likely candidate for use
in the ranging system because of its small size and light weight. The

{11} ]

Those shown in the table may be operated in pulsed modé at room temperature,

spectral range of several semiconductor lasers is given in Table IV

A variety of Gais .lasers are commercially available[lzlwith an energy

o
conversion efficiency of about 4%. The nominal wavelength is 9050 A
with a drift rate of 2.5 A/OC. The duty cycle of -these devices is 0.1%

for units with a peak power output of 10 watts or less. For output powers



Diode-

Silicon

+
n’-p

Silicon
P=i-n

Silicon
p~i=-n

Ge n+~p

Wavelength
Range

(4 m)

0.4-1

o.Lb-1,2 -

0.4-1,55
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Peak  Sensitive
Efficiency Area
(%) (em)e -
40 2x10™°
90 2x10?5
30 -2
@ 0.94m 5%10
50 2%107°

TABLE IIT PHOTODIODE

Series
Capacitance Resistance
(p®) (£2)
0.8 6
1 1
.'3 N
0.8 10

CHARACTERISTICS

' 11.3:(10"1

Response
Time
(sec) -

0
1x10”

7%x10"2

1.2x107H

10

210"

Dark
Current

)

5x10'II

1079 .

2x10™7

8
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up to 300 watts, the duty_cycle is 0.02%. If we assume a 50‘nsec.'
Pulsé, the repetition raée for the low pdwer devices ié 20,000 pulses‘
per second and for the high power'devicesAis 4000 pulses per sccond.
Thus, 1000 range ﬁeasurements ver secondAis a.conservafive estimate of
the capability of the laser., Since thé anelength of the laser éhift; wifh
tenperature, the spectral filter at the detector must be broad enough to
accomodate this shift, -A spectral filter with anloptical bandwidth of
100 2 can tolerate a 40° C temperature éhift. Consideraeion should be
_éiven to minimizing the tgmperatufe rise of the Gads laser (i. e. by

heat sinking) since fhe power output may decreaée and é wider spectral
filter will'be requiréd thus degradiﬁg the signal-to-noise pefformancé

of the system,

E.. Electronic Scanners

“An electroﬁic scanning syétem is thought to be morejéesipable
£han.a méchanical scanning system from the standpoint of feliébiliﬁy}f_g'ﬁ
weight and power. There is a wide range of eléctronicly controlled‘
scanners presently available[SJ. 'These include piezo-electric @eviées,
bender nwimorphs, bimetallic strips, and ele&tro-optic crystals.” of
these, the piezo-electric laminated bimorph looks very promising, Power
requirements are very small (milliwatts) and units with scan rétes_of
0.2 msec. with a 6° angular scan are commercially,available.[ljl Acousto-
optic deflectors using lead-molybdate[lglcan acﬁieve scan rates of
300 kHz, but the angular scan is reduced to . 2.5 milliradians., The
total angular'scan can be increased by using a lense, hdwever the
gngulaf resolu£ion will remainrequal to that of the scanning device.

Resolution varies, typically 100 to L40OO elements. A two dimensional scan
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can be achieved by using tw6 scanning devices placed so that one scans
perpendicular to tﬁe other, A possible.scanning systemﬂis iiiusﬁrated
in Figure 11, An advéntaée oi this configuration is that the transmitter
and receiver use the same bean steering devicés, thereby providing auto-

matic tracking of the receiver.

IV CONCLUSION

The féasibility-of using a laser to-make,raﬁge measurements from
on board the Maftiaﬁlroving vehicie has been demons%rated. Thg weight
and power requirements of a laser rangefinding>system for-use in a passive
°satellite*navigation scﬁeme have been es£imated. The range error of such
- a systemvwas explored in detail and was found to be within acceptable
"limits. The weight of the rangefinder was found to-be a function of the
transmitter bean divergence. In generél, a smaller beanm diveréence,
résulted in less weight, Decreasing thé bean divergence,‘ﬁowever, increased
the accuracy requirements of the pointing system used to search for the
satellive. Some tradeoff between the weight of the laser-and £he.weight'
of the pointing system will have to be made in a final desigh.

The feasibility.of a laser rangefindgr for mid-range path selection
aﬁd obstacle avoidance-has also been established, The range error for
this Systemiwas explofed in detail and was f;und to be acceptable.A A
surface reflectivity model has been pré;ented for use in the final design
of the system. Automatic gain control at the receiver and control of
?he laéer output power may be nrscessary to overcome large changes in
surface reflectivity. Electronic scanning of the laser beam was also

investigated and found to be feasible.
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