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DIVISION MISSILE SYSTEMS c"jt""' Ne.

Operation Bedford Laboratories

Department Mechanical Systems Lab Disteibution aa
Teo: P. Roberts File Ne.
Frow:  W. Shivitz MemeNe.  MS Lab 72-166
Subject: /%-A-T- Transmitter Shock Date 18 April 1972

/ and Vibration and Flight
/ crash Safety Mounting
Analysis

Reference: (a) Raytheon Memo AC-71-11 dated 29 July 1971
(b) Raytheon Memo MS Lab 72-125 dated 32 March 1972

(c) NASA CV990 Airborne Laboratory Experimenters'
Handbook

(d) Raytheon Drawings WSSK 32472-1 and JDSK 32472-2,
3 and 4 - C.A.T. Transmitter Support Frame and
Mount Supports R

(e) "Handbook of Engineering Fundamentals®, Eshbach,
Second Edition, 1952

(£) "Formulas{for'Stress and Slr&in“. Roark, Fourth
Edition, 1965

Enclosures: (l) Plot, "Deflection Vs. Static Load, Lord
: BTR-8350-39 Mount"

(2) Sketch of C.A.T. Tranamitter Assembly and Mounting
Arrangement

(3) Detailed Mounting Support Flight Crash Safety
Analysis ,

¥ I. Summary - Analyses of the mounting and mount support
systems verify that satisfactory shock arid vibration isolation
will be attained. The mount support structure will conform
to flight crash safety requirements with relatively high
margins of safety. Restraint cables will reinforce the mounts
in the critical loaded forward direction limiting maximum
forward system deflection to 1 1/4 inches.

II. Mounting Description - The mounting design consists of
four Lord BTR—§§56-35 elastomer shear mounts which are

N

7

T e Tmomm oo

i sl
"

x:d“mz Hesetoit

Kool
P g

s o s s Akl ke Hoaii, “ PO ol 2 B T O T N S N o S A s SR,



e )

MISSILE SYSTEMS DIVISION

Bedford Laboratories o=

Mechanical Systems Lab

oriented at 50° in the vertical plane and at 70° inward

toward the overall system center of gravity from the
longitudinal direction in the horizontal plane. The mounts
are geometrically balanced about the center of gravity and

the mounting system is approximately focalized in the vertical,
transverse and roll and also in the longitudinal and pitch
planes. - Thus, the transverse-roll and lcngitudinal-pitch
modes are relatively uncoupled.

Raestraint cables are located near each of the four mounts
to prevent excessive motion of and to fully captivate the C.A.T.
Transmitter system. The cables will limit deflection in the
critical 9g forward flight crash safety condition to approxi-
mately 1 1/4 inches. The mounts will limit crash safety load
deflections in all other di;ections to less than one inch.

The principal natural frequencies of the mounhed trans-
mitter system are calculated as follows:

Mode . 3 Frequencies
Vertical 1 9.8°Hz
Transverse 8.4 Hz
Longitudinal/Pitch 5.7 Hz
Pitch 8.9 Hz
Transverse/Roll 4.9 Hz
Yaw 6.5 Hz

The highly damped BTR elastomer will allow only small
resonant magnification at the above frequencies and vibration
isolation should be achieved above 15 Hz. ‘

The maximum physical motions which will be allowed by the
BTR~8350~-39 mounts under normal environmental conditions are:

~ Direction Load Deflectién
Vertical up 0g 0 In.
'Vertical Down 3.0g .31 In.
Forward | 0.5g .15 In.
Aft 0.2g ‘ .06 In.
Transverse +0.2g +.03 In.
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MISSILE SYSTEMS DIVISION
Bedford Laboratories
Mechanical Systems Lab

III. Mounting Support Structure - The four mounts are ;supported
by a frame structure which bridges across two NASA supplied "Low
Boy" equipment racks. These racks and also the transmitter

cabinet and telescope assembly are assumed to have been analyzed

- elsewhere for flight safety conditions. Detaileéd strictural

analyses of the mounting support frame which verify its con-

forming to flight crash safety requirements are given in
Enclosure (3).
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ENCLOSURE (3) .
FLIGHT CRASH SAFETY
ANALYSIS -

INTRODUCTION

7 w

The mounting framework is construcied primarily of standard
channels and bent plate structure welded or bolted together. This
flight safety analysis will cover the relatively critical areas
of the mounting support structure. Analysis of the transmitter
frame and the "Low Boy" equipment racks is considered not to be
the responsibility of this department. i

: i
This analysis will assure that no part of the system
connected directly to the mounting supports will become separated
from its attach points and create a flying object hazard to
personnel or aircraft under crash conditions.

DESIGN LQAg,zaczonsffﬁﬁw:u

The design criﬁ@fﬁa for this analysis is based on those
quidelines set forty] i{ section 5.1 of Reference (c). The
the following load factors, when applied

=

criteria dictates that
one at a time, must not| produce a stress in any element of the
structure beyond the ac\gpted yield point for the corstruction
material. A safety factor of 1.5 is used in the determination

of the margin of siafety.

\ Load Factor
Load Direction \y Yield | Ultimate
Forward \ 9.0g - 13.59
Down ‘ ) 7.09 10.5g
Up , ‘ _ 2.0g9 3.0g9
Side l.5g , 2.25g

Aft ey ’ 1 . sg 2 . 259
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APPENDIX B

CAT TRANSMITTER
AND
TELESCOPE ASSEMBLY

SAFETY OF FLIGHT ANALYSIS
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The following is a safety of flight analysis of the K
C.A.T. transmitter and telescope assembly. mﬁe ex&namittgy
structure consists of an aluminum base channel and aluminhm
plates. The channel acts as the main support member while
the plates act as intermediate supports and enclose the
transmitter. The telescope assembly is supported at one

end of the'base channel.

The main concern of this analysis is to insure that no
parts under crash conditions will tear loose and create a

hazard to the aircraft or personnel on board.

Deaign Criteria

The design loads for this analysis are taken from Section

5.1 of the NASA CV 990 Airborne Laboratory'sxperimenters
Handbook and are summarized in the table below. A factor of

1.5 is used to determine the ultimate load factors.

WW> Load Factor (Ultimate)

Forward 9.0 13.5
Down 7.0 10.5
Up 2.0 | 3.0 \{/
Side 1.5 2.25

Aft . 1.5 2.25 \)
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{ The analysis of the transmitter structure shows it to be
. structurally sound with high margins of ga%aty. An investiga-
Q) ' 4
’ tion of the telescope housing, support rings, support plates, ;
and associated hardware show that the telescope and its
" installation are also structurally sound for flight safety.
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Subject: Atmospheric Attenuation of co, Date 13 July 1977 o
Laser Radiation in Clear ’
Weatherx i

v

Determination of Attenuation Coefficients

Various researchers have measured the attenuation of co,,
laser radiation in clear weather. McCoy, Rensch and Long(l) §

measured specifically the attenuation due to water vapor which
is the attenuator of most interest for this analysis, but the AR
measurements of Shumate et al(z) are for more recent and appear o
to have been made under more carefully controlled conditions. ;
Therefore, the data of the létter were used for the attenuation l%
due to water vaébr. For the coz'attenuation, the values pre-

sented by S. Murty(s) based upon the measurements of P. Yin and %
R. Long(4) were included. Finally, the aerosol attenuation values

were taken from McClatchey's data(s) extrapolated to a visibility

of 12 km. "

The relationship of water vapor pressure to temperature and
humidity is éhown in Figure C-l. It is apparent that the water
vapor pressure during the summer is often above the highest pressure
of the Shumate meaéuremenés which was 15 Torr. For example, a
temperature of 95°F and a relative humidity of 95 percent produces

e

a water vapor pressure of 40 Torr. Therefore, the data had to be A
extrapolated to the pressures of interest, but in order to do it . 3
accurately, the relationship between attenuation and pressure must o
be known. The relationship is assumed to be quadratic.: o .

E W = Ap + Bp> | ' (1) |

where yu dis the attenugtién coefficient, p is the water vapor partial
pressure, and the coefficients A and B depend upon the total pressure.

R
’k H
s . . ‘ iCem 2 “ g I /£




b e e e - _gmr——m
A i

i
L | 5
; } Atmospheric Aétenuation of 002
i Laser Radlatjon in Clear
! i Weather /
: ,, \
/
! 0
; Y
. | & TEMPERATURE =
' \ 56 100°F
b ,/
l’ 7
4
4
4
4
AV 1,
i 40 1’4"
| WATER VAPOR A- 90°
i PARTIAL pd A
PRESSURE T y
| (TORR)
,‘ 30 7T .
. — o
L v.d 4 80
bi T g pd =
‘; : 2 s
A 20 nr. v z 70°
i L - 7/ P o
. Va . -
| \ Vi . o o
¥ ., .
| = = 60°
/r‘ . P 1t = o
10 AT u =r
r ” T - ]
A A e = = 400
] A Pt et}
>, Vet o — -
] :: - = I_.——"’ -‘
{ - o jarateerd
| 0
' 0 20 40 60 80 100
RELATIVE HUMIDITY (PERCENT) EOA-945
;
{
ORIGINAL PAGR 17
Meopeagte LA
Figure C T - Water Vapor Pressure as Function of Temperature

//’;J:::
.

and Humidity. One cm of Hzo/km ~ 10 Torr.

e el

¥
h B Sa el

)

I

Q




——

T R e e ey

E L

B o cEE

gt

0")7 R ) Nl

Atmospheric Attenuation of COp
Laser Radiation in Clear

Weathen ' I

The atmospheric attenution coefficients were determined for

selected emission lines of the CO, laser in clear weather as a
function of temperature and relative humidity at sea level. The
lines of specific, interest for this analysis are the P(16), P(18),
P(20), P(22); P(24) and P(26)° lines of the 10.4 micron branch,

but other lines werce also briefly oxamined.

L.

The conclusions of the analysis arve:

Attenuation coefficients for the P(18), P(20), P(22), P(24)
and P(26) lines are generally within 0.5 dB/km (each way)
of each othexr, with the P(20) line the worst and the P(26)
line the best of this group. The P(16) line, however, “
attenuates by a somewhat greater amount = 0.5 to 2 dB/km
more depending upon humidity - and should be avoided.
Figuresﬂﬁw% and C=3 compare the attenuation for different
p=-lines.

Typical attenuation values vary from 1 dB/km-&ach way

in an 11 Toxr water vapor pressure atmosphexe (e.g.,

p = 70°F, R.M. = 60%) to 6 dB/km each way in a 40 Toxr
atmosphere (e.g., T = 95°F, R.H. = 95%), Froxr a 5 km path
the corraesponding atmospheric losses range from 10 to 60

dB round trip. Figure C~4 shows the variation of atmospheric

attenuation with range. Figures C-5 and C-6 show the varia-
tion with temperature and humidity for two specific P-lines,
P(20) and P(26), which bracket the attenuation for the five
lines from P(18) to P(26).

Under humid conditions, water vapor is the dominant
ahtenuahok. In a clear dry atmosphere, c02 1s the dominant
attenuator. Finally, under foggy conditions the aerosol
scatter becomes dominant, but note that the fog nust be
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Atmospheric Attenuation of (:02
Laser Radiation in Clear
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Weatherx
fairly thick before the aerosol extihctiOn exceeds <
the water vapor attenuation at warm temperature. A 40 ;é
Torr clear atmosphere (e.g., T = 95°F and R.H. = 95%) ¥
produces roughly the same attenuation as a 150 meter visi- .
bility fog. 3 A
4. The 9.4 micron branch and selected R lines of the 10.4 -
3

micron branch suffer substantially less attenuation
under hot and himid conditions than the P lines of .
the 10.4 micron branch. Differences may reach 5 to 10 ﬁ
dB/km round trip. Thus, laser operatidn on these other ‘
lines should be considered for hot, humid environments
even though the efficiency is lower and the laser is

1
e L:fy.mw PN

- more complex.
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CAT LIDAR WIND SHEAR STUDIES

1. INTRODUCTION

Three major commercial aircraft accidents occurring during the

past several years, and linked by the National Transportation Safety .~
Board to wind shear, have demonstrated the serious threat this pheno-

menon represents to safe aircraft operations in the terminal area.
These accidents were: Iberian Airlines DCl0-30, Logan International
Airport, December 17, 1973 (accident occurred on landing)(l);'Eastern
Airlines, B727-225, JFK International Airport, June 24, 1975 (accident
occurred on landing)(z); and Continental Airlines B727-224, Stapleton
Airport, August 7, 1975 (accident occurred on takeoff)(s).

Remote ground-based sensing of wind field characteristics repre-
sents a possible solution to the wind shear hazard. Ground-based
equipment has the advantage over zirborne equipment of (1) providing
information to general aviation aircraft for which airborne wind shear
avionics may be economically unfeasible and (2) alerting the pilot
prior to takeoff or prior to entry into hazardous shear (on laﬁding)
thus avoiding the hazard completely or allowing.a timely go-around
maneuver. w |

CO, pulse Doppler LIDAR has been recognizedﬁgs a viahle candidate
for the remote ground based detection of wind fields. As part of the
CAT system improvement studies, the application of the MSFC CAT LIDAR
(and improved versions of this sensor) have been examined as possible
wind shear sensors.

The studies have considered the major meteorological factors
producing wind shear, methods to define and classify wind shear in
terms significant from an aircraft perturbation standpoint, the signi~-
ficance of sensor location and scan geometry on the detcction and
measurement of wind shear and the tradeoffs involved_in sensor per-
formance such as range/velocity resolution, update ffequency and data
averaging interval. This memo summarizes the study results.
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f 2, SHEAR PRODUCING WEATHER CONDITIONS

P 4 ‘

; ‘ The three most significant weather phenomena causing hazardous
fj f} wind shear are thunderstorms; frontal systems and low level tempex~
X ature inversions. The flow fields accompaning these phenonena are

} P characterized in Figures D-1, D=2 and D=3,
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The gust front preceding a thunderstorm is characterized by high {
i turbulence, strong updrazts and downdrafts and laxge shear producing
: windshifts. Moreové:
I 10 or more miles._ .
l
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' Frontal systems are dangerous to aircfaft when they are moving at ; ]
: speeds greater than 30 knots and have temperature differences across :
> | the front.of 10°F or greater. Wind shifts occurring across and along ;
the frontal sun ace produce wind shear. Normally‘the most severe ;
shear from a’ “cold front occurs just after frontal passage, conversely, %u;
by the shear created by a warm front occurs just prior to passage of the

i front, - (i.e., on the cooler side of the front in both cases). Warm

. fronts are normally much shallower in slope than cold fronts. This

iy fact is discussed more completely in a later secdtion, but essentially

it results in warm front shears being encountered with a vertical y,
chang? in position (approximate horizontal striation of the air mass)

and cold front shear being encountered with a horizontal change in

= Y ’
gﬁgition (approximate vertical striation of the air mass).
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3. WIND SHEAR DEFINITION

In general, wind shear is a change in wind velocity with position
or time. Since wind shear is normally measured by instrumented towers,
it is commonly given as the change in horizontal wind speed occurring
over some height interval. From an aircraft performance standpoint
the concern is with the change in aircraft airspeed induced by changes
in the wind field occurring between points on the flight path. This
o is true whether the aircraft is landing, flying level or climbing
1f o out as shown in Figure D-4,
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Compared to the component of wind along the flight path, the other

components are lesser concern to the pilot since they do not directly
affect airspeed. These are the cross wind component (causes lateral
g drift) and the vertical component (updraft/downdraft). The latter
are known to be severe in conjunction with major thunderstorm activity
and probably were significant in the Eastern crash at Kennedy Inter-

national Airport(z) .

If we assume that the aircraft in Figure D-4 is trimmed for un-
accelerated flight at point one, and is accelerated by the wind
variation between points one and two; the airspeed change or wind
shear between points one and two is equal to the difference between

“the vector w1nd at one and two projected along the flight path, é\r

I‘J.Chtl( ) g:wes the following expressxon for AVf

AV = (Au+ Au') sinycos @+ AV sinysing+ Aw’ cos y {1)
where

Au = -\;(ZZ) -E(Zl)

pu’ = uf (%50 Y0 250 t5) = 0 (x}A'Vl'zl’t,l)

Av? = vl g yprzaetp) = v ey )2ty

Aw? = Wil yprzpty) = wllxyy) ezt
and i (2) = the mean wind speed at height (z)

u’/, v/, w’ are the x, y, 2 components of the turbulent velocity vector.
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Equation (1) is the total wind change between points one and two
along the aircraft's flight path. As previously mentioned, wind shear
is normally expressed as the change in horizontal wind between two
different heights; in the aircraft case (where the aircraft can be
flying level, climbing or descending) a more suitable measure is the

one and two or the distance along the flight path between points

one and two (Ad) as shown on Figure D-4., 1In the former case, the wind
shear would be the wind change (or airspeed change induced by the
wind) expected per unit time, while in the latter case, the shear
would be the wind change per unit distance along the flight path.

AV,
e g
o 2

, AV,
"a @)

For convenience of reporting, shears could be referenced to some
convenient value of time or distance, e.g., 1l -min. or 1000 meters,

AV,
(Wg)t =(Eé—:q) . 60 secC

(3)

AV, -
Ws), = @) ° 1000 m

Equations (3) are suggested as appropriate indices for express-
ing wind shear magnitudes. ‘They are particularly well suited to
being measured by glide slope scanning sensors.,

The above wind shear indices are compared with the ICAO standard
wind shear categories in Table D=1, for an aircraft landing along a
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three degree glide slope at 125 kts (64. 4m/sec) ., The ICAQ wind shear
categories are related to the variation of the horizontal wind (m/sec)
in a 30 meter height interval.

: TABLE D-1
INDICES FOR WIND SHEAR SEVERITY

Wind Shear Parameter
Height Related - Aircraft Related
ICAO Category  m/sec/30m alt. (WS}, m/sec/60 sec  (WS),, m/sec/1000 m
| | range
Light 0~-2,5 0-16,9 0-4.4
MOderate 2. 5 - 4‘. 5 16. 9 - 30.4‘ 4.4 - 7. 9
Strong 4,5 - 6,0 30.4 - 40,6 7.9 - 10.5
Seavere ?(_),,(_) , ) >40.6 B >10,5 .

Describing shear in terms of the wind change that occurs over
some distance along thésflight path or over some elapsed time appears
more suitable than using the ICAO standard approach. The shear so
described relates directly to aircraft performance changes and is
readily obtained from the output of a glide slope or quasi glide
slope sensor. The method is not as compatible with vertical probe
(VAD) type sensors, that generate information similar to tower data.
The glide path indices can be computed from vertical probe data pro-
vided horizontal homogeneity of the wind field is assumed.

4. AIRCRAFT PERTURBATIONS DUE TO SHEAR

In order to assess aircraft glide slope excursions due to wind
shear without resortn.ng to numerical integration of the aircraft
equations of mot:xon a simplified model for computing these excursions
was derived.

The algorithm, which gives reasonable predictions for short
duration flight (10-15 sec maximum) in uniform shear, assumes that
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the headwind/tailwind varies linearly over some altitude or equivalent
glide slope distance,

The perturbations are computed along (s) and normal (n) to the
glide slope as shown in Figure D-5, The aircraft is flying at a velo=
city of V.. and is assumed to be trimmed for unaccelerateg flight
along the glide slope. The perturbational acceleration (n) in a
direction normal to the glide slope experienced by an aircraft in wind
shear relative to an aircraft experiencing zero shear is given by:

o E‘ 1 C s VZ r.svz
= L P - (4)
wiZ "L SHEAR  ®NO SHEAR
where = the gravitational acceleration

= the aircraft weight

4
w

CL = the aircraft lift coefficient
p = the atmospheric density

S

= the aircraft reference area

<
]

the aircraft airspeed in a wind shear environment

<
u

the aircraft airspeed in a zero wind shear
2NO SHEAR environment

EOA~1000

Figure D=5, Perturbation Model Geometry
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In a wind shear that varies linearly with altitude or distance along a shallow
glide slope (typically —30). the aircraft airspeed variation can be written:

v, =YV -V, t (5)

4
where V,  is the rate of change of tailwind speed with time (dV_/dt)

Substituting Bquation 5 into 4 and simplifying

” »
Ho= gl -2 Y‘—”—- t 4+ -\-& t ?
B\W A A (6)
NS NS
integrating
A% . [V 2
o L 21 W 3 1 w 4
n = g(w-) s\ )t tam\v )¢ (7
NS, NS

For an aircraft trimmed for landing L/W ~ 1 and since the second
term in brackets is << the first term, Equation (7) can be simplified
to

1 3 "
nEgl- gy |t (8)
NS
. av v,
Furthermore, since Vw = dtw = dsw; . Hti , and

ds

dt VEJLNs

de Avw

} D-12
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Substituting Equation (9) into (8)

P o

SR AV
; n~gl-g(552) ] . t<10-15mec (10)

L

' i Equation (10) is an approximate expression for the short term de-

} r parture of an aircraft above or below the glide slope, for a linear
‘ change in tailwind, expressed as the change in tailwind (AVW) over

Y ¥ some distance (As) along the glide slope. For the sign convention

ﬁ - assumed, Avw, is positive for an increase in tailwind (decrease in

[ ?f headwind) and vice versa. Equation (10) has been used for assessing

‘ critical glide slope departures due to shear.

e e
L

5. 992 DOPPLER LIDAR DEPLOYMENT ALTERNATIVES

: CO, Dopplér LIDAR systems for use at airports for wind shear

o detection can be sub-divided into short and long range applications.

? ? : Short range applications include the operation of CW Doppler LIDAR

in a VAD mode. For long range applications pulse-Doppler systems

are applicable. Pulsed Doppler LIDARS (of primary concern in this
memo) can be further sub-divided into glide slope or quasi glide

slope wind scanning systems and central airport wind shear surveillance
sxstems. A surveillance sensor would present data similar to a weather
rédar, but presenting wind Doppler information. Shear surveillance
data would be obtained by scanning continuously in azimuth or over a
selected azimuth sector at a shallow elevation angle.

6. SYSTEM MEASUREMENT TRADEOFFS

- Involved in the design of a wind shear system are questions

i concerned with data averaging and (for pulsed systems) the choice of
t é% a pulse length which gives a reasonable compromise between system
velocity and range resolution.

‘3}? A hypothetical glide slope wind measuring system might consist
i of an array of anemometers mounted on towers spaced cvenly along the
aircraft flight path. Neglecting for the moment the impracticality
of such a system, data collected from the anemometers would represent

D-13
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an average based upon some time interval., The time interval would be
chosen as long as possible in the interest of smoothing noise, but

not so long as to disguise the minimum size wind variations of interest. 7
Also, the anemometer spacing would be chosen to include wind variation i,
wavelengths that significantly affect the aircraft flight path,

The tradeoffs for a LIDAR system scanning the glide slope are .
concerned with similar questions, choices of data integration and
averaging intervals as well as velocity and range resolution. A
LIDAR system looking up the glide slope would be required to resolve
shear gusts (changes in wind along the aircraft path) that result in
significant aircraft departures from the glide slope. o

it
[Ee

Although incomplete at this time, some data does exist on the
history of maximum wind shears observed at particular stations.
Page 319 of Reference 5 contains applicable data including the effects #e
of averaging interval on the maximum recorded shear. This data present- .

ed in Figure D-6 was assumed to be typical of what might be observed at
.an airport.
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For each interval, the average shear listed can be interpreted
as the maximum average shear over the interval, The pr duc3 of this

st »

maximum average shear and the averaging interval (At), -4

h « At.can
be considered the maximum wind shear "gust impulse" that an’aircraft

would experience in that time interval.

L AROEE

kSl
B

This data can be easily converted to the expected air speed
change if a homogeneous atmosphere is assumed and the glide slope
and aircraft speed are known, Furthermore, through the simplified
equation for predicting aircraft perturbations in shear (Equation 10)
the maximum aircraft\glide slope departure as a function of averaging
interval can be determined. A minimum significant averaging interval
can then be defined.

Lt
Lo e

®oL «,‘, [N

Figure D-7 presents the maximum glide slope departure (from Equa-
tion 10), obtained as a function of averaging interval for the worst
shear data of Figure D=6, U

An allowable aircraft glide slope departure was assumed to be a
1/2 scale deflection of the glide slope needle at a distance from

bt

touchdown of 1/2 nmi, This corresponds to a 19 ft, glide slope departure

T
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or an averaging time of 5,1 seconds bhased on the data of Figure D-7. “
This means that, if an aircraft flying at 125 knots encounters the
maximum average shear measured in the data of Figure D-6 for a 5.1

second interval, a glide slope departure of 19,1 feet will occur, If

the data are averaged over'an interval greater than 5,1 seconds, wind
changes will be excluded that can produce departures of greater than

19 feet, If data are averaged over an interval less than 5.1 seconds,
wind changes will be measured to a resolution greater than the
assumptions require. . "

In 5.1 seconds at 125 knots, an aircraft will travel 328 meters,
From Figure D=6, the sensor must be capable of resolvinga shear of
17.4 £t/sec/100 ft (altitude).. Along a glide slcpe inclined at 3 de=
grees, this amounts to a wind shear of 3 m/sec in 328 meters (9 1 m/sqc/
1000 meters). d . o8

[Re
Ade dedrn 2N wssnuman Y e e

At the \.vz wnvr:.:.v;ugtu, a 2 usec pulse .Lengtn corresponds to-a
range resolution of 300 m and a veloc;ty resolutiqn of 2/65 m/sec,
Therefore, a pulse Doppler LIDAR (1ncludnng the present CAYT system)
operating at a pulse length of 2 usec is rearonably compatlble with
the requlred resolutlon requ1xements. Processmng to 1mprove velocmty
resolution over the unprogessed 2.65 m/sec” valhe would be deSLrable‘
to improve ‘accuracy. Using a system with a shorter pulse and

matched filters would result in reduced signal-to-noise ratios as a
result of the smaller sample volume. It is de51rable to utilize the
longest pulse consxstent with the laser technology and the ‘resolution

‘desired. Tt happens in this appllcatlon that the technology and the

system requxrements resolution coincide at approxlmately 2 usec.

To summarize, a preliminary analysis has shown that a.co, pulse
Doppler LIDAR operating in a glide slope mode must be capable of’
resolving wind gust impulses of approximately 3 m/sec over a range
cell of 300 meters in order to detect wind changes causing glide slope

‘departures equivalent to a 1/2 scale deflection of the glide slope

instrument at a distance 1/2 nmi from touchdqyn. Data méy be averaged

for up to 5 seconds and still identify wind shear gusts to the re-

quired resolution.

' No attempt was made to examine the processing required to extract
the change in wind or Doppler velocity within a resolution cell. One
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method would be to difference the mean Doppler from adjacent reso- ~ I+
lution cells, Likewise, within a resolution cell, it may be possible :
to extract the change in Dopplex based on knowledge of the mean and 4
higher data moments.

Useful information concerning the applications and requirements
for a CO, pulse Doppler LIDAR wind shear sensor can be obtained if )
the Doppler returns from realistic wind fields are examined as a i
function of system parameters such as sensor location, scan geometry, .
scan update interval, etc.

i
1
1
i
|
]

To provide this insight, the returns measured by a éénsor situ-
ated at the touchdown location and looking up thé%glide slope, as L
well as a sensor displaced from this location, but still looking in ‘
the general glide slope direction have been examined. iy

Two wind fields were selected. The first, shown in Figure D=8,
is representative of the thunderstorm gust front outflow model used ¥€$
by the FAA in studies of aircraft perturbations due to shear. This =
wind field is horizontally homogeneous and stationary and, thereforve, "
the wind characteristics are independent of horizontal position (k,y)
and time and vary only with altitude (z). As pointed out by Fichtl(4) a
these conditions are rarely realized in the atmospheric boundary layer
because of significant variations in surface roughness and heat-
transfer properties in the horizontal.

gis
iy

The second model wind field was selected from Reference (6)
- and represents the actual wind field measured in a plane defined by
an instrumented tower and the mean wind velocity during the passage

ey o 1 g
S

of a thunderstorm front. The temporal variation of the three com-
ponents of wind measured at several heighés along the tower were re-
corded and smoothed to produce two-dimensional contour plots of the
3-components of velocity, temperature and the streamline geometry.’
The temporal data was converted to spatial data using Taylor's hypo-
thesis. This wind field data (case G of the reference) are shown in
Figure D=9, " : -

i
;
i
b3
H
H
%qj
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Figure D-9, Temperature and Wind Stream Characteristics

Measured Durif;ig Frontal Passage -
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The two model wind fields represented in Figures D-8 and D=9 were
used to analyze the Doppler velocity measured along the sensor line=-
of-sight (LOS) as it was directed up the glide slope, and also as the
LOS was directed in the general glide slope direction, but with the
sensor displaced from the touchdown location in the down runway
direction, Doppler data were also examined for both sensor locations
when the beam was scanned laterally (windfield of Figure D~8 only).

i For simplicity, the sensor was kept aligned with the runway center-
e line in all cases. The effects of laterally offsetting the sensor

i ? from the runway centerlxne by an.amount meeting FAA installation
! ‘
|

- R s e
s B

S e

s€andards are expected to be small,

! ) Figure D-10 was’ developed from the data of Figure D-9 assuming a
f | glide slope angle of 3 degrees and an aircraft speed of 125 knots.

! X The figure compares the Doppler experienced by the aircraft as it

' flies down the gllde slope (heavy curve) with that measured by a

% glideslope sensor located at the touchdown point and directed up the
| glide slope. The four lighter curves represent the Doppler observed
} by the sensor at zero time when the aircraft is at a distance of 7.5

kilometers from touchdown and at times of 1, 2 and 3 minutes.

irctusbmaets

A

st .

j For the gust front examined, the tailwind observed by the air-
; b craft begins é%}a distance of 7500 m with a value of approximately
ot g 18 m/sec, increases slightly at first to a value of 22 m/sec before
, dropping sharply to a tailwind of 4 m/sec at touchdown. This varia-
5o tion in tailwind causes an initial drop below the glide slope, followed
A by an increase in airspeed (decrease in tailwind) causing a performance .
increase or a rise above the glide slope. “

The magnitude of the shear experiencéd is shown by the slope of the
shear magnitude scale in the lower right hand portion of the figure., As
5? ‘ shown, the performance increasing change in tailwind would be classified
as a severe shear by ICAO standards and would obviously precipitate a

go=-around maneuver. /ﬁa

/
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{? The front in this particular case is moving at a speed of 1ll1.8 m/ ‘

’ sec past the sensor. The aircraft time of flight from a range of Ea
Fg 7500 m to touchdown is 113 scconds. At zoro time, the Doppler obscrved
by the glide slope sensor matches the aircraft Doppler for the first
few thousand meters beginning at zero flight time. Similarly, at !
1 minute the sensor observed Doppler is similar to the aircraft 5%
experienced Doppler near touchdown. At 2 minutes, the front is begin- § i
ning tc move past the sensor; and at 3 minutes, the sharp wind change
associated with the front has moved past tﬁe sensor.

Several points can be made based on the data of Figure D-10.
First, a glide slope sensor with zero minimum range capability ade- 1
§ﬂ quately predicts the airspeed changes experienced by an aircraft fly-
ing the same slope in spite of temporal differences., Secondly, a

i surveillance sensor scanning 360° in azimuth and updating on the order
of once each minute would adequately track this particular front

1 (frontal speed 1l.8 m/sec) as it moved through the airport area.

. B Because of the finite minimum range time of the CAT and other

§é co, pulsengkppler LIDARS (approximately 15 ps for CAT), the second

* ~ situation examined assumed the sensor to be displaced down the runway
by a distance of 2000 meters, The data for this case are shown in ‘ % :
Figure D-=11l.

The sensor LOS was directed to pass through the aircraft glide
slope at a point immediately above the.-middle marker as shown in the
sketch in the lower right hand corner of the figure, Note that rage

is referenced to the touchdown location, Again, the sensor adequately
predicts the airspeed changes along the glide slope. It should be
P observed that one reason the wind field is adequately measured by

N the displaced sensor is that the wind field is vertically striated
| gi (see lower curve of Figure D-9), For a horizontally striated wing
§ field, as represented by the wind field of Figure D=8, this is not

e e S

true. k

"~ D=23
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The horizontally homogeneous wind field depicted in Figure D=8 é
;3 was used to examine the Doppler characteristics measured by a glide 5
1 slope sensor located at touchdown and also displaced from touchdown f
as the beam was scanned in azimuth. A significant difference between j
this wind field and that discussed earlier is that it is horizontally |
homogeneous and therefore is striated in horizontal layers not dis- |
similar to what might be expected from a thermal inversion and the
: shallow slope of a warm front, (Note in Figure D-8 the bulge in ,
; . horizontal wind at the 150 meter altitude region.) This characteris- |
[ tic of the wind field causes significant changes in the measured
i
|

whntiaguselt L s,

B - o . o
CESHPRIPES

Doppler as the sensor location is displaced. : y

} Figure D=12 depicts the Doppler wind field obtained when the ;
, LIDAR beam is scanned at an elevation of 3 degrees between i+ 45 degrees }

in azimuth for a sensor at touchdown.

n

3
; Figure D-13 presents the same information for a sensor displaced
' from the touchdown location by 1524 meters in the down runway

direction, and as indicated on the figure, scanned through a point
4 on the glide slope directly above the middle marker. For compati-

Pt

bility with Figure D-12, the sensor offset from touchdown (approxi=-
mately 1524 m) was subtracted from the range magnitude and the range
of azimuth angles was varied to encompass approximately the same
physical area as depicted in Figure D=12,

Comparing the two figures, the effects of the horizontally

g striated wind field causes the peak wind Doppler contour (12 m/sec)

/ to occur at different ranges and to be stretched in range. If the
atmosphere were truly homogeneous, this distortion could be processed

,% ‘out. As previously mentioned, in the atmospheric boundary layer,
this is not often a correct assumption.

il
i

The difference between the two scans in terms of the wind Doppler
' they predict for an aircraft flying down the glide slope is shown in
g{ Figure D=14, It is seen that the displaced sensor erroneously predicts
| the Doppler onset rate. This particular wind field, truly horizontally

homogeneous, would be easily sensed by a conically scanned VAD type
LIDAR system,
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The possibility of utilizing an adaptive glideslope sensor ' !
i

i

'i} consisting of a system normally directed up the glideslope, but
s periodically scanned in azimuth was also examxned The primary §‘
Lu mission of the adaptive system would be to provide detail wind- ;

shear information aleng the approach Path but a secondary capah;lit} Ny
of warning of the approach of frontal gyetems from the side would

also be provided.

The adaptive glideslope system would he located just off the
j‘ runway at the runway midpoint., At thlS locatmon both ends of the . i

Pt

runway could be scanned dependlnﬂ on the direction of use. Thea

/,// / 1
nominal scan elevation angle ‘would be directed to 1ntersect the
glmdeslope at 'some nom: inal range similar to the sketch shown on

: " Figure D-l3 /"/ 7

I P PA /"/«' ’ £

The fGASLblllty of an adaptive system dz pends upon the ability
to coJAect lateral 1nforma tion while performing the main function of i

tVdcklng the expected air speed changes along the approach path .

/// A typical sran history might provide a duty cycle of 80 per- A
//“/‘ cent, i.e. 80 percent of the time would be spent performing the ,f;//f
- g v’. ) ) : . . ) ',’ J

primary mission of providing glideslope data and 20 percent would /'g

be s,ent in provxdlng lateral (approavhlng w;ndﬁgeld) information. =
Puring the lateral mede a uniform azimuth scan rate at a fixed ele~

¢ 7 vation angle (perhqhs the” same angle as in the glideslope mode)

,/,1 -

would be utilized. e

Flguxe D=15 pres sents the méximum/aﬁgular scan rate possible as

a function.of range for 12 inch and 18 inch apeetura LIDARS based

R A T S

;fj«,;

§\ on lag angle on51deratlons. The maximum sczn rate for a 12 inch
apertureﬂ,ystem is 25 deg/sec for -a 10 kllomecer range and 12.,'

v deg/ ec for a 20 kilometer range. The time requlred to scan 360 de-

orees in azimuth is 14.4 seconds (10 km system) . Wlth an 80 percent
//C2 e "
: /////duty cycle this amounts to 57.6 seconds for trackang along the Wfﬁw”
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glideslope followed by a 14.4 second azimuth scan or a total time

i ’/"

For a 20 km system, a total of 144 aeconds is re-
Table D=2 lists
the separation of sample points for various PRF values.

of 72 seconds.
qhired with 28.8 bemng used for the aximuth scan.

TABLE D-2
SAMPLE SEPARATIONS FOR AZIMUTHAL SCAN

_PRF FAngular Separatidn_(mrad) Hpinearhggparatibn (m)
10 km 20 km * 10 km 20 km
200 2.3 4.6 23 92
100 4.7 0.4 47 188
50 1 9.3 18.6 . .93 372
20 23.3 46.6 233 932
10 46.6 " 93.2 466 1864

In order to predict the time of arrival of windshifts, frontal
systems must be tracked as they approach. This requires at least
three and preferably four looks at the frontal system during approach.,
Table D-3 summarizes the number of looks possible as a function of the
Note that the number of

looks is 1ndependent of the sensor range due to a: corresponding

cross runway approach speed of the storm,-

&

i
7

change in cycle time and maximum scan rate.

Y D-31
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TABLE D=3
NUMBER OF STORM OBSERVATIONS
Storm Approach Speed Number of Looks (Scan Cycles)
(MPH) .

10 , 30
20 15
30 o 10
40 r
60 |

Table D-~3 shows that, even for storms that approach at high speed,
the number of looks is adequate to track the storm during approach. 7

The drawback to the adaptive scan system is that it causes periodic
interrupts to the wind shear data along the approach path. Based on the
data of Figures D=7 and D-8 which show the Doppler windfield changes as
a function of time and the previous analysis concerning lateral storm
transport, the Doppler wind speed versus range measured by the sensor
is not expected to vary considerably during the 14.4 seconds spent
per forming the azimuth scan (10 km range case).

The adaptive scan system appears to be a reasonable approach to
providing coverage to both ends of a runway while simultaneously
providing warning of frontal wind shifts approaching from across runway
direction. A system with a maximum range capability of 10 kilometers
provides an adequate number of looks for frontal systéms approaching
even at high speeds. Other than providing improvement in velocity
resolutibn, pulsel repetition frequency increases from 20 Hz to 200 Hz
are notwexpected to affect the results indicated.

&
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T ONCLUSIONS

"7 A study of the application of a CAT type CO, pulse Doppler LIDAR
as a wind shear sensor has been examined. The study has shown that
the resolution characteristics cf such a sensor operating at a pulse
length of 2 us are reasonably compatible with the minimum wind shear
gust measuring requirements predicted by available data. Such a
sensor could be applied to general wind f£ield Doppler surveillance
by locating the sensor at the airport center and scanning in azimuth
out to maximum range. Adequate,update capability is available with
a 12" aperture system. At a maximum range of 10 km the system can
update every 14 seconds, thus allowing the tracking of wind shear
storms through the airport area.

Other deployment alternatives include providing glide slope

wind Doppler information. In this case, the present CAT sensor must
be displaced from the touchdown location by the minimum range capa-
bility of the system (approximately 2250 meters). Data from such a
system would be in excellent agreement- with actual aircraft experienced
Doppler provided the wind field is vertically striated. In a hori-
zontéiiy striated wind field the glide slope sensor could be used,

but would have to be scanned in elevationgﬁnd range to obtain wind
Doppler data along the actual glide slope, It should be noted that

in cases of horizontally homogeneous wind fields (low level inversion
aqd most warm fronts) the CW CO2 Doppler bIDAR isg also a viable sensor.
Future application of the pure glide slope sensor could lead to fully
automated landing capability where the feedback of the LIDAR obtained
wind Doppler could be used in real time for insertion into the auto-
pilot/autoland system. The latter could provide near all woathor
capability and therefore only one runway (both ends) might be instru- 
‘mented to service an entire airport thereby reducing the system cost.
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: Classification unclassified

L st g

vomm 10.0887 (9+48} soND {é
;’ DIVISION  EQUIPMENT " Contract No, i
Operation EDL - Sudbury |
! Department Electro-Optics Distribution ;j'
? 3]
: To File ‘ 1 File No. 5
1
1 From A. Jelalian | Memo No, 72:hVT:136 i
; Subject Dat 23 October 1972
wotes CAT Flight A Test Data ae October 1 .
Analysis i
The S/N equation for a ground target may be expressed as b 1
" "sys "aqm Ep D 0 _ 4
S/N = — XT (Reference 1) 8
' 2 D : ‘ i
32hv K [R +! "_) ] !
4)\ o ‘
: 2 p ]
where 5 , U i
o O
N = detector quantum efficiency (0.08) o
) ) ! T S &
' : R
= 31619 il
Neys syst;em, efficiency (0.2) |
= a ,.' ‘*L
nATM tmosphjrlc efficiency 1
B, = enexgy /per pulse ‘ (5mj) assumed - ,).‘g I
’ ¢ +D = optics diameter (1 ft)
o = effective target cross- (3.5 x 10_1) : g
o section T
hy = Planck's constant x transmitter -20 L
frequency (1.9 x 10 “7) PG
, K = f»ilter mismatch ratio (1) i
R ='target range . (ft) ]
'\ = operating’ wavelength (3.3 x 107> £t) 1]
Parget Cross-section ,.{,
i
Target cross-section measurements were previously per- 5 I §
formed in the laboratory (Reference 2) for a belt sander. Lo % i
‘ > .
o . . , FRobucy % i
i g | : BT j
Motk i " B T T A T G e Y LTI |
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This resulted in o being equal to 4 = 3.5 x 10'1A at a depression

angle of 45°, Assuming a lambertian scattering fﬁQction and compu~
" ting this value for a scattering angle of 100——typ£ca1 of theAglide
| slope angle during the Edwards dive bombing tests, g = 6.4 x lO-ZAB.
sand from the Edwards Dry Lake area has been c¢ollected and re~

flectivity and scattering tests were performed to provide more

accurate target information. Results from this test indicated
that the Edwards Dry Lake reflectivity was 0.022 per steradian

: . o .
2; for measurements around the nominal 10 depression angle of the

o

dive bombing tests. .
? The target cross-section o may be expressed as (/w‘

= 4 A
3 o T p(m) B | o B

where: o(m) target reflectivity (ster-l)

TN

AB = area of the transmitter beam o ¥

Additionally o, the effective target cross-section may be

Pl expressed as

ag
i o
z B . A

=7

iy = g
; A

} and may therefore be calculated to be 0.27. For the theoretical
| comparisons utilized in the data to follow, this reflectivity data

L was not available and a o, was computed from the flight test data

: (see Calculation Table II).

/// In-flight data taken on 8/29/72 and 9/6/72 over Edwards

.
‘ory Lake, california and Carson Sink, Nevada respectively, were

%

| - ~ analyzed for the purposes of determining system pérformance

{ R during the flight tests. (See Figs. E~1 and E-2.) A typical run
' consisted of the aircraft climbling to 15--20K feet and then de-

l ! . .

’ r} - scending at an apgroximately 1¢° dive angle to the desert floor.
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EDWARDS TEST DATA

8/29/72 RUN 15 FLIGHT 9
ET = 3.1 mj PRF = 130° pps PAVG = 400 mwW
RANGE PICTURE DATA dB RANGE s/N INFLIGHT
N.Mi., K.FT. MAX MIN TYP N.Mi. K.Ft. _dB RATIO
5.5 33 10 4 6 5.5 33 6 4
4.6 27.6 10 6 8 4,5 27 10 10
3.5 21,0 16 10 12 3,5 21 12 16
3.2 19,2 12 10 10 2.5 15 22 162
2.2 13.2 22 10 20 1.5 9 25 316
8/29/72 RUN 12  FLIGHT 9
ET = 3.4 mj pAVG = 440 nW
5.8 8 6 7 6 36 7 5
5.6 8 6 5 4.8 28.8 12 16
4.8 12 6 8 3.8 22.8 15 32
4.0 15 10 11 3.3 19.8 20 100
3.1 19 12 10 2.5 15.0 18 63
2.5 18 7 16 2,0 12.0 24 250
2.0 24 10 18
1.6 26 8 22
9/6/72 RUN 7 FLIGHT 13
Ep = 5mj PAVG = 700 mW PRF = 140 pps 7
X ) 2 12, 35 3140
b 3 18 30 1000
5.8 34.8 15 31
8 48 10 10
10 60 8 6.3
14 84 3 2
N
" en e )
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A s s

P ey
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During this descent, S/N ratio as a function of range was recorded
from real time observation of the A-scope display.

Utilizing data in calculation Tables I and II and the S/N ratios
measured in flight, the data in Figures E-3, E-=4 and E-5B are
plotted. Photographs of in-flight data for Flight 13, Run 7 on /7
9/6/72 are presented in Figure E-5A,

Normalizing the atmospheric attenuation data to the one-
mlln range point for arbitrary values of absorption of 0.5 dB/RTKM
and 1.0 AB/RTKM noted in Figure E-6, one may observe that the 1.0
dB/RTKM attenuation coefficient closely approximates the actual
flight Eesﬁ data in Figures E-4 and E~5B, Calculation based upon the
temperature and humidity noted for this flight and utilization
of the McCoy, Rensch, and Long data, Reference 3, also computed
to be approximately 1 dB/RTKM at sea level, why and if thlS effect
exists across the total path is surprising and should be evaluated.

o

Future evaluations will be directed at this area.
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, FLIGHT TEST RESULTS

DT OVER EDWARDS DRY LAKE,
CALIFORNIA
f D MT. SHASTA 8/28/72
10,000 9500' PRES.
® CLOUDS RUN 0 9/6/7#1
7000' BARO.

1,000
o
-
| &
‘ @
I
' 3
,’ RUN 12 8/29 FLT. #9
170 RT
RUN 15
8/29 FLT. #9
P
10

THEORET ICAL CURVE
a = 1 dB/RTKM

: Uo = 00,0113

1K 10K 100K
RANGE IN FEET EOA=1015

Figure E~-4. Flight Tests Results Over Edwards Dry Lake, California
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! [ FLIGHT TEST RESULTS OVER CARSON SIMNK, NEVADA

BER « I !
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100
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Figure E-5B.

RANGE IN FEET TO CARSON SINK, NEVADA
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Soft Target Analysis

Y

where

prs————
E e

- —L
v

The S/N ratio for a pulsed unfocused system may be ob- |

tained from Reference

to be ‘
© 1 4L, 1 Ly |
"o Tsys "apm B(T) A Ey | TAN >~ = TAN
S/N - D D
ATM Zhvk
n, = detector quantum efficiency (0U.08)
Neys = system efficiency (0.2)
Ty = atmospheric efficiency
B (1) = atmospheric scattering function (ft-l)
ET = transmitted pulse energy (5m3j) %
A = transmission wavelength (3.3 x 10“5 ft) é
L, = range and range cell distance é
Ll ' = range
D = optics diameter (1 £t) ;
hv = 1.9 x 10”20 joules/photon .
K = bandwidth mismatch factor %
This equation may be reexpressed as
S/N = K [ARCTA £ ] LA
5 N (fct) ET“ATMB()

v



- . ¢/
For the 8 microsecond pulse case g(mw) m 1 may be de- QE
termined from the S/N measurement when normalized to a 5 mj pulse ’
: energy by using the following range vs. z constants where p(w)m-l = éi
1
S/N - E<
* o
Y 1 i.
? Range z, z *
K ft. 1078 1078 "
6 0.3 0,67
12 0.85 4.5 i
18 2.36 27.8 '
i 24 6.4 160

30 21.8 1450

%— has 1 dB/RTKM Atmospheric Absorption. ,
2 i

Assuming that a S/N ratio is measured at one mile,

o

the atmospheric scattering function B(m) may be obtained by multi-
plying by the'i constant. If the atmosphere is assumed to have
a 1dB/RTKM atmospheric absorption, this effect may be removed by %f

multiplying by 6.7 x 1072 mL,




%

BT

(¥

Lot

®

SR

A e RS,

o

[ N——

- s,

Pl S5

-

The ARCTAN function may be computed for pulse widths of

2, 4, and 8 microseconds. This is plotted in Figure E-7. 4

a\L, 4L, |
Letting A = and B = 5
™ ™
A+ A+ A+
R A ®a 1000' 92M% 2000  84M% 4000'  OgHS
K.Ft. DEG. T=2Us DEG. T=4us DEG. T=8us DEG.

0.084 4.8 0.126 7.2 0.l168 9.5 0.252 14.1

0.168 S.5 0.290 11.8 0.252 14.1 0.336 18.6

0.336 18.6 0.378 20.7 0.42 22.6 0.505 26.6
10 0.42 22.6 0.46 24,7 0.5 26,6 0.59 30.6
15 0.63 32.2 0.67 33.8 0.71 35.4 0.8 38.7
20 0.84 40.0 0.88 41.4 0.93 43 1.01 45.2
30 1.26 51.6 1.3 52.4 1l.34 53.2 1.43 55

8 = 8y 84 = O 8 = 6
DEG. RAD. DEG. RAD., DEG. RAD.
2.4 0,042 4.7 0.082 9.3 0.163
2.3 0,04 4.6 +0.08 9.1 0.159
2.1 0.037 4,0 0,07 8.0 0.139
10 2.1 0.037 4.0 0.07 8.0 0.139
15 1.6 0,028 3.2 0,056 6.5 0,115
20 1.4 0,0245 3.0 0.052 5.2 0,091
30 0.8 0,014 1.7 0.03 3.4 0.06

E=17

e e i a3 5 SrnolbiEiee & o paint ok s B, S RS itk A
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R TS

Oon flight tests 8/29 and 9/6, if the atmosphere had a

ettcaenis, e
-
rpe e B e gk g i x.a;&.lﬂi:__l

{
% 1 dB/XM absorption, the following data should be (1) noxrmalized
, to 5 mj and (2) multiplied by 6.7 x 10"'9 to obtain g(w).
g CONDITIONS
. DATE: 8/29/72 FLIGHT 9 RUN O B, = 3 mj
HAZE LAYER, MOFFETT TO SAN FRANCISCO
S/N
@ 1 N.Mi.
\ Ht. S/N NORM. TO
. K.Ft' l mi‘ 5 mj 105 NlMi. 2 N‘Mii 2.5 N'Mi. 3.0 N. Hil
§ 7 5 8.3 2.5 1.25 - -
T 7.4 8 13.3 4 2 1.2 -
9.4 g 13.3 5 3.2 1.6 1
{ 11.45 4 6.6 2.5 2 1 -
e 13.5 3.2 5.3 2.5 2 1 -
i 16 3'2 5'3 3.2 1.6 == m——
i 17 1 1.7
15 ‘
T DATE: 8/29/72  FLIGHT 9 RUN 13 :
& AIR RETURNS ON CLIMB OUT FROM DIVE BOMBING g
: Ht. S/N S/N NORM. :
? K.Ft. 1 mi, TO 5 mj
) 2.4 10 16
;o 2.5 32 51
Lo 2 16 26 ,
’ 2.9 10 16 j
" 3.5 6.3 10
g 4.0 8 13
. 4.6 5 8
50 4.9 5 8
[ 5.3 3 4.8
5.6 4 6.4
i 8.2 4 6.4
9.1 2.5 4
1y 10 2.5 4
iy 12.3 2.5 4
ik E-19
iy

AR I dea o et Ay ki e g e L e R e ik a  heagn i g ph i ot g B b e e oo G, d | agw SR G g N =§



X DATE : 9/6/72 FLIGHT 13 RUN O

MOFFETT - SAN FRANCISCO

Ht. S/N S/N NORM.

K.Ft. 1 Mi. to 5 mj

1 3200 2500 INVERSION
1.5 320 250

2,0 10 7.8

3.0 10 7.8

3,3 10 7.8

3.5 10 7.8

4,0 6.3 5.0

4.4 6.3 5.0

4,5 1.8 1.4 SLIGHT HAZE
4.7 1.8 1.4

4.9 1.6 1.2

5.4 1,6 1.2

0 DATE: 8/31/72 FLIGHT 10 RUN

Ht. S/N S/N NORM.
K.PFt. 1 Mi. to 5 mj
3.3 10 8.6

3.4 10 8.6

3.6 10 8.6

4.1 10 8.6

4,2 10 8.6

4.5 10 8.6

4.6 10 8.6

4.9 10 8.6

5.2 10 8.6

11.7 10 8.6

12,0 10 8.6

12,3 3 2.6

12,9 2.5 2.16

13.5 4 3.45
14.1 6.3 5.45
15.8 1.6 1.38

- E~20

W e me £ et b o

E, = 6.5 mj

E, = 5.8 = 9.2 mj

assume 5.8 mj
K = 0.86
SAN JACQUIN VALLEY

=




*

L
i

i
A

RANGE
K

12
15
18
24
30

Plotting the flight test data obtained at 9.4K barometric
for 8/29/72 and normalizing the atmospheric theoretical data

to S/N = 8 which was the actual measurement at 1 mile, the
atmospheric absorption values of 1'dB/RTKM and 0.5 4B/RTKM yield

S/N ratios tabulated below and plotted on Figure E-8B. Some typical
flight test runs at different altitudes looking horizontally into

the clear air, may be noted in Figure E-8A.

8/29/72 SOFT TARGET 1
9.4K Ft. e " at 1 dB/RTKM e P* at 0.5 apkrrM |
S/N (ACTUAL) NORM. to 8 NOPM, to 8 2
8 8 8
5
3.2 2.5 4.4
1.6
1 1.04 2.2
0.38 1.07
0.11 0.58

The atmospheric data at a one-mile range in front of

the aircraft noted on pages E-19 and E-29 is plotted in
Figure E-9 and indicates the altitude effect upon S/N ratio

for a 5 mj transmitter. Correspondingly, this is related
to the atmospheric scattering function B(m) noted on the

right-hand scale.

E-21
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i SECTION I

i INTRODUCTION

; The data from the Januwary 1973 Clear Air Turbulence Laser Radar

. flight test series {scories "B") are analyzed in this report. The data

) are in the followiny %o ms;:

i

g a. Sequence camera photographs of the A-scope and Range/Vela-
city Indicator (RVI). The photographs are spaced at 1.2

. second intervals. Each exposure lasts 0.1 second and con-
tains the returns from approximately l4 pulses. The A-~scope

}, plots intensity vs. time (range) on single pulses and the

RVI plots frequency vs. range for the integrated output of
3 50 pulses.

i b. Intensity/Velocity Indicator. The output from this display
is recorded on tape. The IVI plots intensity vs. frequency
at a selected range for the integrated output of 50 pulses.

P
Y

c. Polaroid photos of the A-scope taken during £light and in-

i flight notes of signal-to-noise ratio.
d. Voice recordings. The conversations during £light were
é recorded on tape.
ﬁ? e. Flight data print-outs. The ground and air velocities, wind
speed and direction, pitch and roll angle, altitude, heading,
jy latitude and longitude, temperature, dew frost point and
¢ acceleration were recorded at ten and one second intervals.
5? The data analysis here is concerned with the sequence camera out-
i put only, because this was largely sufficient to describe the system
g? pexrformance. There were two exceptions: (1) the £light data print-
1§

outs were used to verify the findings of the sequence camera data
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analysis and (2) the IVI data were included in the analysis of the "
cloud turbulence tests,

F

The January 1973 flight tests fall basically into four groups:

1. Dives at Edwardg AFB against a uniform dry lake to check i
i

out and calibrate the laser system, aaw

2. Measurements of backscatter returns from air at various %
altitudes. o

b

3. Turbulent cloud tests to evaluate the laser returns from !

turbulent air.

4, Measurements from miscellaneous targets including a mountain,

the ground prior to landing, and cumulus, dust and cirrus .
¢ louds.

fprr—
i

Bach of these groups is analyzed in a separate section, from Sections E
2 through 5. The conclusions from each greoup of tests are discussed
at the beginning of each sectioun,.

Section 6 estimates the improve- %
ment required for an operational Clear Air Turbulence laser radar. ’

Photographs of targets in the first three groups are in N

Figures F~1 through F-3. Figure F-1 shows the dry lake at Edwards ’

AFB which was the target of the calibration test dives. Figure F-2

shows the air from which backscatter returns were detected at high .

and lpw altitudes. In Figure F-3, the type of clouds in the turbu~

lence tests through the Owens Valley is shown.

The data from the flight test were also analyzed by A. Jelalian &
(Raytheon memo EM73-1115).

The analysis here examines the sequence -
camera data in more detail and does not include any of the particle
sampling data of Blifford which are in A. Jelalian's memo. The two

analyses essentially complement each other and reach similar conclu-
sions.
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In review, the CAT laser radar consists of a colierent carbon
dioxide laser at 10.6 microns transmitting pulses at a 140 te 160
pps rate adjustable in width from 2 to 10 microseconds, a 12 inch
Cassegrain telescope, a heterodyne receiver with a cooled infrared
detector, and signal processing electronics. Previous reports on
the program should be consulted for further details. The lascer radar
was tested on a ground range and in an earlier flight test, series
“A", in August/S:ptember 1972, The results from these earlier tests
are examined in previous memos.*

The January 1973 flight test series consisted of eight fliahts in
California spanning the time period from January 4 through 19. Of
these, Flights B2, B4, B6 and B8 were productive. The other flights
encountered problems with amplifier malfunction, window fogging, bad
weather, etc. The altitude profiles target areas and run numbers of
the productive flights are shown in Figures F-4 through F-7.

*See, for example, Raytheon Memo 72-DAK-69
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The purpose of the flight tests at Edwards AFB was to check out

SECTION 2

RETURNS FROM GROUND AT EDWARDS AFB

and calibrate the CAT laser system. The aircraft engaged in steep
descents against a uniform target, Rogers Dry Lake, with the laser
operating continuously. The resulting measurements of signal-to-
noise ratio were compared with various theoretical models of the

laser system for the calibration,

of the dry lake bed was taken back to the lab and reflectivity
measurements were made at the same angle of viewing.

The conclusions of the Edwards tests are:

1‘

The CAT laser system worked well, providing consistent
results with signal-to-noise ratios as high as 42 dB.
The data best fit the theoretical curve with the receiver

focussed around 6000 feet, and with only 2 dB of unexplained

loss.

The measured signal-to-noise ratios follow roughly the
sam@ slope as the 1972 test returns but are ~17 4B
higher. The improvement is due to a higher laser output
and the substitution of the HgCATe detector.

The wide variations in signal level from pulse to pulse,
at times exceeding 30 dB, are caused primarily by
atmospheric scintillation. The other sources - target
scintillation, frequency tuning of the receiver and laser
instability ~ have smaller effects.

There may be no improvement in signal-to-noise ratio by
pulse integration. The variation in signal level from

F-15
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atmospheric scintillation was so great that the SNR for
an integrated series of pulses was hardly better than the
peak single~pulse SNR. This conclusion may not extend to
the thinner air at higher altitudes where the CAT laser
will be operating.

2.1 DESCRIPTION OF DATA

The signal-So-noise ratios during the flights were recorded by
photouraphing the A-scope display of intensity vs. range with a
sequence camera. The exposures were spaced at 1.2 second intervals
and lasted 0.1 second to cover 14 to 16 pulses each. Since the
reading of signal-to-noise ratio from the A-scope photographs is
not at all obvious, especially when signal levels varied by as much
as 30 dB on a single photograph, some consideration was given to
the proper criterion for reading the ratio. The criterion and
reasons for the wide signal variation are explained in Section 2.4.2.

Sample sequence camera photographs during one of the dives are
shown in Figure F-8. The intensity (power) is plotted on the
ordinate at 10 dB/box (log scale) and the range on the abscissa at
2 nautical miles/box on the A-scope. Each line represents the
return on an individual pulse. The range~ielocity indicator (RVI)
display is shown at the top of each photograph and the 24-hour clock
in the upper left corner, shown upside-down to properly orient the

A-scope. The zero-range line is just to the right of the clock.

The return from the ground is obvious in each photograph, even
at the maximum display range of 16 nautical miles. The RVI display
confirms the presence of the signal indicated on the A-scope. (The
slight offset between A-scope and RVI signals at the maximum range
is due to a calibraticn inaccuracy.) The approcach of the ground
target with succeeding photographs is dramatically shown. The
target return progresses from ll nautical miles (SC photo 2753) to
2.4 nautical miles (SC photo 2838) in 102 seconds for an average
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EQ=590

Figure F-8. Sequence Camera Photos of A-Scope and RVI During
Dive at Edwards (Run 18 of Flight B8, 1/19/73)
(Sheet 1 of 2)
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range rate of 303 knots. The velocity of the aircraft as listed in
the data print-outs is approximately 300 knots during this dive.
The excellent matching of velocities shows that the laser beam was
hitting the same general area of the dry lake throughout the dive.

The width of the signal is just under a nautical mile
(measured at a few dB below the peaks), or 10 microseconds in time.
This is roughly the pulse length, nominally set at 8 microseconds
during the dive. Since the bandwidth at 250 KHz was higher than
the matched filter value, the pulse shape is roughly preserved in
the traces. They show a decay of 4 dB from beginning to end of the
pulses as in SC photo 2824, which is in agreement with pre-flight
measurements. The photographs also show that the laser power is
down by at least 30.dB from the peak outside the borders of the
pulse.

The RVI display shows an interesting effect toward the end of
the dive. A second signal appears on the RVI offset in frequency
from the ground return, for example in SC photo 2824. This second
return is from the atmosphere. It extends from the minimum measurable
range out to the ground return where it abruptly ends. It is much
weaker in the early photographs of the dive which is to be expected
since the air is thinner at the higher altitudes. There is no
return on the A-scope because the latter was set at the fregquency
of the ground return. The frequency offset of the two signals is
due to a ground wind. It is measured to be 1.8 MHz which corresponds
to a velocity component along the beam of 32 ft/sec. The ground
wind speed as listed on the data print-outs was roughly 60 ft/sec..
and it was 60 degrees away from the aircraft heading. Therefore,
its component along the laser beam is 60 cos 60° or roughly 30 ft/sec.,
which is in excellent aqreement with the value of 32 ft/sec. deduced
from the RVI display. This is a verification that the RVI display pro-

perly showed a difference in velocity, in this case between the wind
and groumd .

F-19
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2.2 SIGNAL-TO-NOISE RATIO MEASUREMENTS

Good test data were obtained on three of the dives at Edwards:

Run 7 of Plight B2 (1/12/73)
Run 9 of Flight B2 (1/12/73)
Run 18 of Flight B8 (1/19/73)

20 other dives the A-scope for the sequence camera did not work
propexly due to a faulty amplifier. There were occasional in-flight
read-outs and Polaroid photos of the other A-scope, but these ware
not necessary since the three good dives yielded sufficient infor-

wmation.

The sighal-to-noise ratio is given by the number of dB increments
between the signal and neise levels. As explained in Section 2.4.1
the rms noise level is 3.4 dB below the baseline for most of the
photographs*, and the proper signal level as defined by the standard
signal-to-neise ratie equation is bast vepresented by the peak signal.
On some photegraphs all the signals were degraded. These were
rejested as instances when the receiver was not tuned to the signal
froguency due to the manual tuning procedure.

The signal-to-noise ratio was measured for the three good dives
and plotted against range in Figure F-9, The highest signal-to-noise
ratio excceded 40 dB. Note how well the measurements from the
different flights fall into a smooth, nearly straight-~line channel.
This excellent correlation adds justification to the selection of
the peak signals for the signal-to-noise ratios. The signal-to-
holse ratios for 1972 flight tests at Edwaxrds are also shown for

*In earlier reports the rms noise value was judged by eye té be at
the baseline, so the earlier plotted values of signal-to-noise ratio
were about 3 dB too small.
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comparison. The line is a xough average since the spread of those
measurements was quite large, but it does show that the improvement
for 1973 was roughly 17 dB. This improvement can be accounted

for by two changes in the laser system - a better way of cooling
tha laser and the substitution of the mercury cadmium telluride
detector for the copper-doped germanium detector.

2.3 COMPARISON WITH THEORETICAL SIGNAL-TO-NOISE RATIO

The signal-to-noise ratio equation for the CAT laser system,
which is coherent and pulsed with a common aperture for transmission
and reception, is given by:

1 2
B9 ng g My @

—

(F-1)

s
N . r.n ) . 2
lGh\)rR" + (ndg/lmz (L - R/nf) ]

against a target filling the beam. The detector is photovoltaic
and the receiver is assumed to be matched to the pulse length. The
symbols are defined and values specified in Table F-1.

The CAT laser system is supposed to be unfocussed (i.e.,
focussed at infinity), so that Re = ». The physical size of the
aperture is 12 inches but the effective size as defined by the
l/e2 intensity value is closer to 10 inches. The losses exclusive
of the atmosphere and detector are estimated to he:

Optics (scattering, absorption, blockage) 3 dB

Extended diffuse target*, Gaussian LO,
heterodyne inefficiency

Target depolarization

Receiver electronics (including bandwidth
mismatch) 4

—a—

13 dB

*There is a loss of 3.4 dB with an extended diffuse target.
factor is explained and calculated in a paper by D. Fried, "Antenna
Gain statistics" for a Heterodyne Receiver Laser Radar Viewing a

Resolvable Target", Report No. TR-11l€, Optical Science Consultants,
Oct. 1973.
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§ TABLE F-1
PARAMETERS

{ Parameter Symbol Value
Sighal-to-noise power ratio S/N
Laser pulse enexqy E 12 wJ

g Modified target ¢ross section ¢! 0.05 stex”l

i Target range R

N Range of focus (beam & FOV) Rf

i Aperture diameter a 10 in

i
System efficiency Ng 0.05
Detector gquantum efficiency ny 0.25
Atmospheric transmission Ma
Wavelength A 1.06x107°
Energy per photon hv 1.9x10720 3

]

;

{

i

b

P

i

i

i

g F-23
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Thus, the system efficiency factor ng is 0.05.

The critical parameter for the calibration is the target cross
section, ¢'. A sample of the dry lake was taken back to the lab,
soaked in water and dried to simulate the dry lake condition. The
reflectivity was then measured incoherently at 10.6 microns as a

function of angle. At 10 degrees from the horizontal the back-
scatter reflectivity is:

plm) ™ 4 x 1073 stexrt

To convert this value to the target cross section, the basic
definitions of the parameter are utilized:

Reflected Intensity (W/ster) _ g' _ (r1)
Incident Power (W) T 4n pim

SO,
o' = 4n p(n) = 0.05 ster™t

By substitution of the values in Table F-l1 into Equation (F~1l),
the signal-to-noise ratio without atmospheric losses (ﬂa=l) is
calculated. It is plotted against range in Figure F-10. The
experimental results are included for comparison, and the difference

is indicated by a dashed line. There are several possible causes
of this difference:

Atmospheric attenuation:
Atmospheric turbulence:;

The receiver or transmitter focussed at some finite range;
The effective aperture smaller than 10 inches.

*

Only factors varying with range can explain the difference.

bW N
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Results for Edwards Tests, Flights B2 (15)
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Figure F=10,
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2.3.1 ATMOSPHERIC ATTENUATION AS POSSIBLE CAUSE OF DIFFERENCE

The atmosphere accounts for some of the difference, but does
it account for all of it? The attenuation coefficient required to

explain the difference is calculated with a formula derived as
follows:

n, = exp (IZu(R) dR}
dn
a . .
TR = 2ngi(R)
o (n,) /n, _A ¢ (log, n,) _2.30 ¢ (logyy ny)
$o, u(R) = 5 tR 2 sR T2 tR

Since S/N « N4 and y in dB/km = (10/2.30) W in km-l,

L(R) = _21. 5(s/N) (F=2)

where 4 (S/N) is the change in SNR in dB not accounted for by a
change in range, u(R) is in dB/km and g§R in km. Thus, the
required attenuation coefficient is determined by measuring the
slope of the difference curve plotted on a linear graph of S/N in
dB vs. range and dividing by 2. This was done with the result

plotted in Figure F-1ll as the long dashed line., The range was con-
verted into altitude by the formula,

H = HO + R sin ¢ = 1.97 Kft + R sin 7o

where HO is the altitude of the dry lake and s the depression angle
of the laser beam.

To decide whether this variation of attenuation coefficient is
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realistic, it is compared with the attenuation coefficient calculated
from temperature and humidity data measured in flight. The two
major constituents of the atmosphere attenuating Co, laser radiation
are carbon dioxide and water vapor. Aerosols are a third constituent
but they are believed to have a lesser effect in clear weather. The
1 at:tenuation due to the carbon dioxide was measured by P. Yin and
R. Long* as a function of its concentration and an attenuation
curve varying with altitude was drawn based upon the results. The
; contribution is plotted in Figure F-1ll as the short dashed line. The
effect of water vapor depends upon the temperature, relative humidity
, and total atmospheric pressure. These parameters were measured in-
| flight and recorded on the data print-outs. The way in which these
’ parameters influence the attention of 10.6 micron radiation was
measured by J. McCoy. D. Rensch, and R. Long**

L
\ the attenuation from water vapor is shown in Att

2LAER =02 Ao vhe.
b

A calculation of
achment 1, and the
} result for the two days of good data is plotted in Figure F-1ll. The
| pluses and crosses show the expected overall attenuation coefficient.

A comparison of the required attenuation coefficient to explain
the difference between theoretical and experimental SNR (long dashed
\ line in Figure F-1l) and the calculated coefficient (pluses and
crosses) shows that the atmospheric attenuation cannot account for
all of the difference, especially as evidenced by the huge attenuation

required at low altitudes. Therefore some other explanation is
required.

2.3.2 ATMOSPHERIC TURBULENCE AS POSSIBLE CAUSE OF DIFFERENCE

ey -

It is shown that turlw.lence can andprobably did degrade the signal

*P. Yin and R. Long, App. Op., Vol.7, No.8, Aug. 1968, pp. 1551-3.

**J. McCoy, D. Rensch and R. Long, App. Op., Vol.8, No.7, July 1969,
pp. 1471-7.

F-28

T R T

The effect of atmospheric turbulence is examined in Section 2.4.2.
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substantially during the dive over Rogers Dry Lake. However, the
effect of turbulence is to degrade the signal by widely varying
amounts. For some pulses the degradation can be more than 30 dB,
but for others it may be less than 1 dB. In fact, for a sample of
14 pulses in each SC photograph the highest signal is likely to be
degraded by less than 1 dB, Since just the highest signals were
measurpd in reading the signal-to-noise ratio, these measurements
then had little degradation from atmospheric turbulence.

2.3,3 FOCUSSING OF APERTURING AS POSSIBLE CAUSE OF DIFFERENCE

To examine the effects of focusning the receiver or having an
effective aperture less than 10 inches, the signal~to-noise ratio
is calculated with Equation (F-1) for selected conditions of focus.
The range of focus and aperture size are parameters in that equation.
However, that equation applies to the situation where the beam and
receiver are focussed at the same range. If the beam and receiver
are focussed at different ranges, which is a realistic possibility
in the CAT system, the equation must be modified. The beam is
believed to have been properly collimated (focussed at infinity)
because little change in beam size with range was observed at the
test site. The receiver is focussed independently by varying the
focus of the LO beam.

The signal-to-noise ratio is usually degraded when the trans-
mitted beam and receiver are focussed at different ranges as opposed
to a common range of focus. An approximate way to calculate the
degradation factor is to assume the beam and receiver field-of-view
are uniform cones. Then the degradation is given by the part of the
beam outside the receiver field-of-view at the target, since this
part does not contribute to the signal. The degradation factor is
given by:

F-29
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F o :;:Z gg gzzm if Area of FOV < Area of Beam *§%
uai
s 1 if Area of FOV > Area of Beam Qﬁi
which is to be multipliéd by the term on the right of the SNR ‘ ;%
Equation (F-1). (The factor F is actually greater than one when é
the beam is smaller phan the field-of-view because the receiver E%
is really more sensitive at its center where the beam is concentrated. T
The improvement can be as much as 3 dB at ranges much greater than b
the range of focus, but it will be neglected in the analysis.) The 1
area of the beam cor field-of~view is given hy:

peogevh ol e i e oo e in

Area ni -g— q° [(%f - 1)2 + (-3;%)2]

¥
4
£
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where Rfr and th are the ranges of focus of the receiver and trans-
mitted beam. When the beam is unfocussed, the degradation factor
is unity at ranges beyond twice the receiver focal range.
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The signal-to-noise ratio was calculated and plotted in

Figure F-12 for the following cases of receiver and transmitter
focus and various aperture sizes:
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do LT

Receliver Transmittor Bffactive Aperture
Focus Focus Diameter

A, w 12 inches

B. % 10

C. ® © 6

D, 6 Kft @ 10

BE. 10 Kft 10 Kft 10

Othor cases were calculated but not plotted to avoid econfusion in
the graph. To discovear how well the various theoretical models fit
the experimental data, the missing ingredient of atmosphoric
attenuation has to be included. The attenuation is given by a line
of bast fit to the values cdlcoulated in Section 2.3.1 from the in-
flight data and plotted in Figuxae F-ll. This line of best f£it is
drawn in Figure F-13.

By including the atmospheric leoss, the theoretical models can
be conpared to the experimental data. It is found that ona model
fits the data extremely well, as will be explained in the next
sub-section.

2.3.4 THEORETICAL MODEL OF BEST FIT TO DATA

By applying (1) the atmospheriec loss in Figure F-13 to the SNR
curve D in Figure F-12, which is a receiver focussed at 6000 feet and
an effective aperture diameter of 10 inches, and (2) a total system
loss of 15 dB, which is 2 &B largexr than the predicted loss (see
Section 2.3), the signal-to-noise ratio curve in Figure F-14 results.
The focus of the beam is unimportant because the curve remains
assentially the same bayond 12 Kft (twice the receiver focal range)
for any focus of the beam beyond 6000 feet. The SNR measurements
on the three good data flights are also indicated in the graph. The
oexcallent fit of the theorectical model to the experimental data

points is obvious. Theraefore, the Bdwards data )
Wl
F=-32
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receiver was focussed at 6000 feet, the boam at 6000 feet or beyond,

the effective aperture was 10 inches in size, and the system loss
was 15 dB.

The likelihood that the CAT systew fits this would depend upon
the existence of factors which would make it fit the model. First,
the effective aperture size was estimated te be 10 inches in size,
so this value is quite acceptable. Secondly, the beam size was
measured at several ranges out to two miles and was found to remain
constant with range, so it was focussed way beyond 6000 feet. Third,
a system loss of 15 dB is only 2 dB larger than the predicted value.
The added loss may stem from the electronics which was assigned only
4 dB in spite of a mismatch of the bandwidth to the freguency width of
the signal, or from the irregqular distribution of the LO beam.

a receiver focus at 6000 feet is entirely possible based upon the
focussing technique.

2.4 READING THE SIGNAL-TO-NOISE RATIO

Since the measurements of signal-to-noise ratio form the basis
of the entire CAT flight test data analysis, the proper way to read
this ratio deserves some close examination. The signal-to-noise
ratios were read off sequence camera exposures of the A-scope which
displayed signal and noise levels on a log intensity vs. time (or
range) plot. Each exposure of the sequence camera lasted 0.l second

so that traces from approximately 14 pulses were imaged on each photo-
graph,

Since the intensity is on a log scale, it would appear to be a
simple matter to read the signal-to-noise ratio by measuring the num-
bexr of dB increments between the signal and noise levels.

However,
it is not so simple for two reasons:

1. The proper noise level must be identified:

r-35
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2. The signal levels in each photograph varied considerably,
sometimes by more than 30 dB during the calibration dives
at Bdwarxds.

Therefore, the proper criteria for reading the signal and noise
levels had to be established. Also, the wide variation in signal
had to be explained.

2.4.1 NOISE LEVEL

The proper noise level in the normal SNR equation is the rms
or 1L g level. The problem is to identify this level on the A-scope
plots.

The one, two and three sigma noise levels are exceeded for
cortain percentages of the samples assuming the noise is Gaussian:

L g 31.7% 1.5 g:  13.4%
2 g:  4.6% 2.5 q:  1.24%
3 o: 0.25% 3.5 ¢g: 0.05%

Thus, the various g levels can be determined by identifying the
levels on the A-scope which are exceeded by the above percentages
of the time. Now, the 1, 2, and 3 g noise levels are not separated
by these ratios on the A-scope display, that is, the 1 and 2 »
levels are not separated by 3 dB and the 1 and 3  levels by 5 dB
as the ratios would suggest, because the square of the current is
plotted on the A-scope rather than the current itself. The para-
meter plotted on the ordinate is:

log,q Power . logy, (current)2

Since the g levels (and associated statistics) apply linearly to
the current rather than the power, the real separations in dB
between the various o levels are double the ratios of currents, or

F~36
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Pzg/Pln = 6,0 dB
Py.5¢7F1y = 80

930/‘131o = 9,5
ps.sc/plﬁ = 10.9

Therefore, the procedure for locating the 1 g level on the A-scope
display is to find the level which is exceeded 4.6% of the time

(if we use the 2 g level as the reference) and subtract 6.0 4B

from that., As a check, the use of the 2.5, 3 and 3.5 g levels as the
reference and subtracting 8.0, 9.5 and 10.9 dB respectively, should
yield the same A-scope level for 1l g. This comparison was, in fact,

made with excellent correlation as will be explained.

In order to correlate percentages with absolute numbers, the
total number of sampling intervals must be determined. The range
gate of the receiver extended from 2 to 16 nautical miles for a
total time span of 160 microseconds. The integration time of the
receiver was approximately 2 microseconds since the bandwidth was
250 kHz, (The integration time is roughly verified by measuring
the width of noise pulses on the A-scope.) Hence, there are
~ 160/2 or . B0 sampling intervals per pulse. Since each exposure of
the sequence camera covers l4 pulses, the total number of noise
sampling intervals per photograph is:

160 x 14 L 1100

Sep——

2

Therefore, the numbers of times the various g levels are exceeded
are:

P~-37
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1l g¢ 350 1.5 g 150
2 g: 50 2.5 g 14
3 o 2.7 3.5 o: 0.55

To (1) locate the 1 ¢ level and (2) check out the above thecry,
the numbers of noise pulses exceeding various intensity levels were
measured on three sequence camera photographs and plotted in Figure
2-15. Then an attempt was made to fit the theoretical curve based
upon the numbers listed above (with the separations of the g levels
in dB as determined earlier). An excellent fit was obtained when the
2 g level 1s located at 2.6 dB above the baseline. Since the 1 ¢
noise level is 6.0 dB below the 2 g level, the 1 g noise level is
(6.0 - 2.6) or 3.4 dB below the baseline for the portion of flight

covering those particular seguence camera exposures. The noise was
found to be quite consistent during each flight and between flights,
so the 3.4 dB figure is rather general. As a check, the number of
times the noise exceeds various levels can be compared with the
values plotted in Figure F-15 for any sequence camera photograph. One
exception is the latter portions of the dives at Edwards when the re-
ceiver overloaded due to the very high signals and a larger noise
level resulted.

2.4.2 SIGNAL LEVEL

Typlcal signal returns for the dives at Edwards were shown in
Figure F-8. It is apparent that the amplitude varied widely over the
14 pulses of each exposure - by more than 20 dB. The highest return
is at 35 dB above the baseline in SC Photograph 2824, and the lowest
return is at 12 dB. The amplitude also varied widely from one SC pho-
tograph to the next, as shown by a plot of all the peak signal-to-noise
ratios of each photograph for a single dive at Edwards in Figure F-16,

The photos were exposed at 1.2 second intervals. So, which amplitude
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"~ should be selected for the data analysis? 1In order to answer this
‘ question the causes of the wide signal variations are identified.

Possible causes are:

Target scintillation. Since the target consists of a
collection of small specular reflectors, variations in

amplitude from pulse to pulse out of the coherent receiver
can be expected.

Atmospheric scintillation. The ccherent receiver requires
a plane wave input for its peak signal. Distortion of the
wavefront by atmospheric turbulence (a variable refractive
index) degrades the signal.

Frequency tuning. The frequency setting of the A-~scope
receiver was manually tuned during flight because the

exact frequency was not known in advance and varied during
each dive. The manual tuning procedure caused the receiver
to periodically miss the signal.

Laser output variations. The high aircraft vibration during
the dives may have caused the amplitude and frequency
stability to vary or the laser output to be spread over
several frequency modes.

Other causes which have a lesser effect are the LO shot noise and
fluctuations in the photon arrival rate, and variations in the
ground reflectivity (the dry lake is not precisely uniform).

The third cause -~ frequency tuning of the receiver - tended to
produce drastic reductions of all the signals in the affected photo-
graphs and was, therefore, easily recognizable by comparison with
other photographs. The tuning procedure consisted of varying the
frequency setting manually in order to keep it on the signal. Since
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the exposure time of the seguence camera was only 0.l second, it is
unlikely that the tuning is the source of any of the variations
within a photograph.

The fourth cause - laser output variations - is not considered
to be a significant source of the large SNR variations because the
amplitude was found to remain steady at other times and a multi-
frequency output probably would have shown up in the RVI or IVI
display. However, this source is not to be ruled out, especially
if the other sources cannot satisfactorily explain the variations.

The most probable causes are the target and atmospheric
scintillation (causes 1 and 2 above). In order to verify that they
are in fact responsible, the variations from these causes as
predicted by theory are compared with the spread in the measured
signal.

Measurements of the signal level of all pulses in two sequence
camera photographs are listed in Table F-2. The intensities appear
to follow a log normal distribution because the signal levels in
dB, rather than the numerical ratios, are normally distributed. For
example, the mean (average) of the logarithms is very close to the
median (middle) of the logarithms in both photos which is a
characteristic of a normal distribution - on SC photo 2824 the mean
is 22.0 4B and the median is 22 dB, on SC photo 3057 the mean is
17.3 dB while the median is 17 dB. The same is obviously not true
of the numerical ratios. A more rigorous analytical treatment in-
volving the determination of moments can be applied to check out
how well the data fit a normal distribution, but this would require
an enormous amount of data points.

The significance of the distinction between normal and log normal
distributions is that atmospheric scintillations are probably log nor-
mal while target scintillations are generally Rayleigh. The reasons
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are explained in memos by C. DiMarzio.* Since (1) the measurements
appear to be leg-normally distributed, and (2) the predicted variations
from target scintillation are much lower than the observed variatjions,
the conclusion is that the atmosphere is the primary cause of the vari-

ations. The atmospheric turbulence around the aircraft may be the main
contribution to this effect,

If turbulence is the primary cause, then the highest value of the
signal~-to-noise ratio on each sequence camera photograph should be read
since this is the closest value to the signal-to-noise ratio in an ./«
perturbed atmosphere. In fact, the probability is 50 percent that the
peak signal of 14 pulses in a sequence camera photograph will be within

7 per cent of the signal level for an unperturbed atmosphere.*

As par-
tial verification, the peak signal~to-noise ratios of numerous photos

during a dive form a smooth, nearly straight line graph with range as
shown in Figure F-9,

Although atmospheric turbulence is the primary cause of the
signal variations there is still a contribution from target
scintillation. Assuming that the target consists of an infinite
number of diffuse scatterers, the peak signal of 14 pulses will
generally be approximately 3 dB above the average. The fact that
this spread was not observed is another indication that target scin-
tillation was not the principal cause of the signal variation.

2.5 PULSE INTEGRATION

The pulse repetition rate of the CAT laser is around 160 pps.
Since many pulses will hit basically the same air target in looking
for Clear Air Turbulence, there is a possibility of improving the
signal-to-noise ratio by integrating consecutive pulses. For signals
of constant height and Gaussian noise, the improvement ratio is
ideally the number of pulses. For example, if 50 pulses are integrated,
the signal-to-noise ratio should be improved by 17 dB.

*Raytheon E/O Department Memo 73-CAD-08 and another to be published.
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This amount of improvement will not exist for the CAT laser system.

The key assumption of a constant signal level is not correct because

atmospheric and target scintillations vary the signal widely, as shown

by the returns at Edwards. In order to produce any improvement in
the signal-to-noise ratio, the sum of the signal currents from N
pulses must exceed /N times the peak signal current since the noise
current is a factor of /N larger. For the dives at Edwards, the
improvement was insignificant. This conclusien was reached after
performing a pulse integration analytically on the signal levels in
the two sequence camera photographs listed in Table F-2. The para-
meter in the table (Numerical Ratio) is the signal power level in
arbitrary units, Thus,

PS = KIY

. ko X,
ls sz = KBY ln

where P_ and is are the signal power and current, y the "numerical

ratio" listed in the table, in the noise current, and Kl' Kz and K3

are constants. The signal-to-noise ratio for a single pulse is:

i 2
<S _( s) » K2
Nfl ln 3
For integrating M pulses,
2 2

Di K 2
.§.\ = ( S, ) = _.§.._. Z\f

assuming that the integration process is 100 percent efficient.
For SC photo 2824,

}:fY 225
M = 13
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So

(S/N)int = 3900 K3

The peak single-pulse SNR is:

(S/N)l, peak

So the improvement in signal-to-noise ratio from integrating 13 pulses

is only:

(s/N)
(S/N)

int

l, peak

or 30%. TFor SC photo 3057,

&y o= 1l
M = 11
(S/N)int =
(S/N)l, peak
and
(S/N)int

(S/M1 | peak

2

2
3000 Kq

2
3 1.3

2
3000 Ky

3900 K

L}
i

2
3

= 1300 K

1100 K

2
3

So there is actually a loss of 1l4% in the SNR from integrating 11
pulses. Therefore, pulse integration does not really help in these
two cases. At the higher altitudes where the CAT laser radar will be
operating, the air is thinner and atmospheric scintillation is not as
severe, So there should be a larger improvement. How much improve-

ment is an unknown.
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SECTION 3

AIR BACKSCATTER RETURNS

The eventual target of the Clear Air Turbulence laser radaxr is
clear air, Therefore the returns from this target are of interest.

Returns from air were observed throughout the test series, at
altitudes as high as 22,000 feet and at ranges as far as 6 wmiles.
Howevel, the sequence camera was not operated all the time, in fact,
it was on only during 20 per cent of the good data flights on the
average, and much of that was for the dives at Edwards or the Owens
Valley runs. Therefore, the sequence camera seldom recorded data
at the higher altitudes where some clear alr returns were ohserved
on the Intensity/Velocity Indiecator (IVI). Hence the data analysis
hexre is confined to the lower altitude returns, i.e., below 10,000
feet.

The conclusions of the analysis are:

1. The SNR curve for the receiver focussed around 6000
feet appears to give the best fit to the measurements.
Based upon the system loss of 15 dB determined from the
Edwards data, the backscatter coefficient g at five alti-
tudes between 2 and 10 Kft varied from 0.7 to 7xl0'9
per meter per ster. These values are roughly an order of
magnitude less than the coefficients observed in the 1972
test series, probably due to the difference in air between
summer and winter.

2. The signal amplitude fluctuated wildly with range on indi-
vidual pulses, although the envelope remained reasonably
constant from pulse to pulse. Numerous causes were
postulated. The primary one appears to be target scintil-
lation.
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3. Pulse integration may have significantly improved the
signal-to=noise ratio at the higher altitudes, but a wore
eareful comparison of the IVI and A-scope returns is naces-
sary before the improvement factor can be determined.

3.1 SIGNAL-TO-NOISE RATIO MEASUREMENYS

Typical A-scope plots of returns from air as recorded by the
sequence camera are shown in Figure F-17. The intensity is plotted
on the ordinate at 10 dB/box and the range on the abscissa at 2
nauntieal wiles/box. (Although the zero range is the first vertical
line at the lefit, just to the right of the clock, the low initial re-
turn in the first box should be disregarded since there is a delay in
the receiver resporse.) The range/velocity indicator (RVI) output is
plotted as the blackened area above the A-scope. The signal return

~is shown in the RVI to be slightly over one MHz in width at roughly

the 5 percent borders.

The seguence cawera photographs show that the backscatter return
is contained within a well-defined envelope on the A-scope displays
even though the signal weturns on individual pulses £luctuate wildly
with range. The signal-to-noise ratio was weasured from the envelope.
Reasons for the fluctuations are discussed in Section 3.3.

There were only a few times during the f£light series when the
backscatter was observable and the sequence camera was operated.
These tiwmes are:

Flight & Run Approximate Time (GMT) Altitude
B2 (L/12), 3 19:41 4.7KLt
Sk 20:23 %% 11.5%w
B8 (1/19), 1* 17.11%* up to 24%
g% 18.17% 15%
F-48
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Flight & Run Approximate Time (GMT) Altitude %
—_— ¢

7% 18:50% 5% L
8 18:58 2 b i
9 19:05 4 o
20 21:42 6 1
20 21:56 9 g
21 22:55 3.6

*A-scope for sequence camera was not
functioning properly.

**Target may not have been air.

In some of the above cases the air may not have been so clean. 1In
fact, there were dust storms in the vicinity of one or two of the
low altitude returns, although the signals were not £from the dust
storms.

S

s

The signal-to-noise ratios for Flight B8 as measured off the
A-scope are plotted in Figure F-18. The signal level is measured
from the envelope of the signal return (see Figure F-17). The proper
rms noise level is 3.4 dB below the baseline as explained in Section vt
2.4.1. The axes of the graph were scaled to match the SNR plots in
Section 2.

The highest signal-to-noise ratio is 20 dB, observed at low

s

altitude at a range of two miles. The furthest range of measurement
is 6 nautical miles. There is little consistency in the reduction 4

of signal-to-noise ratio with altitude - for example, the return is
greater at 8.8 Kft (designated by dots) than at the lower altitude of
3.6 Kft {designnted by triangles). These measurements were made at

[P

well-separated locations. Also, the variation with range is not con- ‘ o

e

sistent - compare, for example, the circles and triangles. This

inconsistency contrasts with the excellent correlation of returns
from the ground on different dives at Edwards (see Figure F-9).
The cause is probably the variation in particle density along the beam.
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Measurements against air were also made in the 1972 flight test
series ("A" series).* The signal~to-noise ratios at a range of two
miles were:

Altitude S/N (1972 series)
7 KEt 4 dan
7.4 6.5
91;4 L 805

13.5 6.5

The rise in signal-to-noise ratio with increasing altitude suggests
a haze layer around 10 Kft. A comparison of values around 7 Kft
for the 1972 and 1973 test series shows that the improvement for
1973 was roughly 7 dB. This is 10 dB less than the improvement
observed in the Edwards' tests of 17 dB (see Section 2.2). The
discrepancy is due to the difference in scattering coefficient be-
tween summer and winter - the 1972 tests were conducted in August
and the 1973 tests in January. The air tends to be clearer in

winter than in summer, causing the backscatter coefficient to be
less in the winter tests.

3.2 COMPARISON WITH THEORETICAL SIGNAL-~-TO-NOISE RATIO

The theoretical signal-to-noise ratio for a coherent pulsed
laser radar against air is given by:**

_ EBAngmgNy -1 1

s -
N By tan X2 tan Xl xF

*Measurements are plotted in Figure 7 of Raythéon E/O Department
memo 72-DAK-69. A correction factor of 3.4 dB should bhe added

to the values in the graph due to improper reading of the rms
noise level (see Section 2.4.1).

**Derived in article by C. Sonnensctein & F. Horrigan, App. Op.
Volume 10, No. 7, July 1971, pp. 1600-4.
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for a photovoltaic detector, where

o = omi_ (4, md?
1,2 R a2 T R

\eT ndch

%)R'-F >+

nd 1exn§

Fa 1l for beam < receiver FOV

If the beam is unfocussed, it is smaller than the FOV at ranges
greater than twice the range of receiver focus. The symbols are
defined in Table F=1 of Section 2 with the following additions:

B is the backscatter coefficient in units of meter "l sker "1

¢ is the velocity of light = 3 x 108 m/sec
T is the receiver integration time ~ 4 pusec

The v

lues are the same as listed in Table F-1 except for the system
loss fa

ctor which is:

[ I

nsx 0.2 (7 dB)

The loss factor is 6 dB smaller due solely to definitions -~ the
diffuse target factor (3.4 dB) and the mis-match of bandwidth to
pulse length (~2.5 dB) are taken into account in the SNR equation
rather than in the loss factor.

The two atmospheric parameters - the backscatter and attenua-
tion coefficients - have not been assigned values. The attenuation
coefficient is determined from the in-flight temperature, humidity
and altitude measurements by the techniques outlined in Attachment 1.
It determines the atmospheric transmission by the formula:

_ _~2uR
na e

where M is the attenuation coefficient. The backscatter coefficient
B is the biggest unknown. Very few data exist at 10.6 microns, and

there may be none for altitudes above ground level. A rough value of
B at ground level in winter is:
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10"8m -1 ster

-1

B10.6 ~

It may easily be an order of magnitude higher or lower depending upon
particle content. Particle density counts were made on some flights
but the calculation of backscatter coefficient from the particle
counts is not possible without information on the size, shape and
refractive index of the particles. Also, there is no assurance

that the particle samples, which are drawn in through a curved pipe
protruding from the side of the aircraft, are truly representative

of the air in the laser beam. A comparison of the particle counts
and the backscatter returns as a function of altitude was made to

see if there is a correlation.*

The theoretical signal-to-noise ratio was calculated with the
aid of a computer and plotted in Figure F-19 for a backscatter coef-~
ficient of lO"8 per meter per steradian and no atmospheric loss.
Five conditions of focus and effective aperture size are shown which
are the same five conditions as examined for the Edwards data in
Section 2. Note that the curves are virtually identical to the
Edwards' signal-to-noise ratio curves except for a downward displace-
ment of 23 dB, which indicates that the SNR equation against air
can be approximated by the SNR equation against the ground with the
appropriate reflectivity. The equivalent reflectivity of air in
terms of the backscatter coefficient is:

0 ~ 2.5 x 107 g
or air
plm ~ 2 x 10 g

for the CAT laser radar, where g is in units of (meter-ster) Ml.

*See Raytheon memo EM 73-1115 by A. Jelalian
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Figure F-=19, Theoretical SNR of CAT Laser System Against Air
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The curve of best fit for the Edwards data is the SNR plot for
receiver focussed at 6000 feet, a receiver aperture of 10 inches, and
a total system loss of 15 dB (curve D in Figure F-19). The same curve*

...

e d

fits well to selected returns from the air as shown in Figure F-20, o
The data at 2.2 Kft altitude at 18:59:37 on flight B8 are plotted, on
and the backscatter coefficient for the theoretical curve is .
7%x10 " %m *sr ™! rather than 10~ 8n " lsr™!. Therefore, the backscatter

returns from air tend to confirm the conclusion of the Edwards' tests,
that the receiver was focussed at 6000 feet.

The backscatter coefficients for the data plots in Figure F-18, o
assuming the system loss determined in the Edwards' tests, are:

et
wop TR

Time Altitude B10.6u
18:59:37 2.2 Kft 7 x 10 om et iR
22:55:04 3.6 0.8 : g
19:05:53 4.4 4 | 11
21:42:03 6.2 0.7 “éi
21:56:40 8.8 1

These coefficients apply to well-separated locations across California
in winter.

Rty 1B

3.3 CAUSES OF SIGNAL FLUCTUATIONS

The sequence camera photographs of the A-sﬁope show that the
backscatter return fluctuated rapidly with rang? on individual pulses. 1
These fluctuations, which reach 20 dB over the '14 pulses of each ¢
photograph, are due to various causes:

a. Target scintillation. The amplitugg’variations from tar-
get scintillation follow a Rayleigh distribution and could fg
produce a complete nulling of the signal, depending upon
the relative positions of the scatterers in a volume element.

*The equivalent system loss against air is 9 dB since there is a dif-

ference o£;6.dB..in_ the SNR equations due to differences in definitions R
as explained earlier. :

F~-56

r __,,j_,,._,v_—-—« - ———
‘ P .
~

g . s s A S ik Ca S e B o o e ber g e 3
O N R 0. e




Ar

B o

ST e T

oty P

P

et

Py

CTSRN

§

60

50

40

S/N
(6B)

30

20

10

Figure F-20.

* ’ Y ’
. EREE R ] vEn oy ! I ! ] : l ! l" : I ! 1t
SO efynad foectesd g RN sods sihierelesscden cdinnderenio

Y M FLT, B8(21), 18:59:37, H' = 2,2 KET
'R Y a;!-; = k) “. : L rope Yxr N b » 1
fws o - smsine b fiar e tdbeep b © fowmar s e rrad cwredene ke !
« 3 e LI B * » . ”» ‘
: NEERRIAE P T I
t wexsa R s 3 * 1 C ok e-i * » - I
* @ \ 3 :!%:3 ¥ feshen IEEE 1) : E
¢ T
Y % £ \ .} gt
» P i . e - H
& “ !ut,"' ® : ] LR ] z l B - e
PR salbaamaer 3| e s s b ¥ . 1R l
L*M s i . M o e » mwhrrenire o . -t wpoind
* * LI BN LI ] x . oo PR -
X or o4 pale ¥ &% 3 s 17. t» 'ohav"t - P B TN A "'EV"
LI LI “‘ 1 " * .
s 4 st scoria) s % 4 foe B f e = . N . 4 BN
» L LRSS L 4. * . i eabs oo [y »
« N ] 3 L z"' “ P % . .
- ‘ BT S I lln {5 . . * 3] PRI SFTVN R PO T A
» N IR IE k-{i«,l '}q; [P snfocaafoercfany fou vy acfadoliaded o
S ESRTATE  emm of T rey et ok $om t wes ey - o gy oy -t Y P
» :«55- . ety . R . Y Ve af o
RS NES B DR B -y H .
. BRI I . « . . . ' . . W M
P 'TETEEE R RS + i » ssfs z » . w
, i ¥ hewea) N
t, R * Ao P - 3 H » L8
flogd " TR, FOCUS = o
: - .
. »
o b 1" RCVR, FOCUS = 6 KFT

* 3 E—3
: - 8YS, LOSS = 9 dB (from Edwards Tests)
- » : '
i y BACKSC, COEFF., (B) = 7 x 10™°m "SR
. & ..
i P
s e . - ATMOS, ATTEN = 0,35 dB/km
] (S A .
i1 ¥ 3. B I - . . .
¥ 4 IS EE B LT IR R L R 3lla>¢'—ﬁ|§|‘l‘u'\‘uc,.l n
£ 2 4 yrow e hoeow frdaenr TR T ke | rmareemen fagoe 4w f b 4 3 wbey au.lqyu; st by cafasaad aacfrrehis Lapelts e
[ E - N | - L !.' TR Cis ey PRSPPSO P L B
L B T ) . b r v 1 5 - e g sifeees PEE BT sl | oot o
.4 T Y . - 8 <o T EE RS R t2 TES I CORE Y BN R I B e I
» IEERE T B R RS EEE RS ERE S ERRTS TYTAS FYST FEINY SRR SR SYITUR] B (L O
. T ey - T * . ’ "
s as o o i) e ?17 v LY RXERE ST EROLY EXXS IO B el o] W b
» . 'R R HEES 15 12 IS o sren)oeefiedefee ] e P01 1VVV] ORI UV TP P S N
; P e N [34 DA
PRI Y s b oa +3 'Y EXRAS EXRTS EERE REREE EREN SRTRY RTY o B 4 -
LI 2 IR I R N R R + s frgpefokofoni poan *e . .
PE— 5 SR votats - Wt Srw g inds v -
v e rrvan ‘}4:“‘11 §re MR IS FPT TS FEPEE PR RIS FOURE ERNN TP MbN M%) M
. .« b Chvevpaafue cvva-p e bt ot iees ...\ VS S PR PUTON SUPPY B DO OO N {
B IR T ¥ N [ vt 3 e reen]-s fex . cidra e foof oo -
¢ s s .
. * rh el rrgaseney gr{v’h»-—-&T et b fepraferest sdermefe acfor odi abad w b cien fanps
o BARSMEEM Misiast hia n 0l E044 1 Nl P Sl ot

20 30 40 50 100

RANGE (THOU. OF FEET) EOA-1035

Fit of Theoretical Air Backscatter SNR
Curve to Measurements

ORIGINAL pAGR 1o
OF POOR QUALITY
F=57

— it R PRl s ot s kel i 8 e 0 G ki




b. Atmospnere scintillation. Distortion of the wavefront by
variable refractive indices along the beam degrade the sig-
nal for a coherent receiver. However, atmosphere scintil-
lation is not a major cause of the fluctuations because
its effect is to reduce the signal at all ranges rather
than at selected ranges which the data show. If turbulence
near the laser were the major cause, the returns on indi~-
vidual pulses would be smoothly varying functions with
range at various amplitudes.

c. Laser instabilities. This is also ruled out as a major
source of the signal variations for the same reason. The
effect of a frequency or amplitude wander or multiple fre-
quencies is to degrade the signal equally at all ranges
rather than at the selected ranges actually observed.

d. Variations in the particle -content. ,If the signal return
is primarily from a few large particles, then wide ampli-
tude fluctuations would result from variations in the num-
ber of particles per sampling volume. However, such varia-
tions are not expected to result in a smooth, well-defined
envelope as observed in SC photo 999. Also, the high

signal levels indicate large numbers of particles are
present.

e. Doppler variations. Variable winds along the path produce
doppler variations which could shift the frequency outside

¥ the bandwidth of the receiver. Since the bandwidth is

250 kHz, a change of only 4 ft/sec shifts the signal out-

| side the receiver passband. However, since the wind pat-

terns are not likely to change over the one second exposure

time of each SC photo, the peaks and valleys should occur

at approximately the same ranyes on all the pulses, which
was not observed.

e e T

oy

s

s

o St L

WS

Py

e

4

pbure?

:

Lo

o

e
K

EASRN 3

Sy

Al




,NM
€

Y

B Adoreziiay
i @

A i £

Do

P priiase
s H

£, Noise. At the lower signal levels the noise during the
signal is sufficient to produce noticeable variations in
signal level, However, noise cannot account for the sub-
stantial fluctuations at the higher signal levels.
It is difficult to pinpoint which of the above possible causes is
primarily responsible for the signal fluctuations, but if one had
to be picked, it would be target scintillation. This contrasts with
atmospheric scintillation as the primary cause of the signal fluctu-

ations against a hard target at a given range (Rogers Dry Lake), dis-
cussed in Section 2.4.2.

The signal intensities were recorded not only on the A~scope
but also on the IVI which plots intensity against frequency (velo-
city) at a given range. One important difference is that the IVI
integrated 50 pulses while the A-scope was limited to single pulses.
Henve, the effects of integration can be observed.* Preliminary
indications are that pulse integration does improve the signal-to-
noise ratio at high altitudes since some returns were observed on
the IVI above 20,000 feet and there were no observable returns on
the A-scope. However a more careful examination of the IVI output
is necessary to determine the improvement factor.

*The calibrated IVI output was not available to me so
able to correlate IVI and A-scope returns - D.K.

I was not

Fr-59

b " e I Lo .
Rk i o S bR R B ek s e iy BB A

T e e L e T e e

] ) . S
- S — S A A S



g R R R Y

e g e AT T s

R

e T N S—— T T

SECTION 4

TURBULENT CLOUD TESTS

During the 1973 flight test program the aircraft flew into
regions of severe air turbulence in order to evaluate the CAT laser
performance against turbulence. The flights were conducted over the
Owens Valley in California through cumulus clouds which were fed by
high winds from adjacent mountain ranges., The laser operated con-

tinuously during these flights even though the aircraft encountered
forces as great as 1.24G above normal.

The high turbulences were clearly shown on the laser radar dis-
plays well before they were reached. They appear as wide returns on
the Range/Velocity Indicator (RVI). The time of encounter is pre-
dicted from the range and aircraft velocity, and the severity of the
turbulence is shown by the width of the RVI signal. The aircraft
generally avoided the turbulent clouds for safety reasons. Thus,
only one correlation could be made between the Doppler spread of the
laser return and the turbulence actually encountered. The £light
turbulence was measured by accelerometers located in the aircraft.

4.1 RETURNS FROM TURBULENT CLOUDS

Typical sequence camera A-scope and RVI returns from clouds are
shown in Figure I'-21. The five photographs show the more interesting
returns from the flights. The A-scope is on the bottom and the Range/
Velocity Indicator (RVI) on the top. The scale is 2.64 MHz/div. ver-

tically and 2 nau. miles/div. horizontally on the RVI and 10 dB/div.

vertically on the A-scope. (For 10.6 micron radiation one MHz of

doppler shift is equivalent to 17.4 f£t/sec.) The A-scope return does

not always correlate with the RVI signal because the A-scope shows
the return only at a single frequency.
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v RVI

#2729--THREE CLOUDS

#2835 to #28B38--
WIDE SPECTRAL RETURNS

ok ' (b)
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EO=560

CAT FLIGHT B8 - January 15, 1973 - Run 12

Figure F=21. Cumulus Clouds in Bishop Area - Altitude 17,000 Ft.
(Sheet 1 of 2)
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#2729--THREE CLOUDS
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. 2835 to #2838--
WIDE SPECTRAL RETURNS

(e)

EO=567

CAT FLIGHT B8 - January 15, 1973 - Run B8 - (continued)

Figure F-21. Cumulus Clouds in Bishop Area - Altitude 17,000 Ft.
(Sheet 2 of 2)
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{ ? A study of the cloud returns indicates that:

« As many as three well-separated clouds were detected
| simultaneously by the laser radar (see Figure F-2la.)

¢ o Doppler widths were as large as 5.5 MHz, showing a wind
velocity spread of €0 mph in the space of a mile (see
. Figure. F=21lb.)

e Clouds were detected at ranges out to 9 nautical miles.

+ Signal-to-noise ratios exceeded 20 dB.

« The extent of laser beam penetration into a cloud was as
much as three nautical miles
One conclusion from these observations is that 10.6 micron radiation
i penetrates certain types of cumulus clouds well. A visuval check

rST—

showed the clouds to be opague to visible radiation (see Figure F-3).
In spite of the good penetration, the backscatter return was still
high - in ors instance when two clouds were detected simultaneously

the signal-to-noise ratio was 13 dB from each one.

=

Clpzuds were detected on 37 occasions during the two flights
along the Owens Valley, B4 and BE8. The characteristics of the clouds
as determined from the sequence camera photographs are summarized in
Tables F~3 and F-4. The clouds were more turbulent on Flight B4
{ than on Flight B8 as the Doppler widths indicate.

4.2 CORRELATION OF LASER RETURN WITH FLIGHT TURBULENCE

s o

The correlation between the CAT laser radar returns from a tur-
bulent cloud and actual flight turbulence was successfully demonstrated
and is shown in Figure F-22, which was taken from Progress Report 1ll.
The Intensity/Velocity Indicator (IVI), which displays intensity
against frequency (velocity) at a given range, is shown on the top
and the aircraft acceleration on the bottom. The range of the IVI
f was set at 2.25 nautical miles. Flying at a recorded speed of 350
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knots, the aircraft should encounter the turbulence 23 seconds
later. The aircraft vertical accelerometer recorded a strong im-
pulse 24 seconds afterward, showing excellent correlation between
turbulence as predicted by the CAT laser radar, and the turbulence
as experienced later by the aircraft,

The accelerometer scale can be calibrated by comparison with the
digital accelerometer data in the in-flight data print-outs. The
highest value of acceleration occurring in the time interval of the
measurement is recorded. There are print-outs for teri-second, five-
second and one-second intervals. The values for one-second intervals
in the period depicted in Figure F-22 are listed in Table F-4. There
is an excellent match if the printed values are plotted on a vertical
scale of 0.32G per box with the zero-G level (rest state) set at
1.43 boxes above the centerline. Therefore, at the 24-second mark
a downward force of 0.3G relative to rest changed to an upward force
of 0.45G in less than a second. The largest upward force was l.24G
above normal, encountered at 23:43:12 on Flight B4,
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TABLE F-5 o
IN-FLIGHT RECORDED ACCELERATIONS T
Flight: B4 o
Time Period: 23:53:09 to 23:53:59 GMT AR
Vertical Vertical i
Time Acceleration Time Acceleration N
23:53:09 0.36 g 23:53:35 0.20 g ) f
10 .37 36 .05 ol
11 41 37 ~.04 N
12 .35 38 -.15 R
13 .46 39 .08
14 .56 40 ~.12 o
15 .49 41 ~.10 o
16 .42 : 42 -.,05 ‘
17 .48 43 -.06 o
18 .38 44 -.26 ]
19 .29 45 -.08 :
20 .36 46 -.06 a
21 .22 47 -.12 5
22 .28 48 -.20
23 .39 49 -.19 v
24 .27 50 -.10 '
25 .20 51 ~.04 B
26 .37 52 -.05 -
27 .27 53 .07 "1 3
: 28 .16 54 .05 w4 ;
P 29 -.01 55 .03 - ¥
| 30 .02 56 11 A
? 31 0 57 .05 ey
55 : 32 .10 58 .05 ﬁﬁ ‘
A 33 .41 59 .16 :
; 34 .42
|
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SECTION 5

MISCELLANEOUS TARGETS

The returns from all targets'other than Rogers Dry Lake at
Edwards AFB, clear air and turbulent clouds are discussed in this
section. These targets are:

Mountain (partially snow-covered)
Ground (prior to landing)

Dust clouds

Cumulus clouds

Cirrus clouds

In general, the returns followed approximately the same slope with
range as the the Edwards data. The reflectivities of the targets
based upon the calibration from the Edwards tests are listed in Table
F"'6 .

¢

Continuous returns from cirrus clouds were detected out to 8 and

possibly 14 nautical niles at altitudes between 30 and 40 thousand feet.

5.1 SIGNAL-TO~-NOISE RATIC MEASUREMENTS

All the targets except for cirrus clouds were detected on the last
£light, B8. The altitudes and times of detection are:

Target Altitude Run Time_ (GMT)

Mountain 10 Kft 20 21 hr:38 min

Ground (before landing) ~ 6 21 21:52

Dust cloud ~ B 20 21:43

Cumulus clouds ~l® 19 21:30
F-69
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TABLE F-6

TARGET REFLECTIVITIES AT 10.6 MICRONS

Target Backscatter Reflectivity, o (1)
Ground (Edwards)?® lel.O"3 ster~t @
Ground (S.F. area) 5xlo"§

Mountain (snow?) 5x10°

Cumulus clouds o 8x10"> b

Dust cloud ~ 3x1074

Air © . 2x107° c

Notes: '

a. Reference target. Measured by R. Seavey on flat,
dried sample (see Raytheon memo 73-RES-2)

These values may be low because any overflow of
the return outside the 250 kHz bandwidth due to
doppler spread was not taken into account.

c¢. Equivalent reflectivity based upon parameters of

the CAT laser radar and an air backscatter coeffi-

cient of 1078 meter 1 ster T, (See Section 3.2)
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The mountain and clouds were in the Owens Valley area and the ground ‘
is in the general area of San Francisco. The dust and cumulus clouds i
were also detected on other occasions during the flight test series,

The measurements of signal-to-noise ratio against these targets
are plotted in Figure F-23, The Edwards data are also plotted for com-
parison. The signals from the hard targets, the mountain and ground,
were of similar amplitude to the signals from the dry lake at Edwards,
indicating that the dry lake was not an unusual target from the view-
point of reflectivity. Note also that the slopes of the miscellaneous
target data tend to follow the slope of the Edwards data, which was
most closely fit by the 6000 foot focused receiver curve,

The cumulus and dust clouds are turbulent and tended to spread é
the return signal over a frequency band larger than the bandwidth,
Therefore the measured signal-to-nnise ratios are too low by a few dB.

5.2 REFLECTIVITY

The reflectivities are determined by comparison to the calibrated
Edward's data. Assuqing the system losses remain the same, the reflec-
tivities are in the same ratio as the signal-to-noise ratios. A
correction factor is applied for the difference in atmospheric atten-
vation. Figure F-13 of Section 2 shows a typical variation of atten-
uation coefficient with altitude. Based upon these data the attenua-
zion coefficients are estimated to compare with the Edwards coefficients
as follows: for mountain, roughly 0.1 dB/km lower; for ground in San
Francisco area, roughly 0.1 dB/km higher; for cumulus clouds at 16,000
feet altitude, approximately 0.15 dB/km lower; and for the air around
dust clouds, roughly C.l dB/km higher.

4

The reflectivities as determined from the measurements are listed 3
in Table F-6. It is interesting to note that the reflectivities of
the ground - Rogers Dry Lake at Edwards, a mountain, the area around
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San Francisco - are all the same in spite of the differences in sur-~
faces. The reason for this similarity is not known.

5.3 CIRRUS CLOUDS

Cirrus clouds were detected on numerous occasions during the
flight series, particularly on Flight B6 on January 16 toward Gary,

Indiana. When the aircraft flew in the clouds continuous returns were
received out to 8 and possibly 14 nautical miles.

From the sequence
camera record,

A-scope showed returns out to 6 miles
RVI showed distinct return out to 8 miles
RVI showed faint return out to 14 miles.

The RVI has greater range because it integrates pulses.

The alti-
tude of the aircraft was 30 to 40 thousand feet.

The signal-to-noise ratios are plotted in Figure F-24. They reach
as high as 20 dB which is within 5 dB of the peak return from cumulus
clouds. Note that the return at 19:10 marked by dots is low initially
but extends out to a further range than the other two returns, indi~

cating a lower density cloud and greater penetration of the laser

radiations. A signal through 8 miles of cirrus cloud shows excellent

penetration by 10,6 micron radiation.

‘

F=73

AN TTRE L R

i N e i o PR e R W L
_ﬂ;"h T PP P LIRT i i Z -

e PR




|

FLIGHT B6 (19) 1/17/73 Run 2 -

-
60 I ! 1
‘ sy 44444 EEEE REE
4 ' b4 4 = ' ' b
+ ' ! 1 -s
. EEREERR |
ferdnd 44 14 ’
- bt ot P N B e . RS R . .
P Paerbag S EERE ’
!
‘ ‘ ‘ t ’ ' ‘ !lelu " l'
: | - {4 bhga gt \ TP PRRH T '“I e “
{ R IRRR \ i of Hod g
L Sl ‘ s .
50 oveuteen s
' ‘ T . F ey e I
| ' $-4-4 $ 44 ' i o M
‘ ‘ IR [ Y ERER] ‘ TEY ITES ION T AR N B '8
| i Ly bl e (L] LR SRR R IS A
- . T W . ....1.7.-¢¢r<..; - . p
\ ) by ST IR e -.{-u-un naE
‘ ' Y ‘4 R EREE \ 'y ) IRY ERRT! UEURY (RN (RN RVREY B
' b 4 | ' IR EEER Y IR o ] (IR RRE) (OO SLEE R G
40 | ‘ ‘ ' oty } ' ‘e IURY RRTTY INTR! ITTY1 AOR! N AN ERY B
! l mH
- -
. i ‘4 ) ' g -g=4=4 Vg ‘ ' PR PETEY LS LI Y e B g
S/N 4444 ' ‘b } $odt bbb d s bl fiaa s PRRRY FRUTY 1U0%1 FEENE RS N W
(dB) - p b ' $- b4 444 e ' ) N RN PRYRY IRTTY IYRY PERYY N boo §ondod
1.4 q b H ‘ -9 deddod e ddidiid IR RERTY IRRRY ITN) Ioeny ioe e
. e ——————at - PR WIS IS WS S B SRSEY PR "
N ooy B R IRRER K] ‘ ) PRRRY TRITY 1RTT) BRRNY LT T
-4 44 - ted b ) ERRE BRERY RETET FRERS IREE IRae hhke cotlt L oad) B
30 ' ‘ 414 Ve 'y 4 IERY TRERT IRRTI B3 Rt 3 )‘0‘471
——— - e
\ \ m § 44444 | | E IR FERRY IRRRT IRERT ITTNT L L i !
{ 4 $-4 's.. | W RRERY ERETYRIREY LETEY RO (44 I e o
IR ) RE ‘4 'R0 'Y RRRRE RRRRI IRRL g
| | | i
44 4oy {4 ) IRE RRERY FRERE RTREY RETRY EESHY INORE BN
| | \
- — > e -9 - e - . DR B A RS d -
t ! [ ! 0 b i
444 I 14 I3 {4 444 M ‘,»l APRRY RRTTE FEPR IREN SREM IREN IR N
| } bod -85 4 she ks bed ‘l.l IRRRE RURY FROTY FRORL ITRRI MAH s Ll
| dobd Fia b4 RN ERREEERTRY [TRE RENR HEEHE FEHHE O A O S
20 ' ‘ ‘ b . ' IEERE ERE R L«s. i .I‘. IRTS! LAY R T B
*.b—*“- ] . T ’ ‘ ‘ |
‘o I I SRR (R RS RE AR ...l.a?. res BT T M T
' ' 4+ 4-4 N EEESE REREE REREY ERRES RRRSE IREEY IRTRE 13111 (ER! IRRLY G0 Sl M S
. ' ‘ I § |} e .’55 IREE ERRRE RRRAS BRA2T ERARE 24801 1hads hhdd tbeei Min 4 o
H ' ‘ 4§44 Av}' R IR It Y PRRY FRRYY THUNT TROVY 1ON! ivey m
| i | | {
- E 3 ’ bbb PG WD — sy R = + ' . y
! . ' ‘ bad bbbt ddictedsddd tHrt t PRTTY FROWS IFH FATS IOUY FYW T
1 | ) R
: B RN ERREY FRERY ERERE FRON MY 1Y wp
' T 'R R te4y 11 I r.ﬂ + ! !
' ' ' ' R RS SR RS R ARS A8 chaas Anf ot 01100 babit 1hti ‘ by
1 ] LR
10 ‘o : Loirs I EREE N REREY TRREY ERTRY IRES St ! i
{11 | | | ! 11l
¢ i > ' * * 1L T
ot ' e ) R e LR ERESY EERRY TERRY 28] 17 (OO I SN
e ptt41 4 T
' +-4 ¢ ' ) IR L IR RS IR 22 RRR44 Baaat Aeat! o ‘-A gt B
- ‘4 +4 ot ‘b IS EETRRRTE RS BN TRRDY FReR) MR 1H 1 SR
|
' 444 -Aa’« ' 44 [ . vy IR EEEEEE BEERY LEREY ETRY LRRRT LIRL L3331 B
- P o ...—..<.<.--r-.-<<_._*_.<.. i d e cae bosad .
" ‘ 444444 btd 4 ‘ I {44 1 1444 ' 1999 .{
‘ i : | ) i ) pebegotildigu § bbb ..l. ‘ " i
bt Sttt . " et $—-+4 ‘4 Phaa s eee e ods vansfoof '
|
P " b At e $—p—tp—t RS LR R e Y R I It . R
0 I ] | lw ! 00 LEER1 TR0 "
RANGE (THOU. OF FEET)
EOA-1037
.
-

Figure F-24, Signal-to=Noise Ratios from Cirrus Clouds 1
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SECTION 6

EVALUATION

The January 1973 flight test series demonstrated that the CAT
laser operated consistently during all types of flight conditions

within 2 dB of its theoretical performance and that it could detect

and measure turbulence in front of the ailrcraft. The question to

he answered here is how much improvement is still required to detect
Clear Air Turbulence at high altitude.

A. Jelalian derived the required improvement to be roughly 20

dB in Raytheon memo EM-73-1115. Although a somewhat different approach

was used, the same conclusion was reached that roughly 20 dB of system
improvement is necessary.

The determination of the required imprd¢vement is outlined in
Table F-7. The actual flight test results were used as the starting
point, viz., that the signal-to-noise ratio against air was roughly
15 dB at low altitude at 2 nautical miles range as shown in Figure
F-18. From there the required improvements are determined to be:

. 11 @B for a detection range of 5 nautical miles
~ 18 dB for a detection range of 10 nautical miles

. 26 dB for a detection range of 20 nautical miles

at an altitude of 40,000 feet.
10 to 20 nautical
20 dB.

Since the desired detection range is
miles, the required improvement in SNR is roughly

The required

improvement is plotted against range and altitude
in Figure F-25,
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The assumptions in the above analysis are:

a. The receiver was focussed at 6000 feet during the
January tests; also that it can be properly colli-
mated in future systems.

b. The backscatter coefficient is a factor of 16 lower
at 40,000 feet (ﬁ~10'10 per meter-ster) and a factor
of 5 lower at 20,000 feet (B~4x10"10 per meter-ster),
compared with ground level,

c¢. The atmospheric attenuation coefficient is 0.1 dB/km
each way at 40,000 feet and 0.15 dB/km at 20,000 feet.

d. A SNR of 8 dB is sufficient for detection, and any
reduction from frequency - broadening of the signal

beyond the bandwidth due to turbulence is not detri-
mental.

The SNR improvement can come from a variety of sources. The
logical ones are:

1. Reduce the losses. The observed loss exclusive of the
detector is 15 dB which is detailed as follows:

Optics (beamsplitter, GE window, lenses) 3 dB
Extended diffuse target, Gaussian beam 5 dB
Target depolarization 1l dB
Receiver electronics - 4 4dB
Unexplained 2 dB

It may be possible to eliminate up to 5 dB of these losses
but a couple 4B is more likely.
2. Pulse integration. The SNR can be improved by the number
of pulses if the integration is perfect and the signal

amplitude remains constant. However, the signal ampli-

tude varies widely, and analytical integration of the '

F-78

e

L

L TN 7 DA A R




-

l

!

1

1

1

o
H
i
|
i
H
i
+

g oy e e o o e e e . SR S ———

[

{

¥

e TR TSRS SRR

r Edwards returns showed that there was virtually no improve-
E ment in integrating 50 pulses. At higher altitudes the 4
' air turbulence, which is the primary cause of the signal
variation, is less severe., Hence, there may be substantial
improvement from integration, though by less than the number
of pulses.

3. Increase the laser output. If all else fails, the improve- 1
ment must come from this source. §

|

i

{

E 4. Other system improvements. Two possibilities are the

' detector and the aperture. The quantum efficiency of

| the HgCdTe detector in the test was approximately 0.25,

* so there is little room for improvement here. Enlarging

the effective aperture from 10 to 15 inches only increases

the signal-to-noise ratio at 10 miles by 3 dB in theory, C
! and perhaps less in practice.due to turbulence limitations.

l Therefore, pulse integration and increasing the laser output are
p the most promising areas for realizing the 20 dB improvement in
i signal-to-noise ratio.,
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ATTACHMENT 1

CALCULATION OF ATMOSPHERIC TRANSMISHSION

The method of determining the transmission of CO, laser radia-
tion from the temperature, humidity and altitude is explained here.
The atmospheric attenuation during the dives at Edwards AFB discussed

in Section 2 and the air backscatter measurements in Section 3 is of
interest.

The two major attenuators of o, laser radiation are water

vapor and carbon dioxide. A third attenuator is aerosols, primarily

water droplets, but their effect is generally less significant at
10.6 microns unless a dense haze or fog is present.

1.1 ATTENUATION BY WATER VAPOR

To determine the attenuation from water vapor, the relative

humidity, temperature and pressure are required. The parameters moni-

tored in flight are the static temperature, dew frost temperature and
altitude. The relative humidity is calculated from the static and
dew frost temperatures by the formula:

RH = 10%7Y (F-3)
where

%oy = A, Td " Ts

o+ lay o+l
B B

and

A= 7.5

B = 237.3
where TS and Td are the static and dew frost temperatures. The water

vapor content, measured in terms of its partial pressure, is given by:
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p = RH x Partial pressure of H,0 for 100% humidity

O.OZSQTS

~ RH x 5.2 x 10 (F=4)

for the temperature region of interest. The attenuation of 10,6 micron
radiation due to water vapor was measured by J. McCoy, D. Rensch and

R. Longl to follow the formula,

6

= 4,32 x 10" p (P+193p) (F=5)

M
H20

Here, 1

“Héo is the attenuation coefficient due to water vapor, in km~
p is the partial pressure of H,0, in Torrx

P is the total pressure, in Torr

As an approximation over the altitudes of interest,

P a 760 x 10-0-0172H (F-6)

where H is the altitude in thousands of feet above sea level,

1,2 ATTENUATION BY CARBON DIOXIDE

The second significant attenuator of co, laser radiation is
carbon dioxide. P. Yin and R. Long2 have calculated the absorption
at the center of the P(20) line as a function of altitude. From
their data,
“COz ~ 0.072 - 0.002H (F-7)
for January, where the altitude H is in thousands of feet. The approxi-
mation is valid up to an altitude of 12 km (40,000 feet).

1.3 TOTAL ATTENUATION

The round-trip atmospheric transmission along a slant path is
given by:

[y

n, = exp (2j§u(R')dR') (Fuefl)

where R is the path length and R' is the range along the path. The
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attenuvation coefficient u(R ) is:

+ U
H co
© 2 (F=9)

where HCO2 is given by equation (F=-7) and “HZO is given by equations

(F-6), (F-4) and (F-3), The atmospheric transmissions were determined
by this technique in Sections 2 and 3.

REFERENCES

1, J. McCoy, D. Rensch, R. Long, App. Op., Vol. 8 No.7,

7/69, pp. 1471-8

2. P. Yin and R. Long, App. Op., Vol. 7, No. 8, B/68

pp. 1551-3
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ATTACHMENT 2
SEQUENCE CAMERA DATA

A review of the targets, signal-to-noise ratios and other para-
metric data in the sequence camera films of the A-scope and RVI is
given in this Attachment, The flights covered are B8(21) on January 19
which contained the most information and B2(15) on January 12 which
included the dives at Edwards, The time history of Flight B8 is
given on pages F~-85 through F-90 and the signal~-to~noise ratios on
pages F-91 through F-95. Flight B2 is covered on pages F-96 through

F-100.

All signal-to-noise ratios in this Attachment must be raised by
3.4 dB. The rms level of the noise was improperly located in the
early days of the data analysis and was subsequently found to be
3.4 4B below the A-scope baseline (see Section 2.4.1).
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SUMMARY SHEET OF TARGETS ON SEQUENCE CAMERA FILM,
FLIGHT B8 (21), 1/19/73

RUN SC_PHOTOS
1 TO 127*
2,3 147-163%
4 185-267*
5 274%
6,7,8 280~972%
8,9 982-1471
11,12 1670~2073%
14 2106-2387%*
17 2438-2589%
18 2696-2850
19 2885-2948
2973
20 3025-3074
3093-3225
3236-3341
3503-3826
3840-3857
3862-3883
3929-3946
4084-4099
21 4323-4342
4352-4416
4552-4988

TARGET(S

CLEAR AIR
CIRRUS CLOUD**
CLEAR AIR¥**

DUST CLOUD, GROUND, CLEAR AIR (OVER SAND HILLS
NEAR IMPERIAL VALLEY)

CLEAR AIR, DUST CLOUD

DUST CLOUD, GROUND**

GROUND, DUST OVER GROUND*#¥

GROUND, CLEAR AIR** (EDWARDS)

GROUND, DUST CLOUD** (EDWARDS)

TWO CUMULUS CLOUDS (OWENS VALLEY)

CUMULUS CLOUD (OWENS VALLEY)

MOUNTAIN (OWENS VALLEY)

CLEAR AIR, DUST CLOUD**, GROUND¥** (OWENS VALLEY)

TWG CUMULUS CLOUDS (OWENS VALLEY)

CLEAR AIR, MOUNTAIN, CUMULUS CLOUD** (OWENS VALLEY)

CUMULUS CLOUD** (OWENS VALLEY)

CUMULUS CLOUD** (OWENS VALLEY)

TWO CLOUDS**

CUMULUS CLOUD

CIRRUS CLOUD**

CIRRUS CLOUD**

GROUND (NEAR MOFFETT), CLEAR AIR, CUMULUS CLOUD*¥*

#:,-SCOPE NOT FUNCTIONING PROPERLY
**PROBABLE TARGET
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CAT FLIGHT TEST DATA REDUCTION

REVIEW OF SEQUENCE CAMERA FILM

b

FLIGHT B8 (21), 1/19/73

Clear air returns were observed during f£light up
to altitudes of 24 Kft. However, no signals ap~
pear on A-scope, only slight signals on RVI, ~ 0.5
MHz wide (see for example SC 0094),

Last (?) trace of RVI signal appears, H = 24 Kft.
Possible returns on 133, 137-8,

Slight backscatter return on RVI, probably from
cirrus cloud. No A-scope correlation. 0.2-) MHz
width, H = 27 Kft,

Last trace of signal

Slight signal on RVI, flight over sand dunes, no
clouds noted. No A-scope correlation. ~ 0.2 MHz,
H = 15.3, level flight

Last trace of signal

Signal appears on RVI at range of 12-16 mi.,,
H = 9.44, level flight

Signal appears at 5-6 mi.

Second signal appears at 11 mi. on RVI, ~ 3 MHz

away from first signal. Closer target may be a dust
cloud, further target the ground. Still no A-scope
correlation. Depression angle w~ 5°, A 3 MHz sep-
aration indicages ~ 30 knots, data sheets show a

40 knot wind 7° away from the aircraft velocity
vector, hence there is an approximate correlation.
Far signal (ground) disappears

Near signal ends

Near signal returns in strength. Indicates aircraft
is passing back and forth through a dust cloud, con-
firmed by in-flight notes. Signal on RVI extends
out to ~ 6 mi, still no A-scope signal. A-scope
apparently is not working.

A second signal appears at 8 mi., offset . 2 MHz
from the first. The backscatter return (first)
snakes through ~ 0.5 MHz, indicating a shear. Data
indicates beginning of descent (sand hills near Im~
perial Valley).

A third weaker signal appears at very close range

(§ 2 mi), ~ 2 MHz away from the strong backscatter
return, its separation varies to 4 MHz away in SC
700's, finally disappears ~ SC 800.

The two strong signals merge into one in range, ex-
tending out to 6 miles. Ground signal comes as
close as 5 mi.

GMT sC Photo Signal
17:11
(Run 1)
17:12:08 127
17:26:11 147
(2,3)
163
18:16:19 185
(4)
267
18:30:27 274
(5)
18:38:07 2802
(6)
281
301
325
341
18:49:07 635
(7)
637
647
680

Ground signal disappears (but reappears momentarily
on SC 699 and 700). Data sheets indicate end of
dive. Backscatter return continues on RVI, strong
and wide (. 3 MHz).
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GMT SC _Photo Signal
< :
58&15 968 // A-scope finally works. Shows high SNR for back-
(§l§¢m\ - scatter
" 969 See Table 1 for SNR, H = 2.2 Kft. /
971 See Table 2 for SNR L 4
58:19 972 Air return finally disappearg. = ~
-“9 17 9822 Backscatter signal out to ~ 4 mi,
\ H= 2.2, V= 217 knots,
' 993 See Table 3 for SNR
3 998 See Table 4 for SNR , -
A 999 See Table 5 for SNR. Low SNR's at ranges less than
L 2 mi. may be due to receiver malfuriction.
1110-13 5light break-up of air return into two separate
doppler segments
~19:03:07 1142 Plrst appearance of well~separated doppler s;gnal
=(9) ¥ ~ 3 MHz apart. One signal extends out to 7 mi. on
RVI (SC 1246), the othexr/ to ~ 2 mi.
1255 Long doppler signal snakes across RVI. <Correlation
= of snaking effect by A-scope
== 1275 See Table 6 for SNR. ~ 4.4.
07:38 1364 One signal (out to 6 ml) finally ends
1471° (End of reel. Next one started a half hour later.)
(Reel 2) v
"19:39:13 1670 Signal appears on A-scope ‘out to ~ 6 mi, probably a
(11) dust cloud. Signal snakes in_frequency through
~ 0.3 MHz. H ~ 10 Kft, ix middle of 50 dive.

1671 A second signal appears at 12 mi, offset ~ 2.5 MHz
from the first, probably the ground. No A-=scope
correlation (it does not appear to be functioning).

41:30 1785 Ground signal disappears (receiver is overloadlng)
(12) 1945 Occasional second 51gnal appears at 5-8 mi. around
, this time.
55:49 2073 Air return flnally disappears
20:29:05 2106 Signal (probably the ground during the dive) at 9.4
(14) mi. Width ~ 0.7 MHz, ~ 1 mi long.
2122 Signal begins to appear on A-scope, however, its
" amplitude is much lower than expected. Suspect A-
. scope still not functioning properly.
- 2239 Two separate signals appear - dust moving over
= ground -
34:37 2387 Last trace of all signals. h
20:50:26 2438 Ground first appears at end of scale for. Run 17 at
(17) Edwards. Values appearing on A-scope are approXi-
mately an order of magnitude lower than values
called out during flight. The SC A-scope is still
. not functioning rlght. i ;
; 2589 Ends dive. Oplv air return out to % + mi. remains.
o )
21:01:06" 2696 Ground first appears at end of scale for Run 18 at
(18) Edwards. - <

s » = .
R I R T W . S

A-Scope now worklng Y
L Sge Table 7 for SNR. ~E>
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_GMT

Sc_Photo __ Signal : ’

o

21:22:52
(19)

24:03
21:30:00

21:38:15
(20)

21:41:17

42:43

21:43:14 «

~ 5 mi.

3093 ngnal appears at close range, extends out to ~ 4
mi. Apparently an air backscatter return. = 6.
v = 330.

3120 See Table 10 for SNR.

3128 See Table 1l for SNR.

3132 See Table 12 fdy SNR.

3141,544, S/N ~ 8 dB at pjinimum range.
2
3173, Slgnal is disappearing. H ~ 6 Kft. ,
3177 Strong sxgnal appears at 3 mi. Data shows slight

Slight dust cloud attenuates beam. Dust retuxn

is especially apparent when ground is < 4 mi ‘away .
It is offset ~ 1.5 MHz from ground return, dgta
sheets indicate a ~ 30 knot ground wind ~ 70 “
away from aircraft heading, hence its doppler sep-
aration should'be ~ 1 MHz.

Printed data: V held at ~ 300 knots (+ 10 knots
for siost of dive), o ~ 6.8YD with
typical value of 6°D}"€ﬁ81efore laser is pointed

~ 69 + 1.59 = 7.59 down.

28852 Signa)l appears at 5 mi, probably from cloud. Notes
indicate Owens Valley, just past Mt. Whitney. Cloud
length ~ 1.7 mi, doppler width ~ 1 MHz, H = 14.4 Kft
v = 308, Py d(" 2.7°9U, heading remains constant at

this time + 20),
See Table 8 for SNR, o ‘
2912 Second cloud appears at 5.5 mi, same doppler shift.
2913 SNR of second cloud = 10 dB at 5.5 mi.
2916 SNR of cloud #l ~ 10 4B at 2 mi, SNR of cloud #2
~ 8 dB at 5 mi.
2922 Both clouds merge.
2948 Cloud return disappears as aircraft closes in on it.
Slight turbulence was encountered shortly thereafter
(~ 0.16 G).
2973 Cloud return aphears at 3 mi on 12 out of 13 frames,

~ 1.7 mi in length, 1l MHz wide. H = 16.3, V = 302,
'@ = 1.7°U, heading constant for 80 sec afterward.

3025° Shrong signal at 8 mi. Probably a mountain because
? ~1235°D) Return is very strong and narrow
~4 n‘ J‘ |

See Table 9 for SNR. %
3040-5 “ Return starts to recede and approach again. Data
sheets indicate a 30° roll is starting.
3073-4  Signal suddenly disappears. Indicates target was
a mountain the plane was heading for and had just
looked over a ridge. Distance of closest approach

dive, prior to an ascent. Plane starts at 5.7 Kft,
dives to 4.35, then rises again. Length % 2.5 mi

(sC¢32009) . i
See Table 13 for SNR. ~
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GMT

SC Photo

Signal !

44:09

. 21:45:45

21:49:39

50:27

21:55:51

A

07:44

3187

3219
3225

32362

3265-74
/
3299

.3314-

4
. voox,
G AN VP CORRPRCT: S JINE. . ST CaUae

@

In-flight notes indicate dust cloud in Owens Valley

Second sxgnal at saJé range but different doppler
shift (~ 3 MHz away) appears. Probably the ground.
It may have been off scale in- frequency on earlier
photos.

Ground return dlsappears.

Air return disappears, Data indicate plane in turn.

Signal appears at 4-5.5 mi, ~ 0.6 MHz wide, prob-

ably a cloud.

See Table 14 for SNR.

Signal sporadically disappears and reappears. Re~-

ceiver overloading.

Signa/< appears at 4 mi, probably the dust cloud.

Just ¢omplet1ng turn. Doppler width ~ 1.5 Miz.

Second signal appears, ~ 1.5 mi further away,

same doppler shift.

SNR of #2 4s 5 dB at 4 mi when SNR of #1 is 15 ‘3B

at 1.5 mi. )

SNR of #2 is 9 dB at 3. 5 mi when SNR of #l is 10 dB

at 1.5 miz -

Signal for first cloud disappears as plane gets

close to it. SNR of #2 is 10 4B at 3 mi.
= 13 dB at 2 to 3 mi.

SNR = 18 dB at. 2 mi.

SNR = 19 dB at 1.7 mi.

Signal disappears.

Backscatter signal out to 3.5 mx, ~ 0.6 MHz wide,

H=9 Kft, Vv = 284, ®indic © 1°U, constant heading.
See Table 15 for SNR

See Table 16 for SNR.

See Table 17 for SNR.

Signal extends out to 6 mi on RVI.

S/N = 11 dB at 2.7 mi.

See Table 18 for SNR. H = 8.8.

A second signal suddenly appears at ~ 4.5 mi, 2
MHz away but lasts for only two photos.

S/N = 14 dB at 2 mi.

Second signal appears at 9 mi, 2 MHz away. Plane
is in turn (10° in 20 sec).

Thirxd smgnal appears just beyond first signal
(range ~ 4-5 mi) offset ~ 1 MHz in frequency.
Positions of three signals:

N Signal Range Frequency Offset from #l
[y 1 2~4 mi ' - ‘
‘ 3 4-5 ~ = 1 MHz
F~-88 iy
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GMT

SC_PHoto

.

o A

Signal

58:27

22£b2:19ﬂ‘

22:04:48

22:06:02

O

22:07:23
07:44
22:10:27

22:34:01
(21)

3636

3645

3646
3650
3652

3581
3686
3739

3766
3767

3774
3826

" 3840

3841
3857

3862

3870
3883

3929 -

3939
3942

3946
4084

14099
4323°

-

: T e K . L
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Frequency spread of thaee signals has doubled.
Aircraft heading = 335  at 58:16, 3529 at 58:55.
Last trace of signal #3,

A-scope finally on Signal #2. S5/N = 16-21 dB at
7.4 mi. High sharp signal indicates hard tarxget.
Signal #3 has disappeared but Signal #l at minimum
range is still present to attenuate signal #2,

S/N = 16 dB at 7 mi. '

S/N = 19 dB at 7 mi.

Signal #2 abruptly disappears. Target appears

to have been a mountain that the plane had just
turned from. "

A gecond signal appears at 5 mi, 2 MHz away.
Second signal disappears.

A second signal appears at 5.5 mi, ~ 0.2 MHz away,
S/N ~ 4 dB, signal on only one photo.

A second signal appears at 7 mi at same frequency.
S/N of close signal ~ 8 - 14 dB, S/N of far signal
~ 4 dB at 7 wmi.

Second signal disappears.

First signal finally, but gradually, disappears.
Data sheets indicate plane is ascending. H = 14 Kf

(plane was at 7.5 Kft two minutes earlier). So 3

near return (signal #l) was clear air backscatter.

Signal at 7 mi, looks like cloud, ~ 12 psec long,
~ 1 MHz wide. H = 14 Kft, V = 320, 9 = 0°,
S/N =5 =~ 17 dB at 7 wmi.

Signal digappears.

Slight backscatter signal at minimum range. Its
rather sudden appearance plus its high amplitude
later indicates probable cloud. S/N = 6 dB at 2 mi.
H = 14.2 Kft.

S/N = 12 dB at 2.6 mi.

Signal disappears, ¢
Signals appear at 3 and 7.5 mi. Closer signal in-
creases on subsequent photos, further signal dis-
appears.

S/N = 16 dB at 1.7 mi, extends out to 5 mi.

Close signal disappears, segment remains at 6 mi,
~ B usec long. i

Signal disappears. '

Signal appears at 5 mi, probably a cloud. See
Table 19 for SNR. ,
Signal disappears.

Signal appears out to 4 mi. Looks like air back-
scatter but is quite strong, may be cirrus cloud.
H = 22.4, ®ing = 4.9°D. \

See Table 20 for SNR.
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4330
34:23 4342

22:34:33 4352
4354
4359

4376
4416

22:52:01 45522

52:47 4590

4618
4627

4630
4637
| 4644
\ 4650
4666 & 82
54:58 4703

4705

4706

4708

, 4710
55:29 4729

4733 -

4736
4738
4744
59:)5 4927

Q

4934

4936
4451

4966

NOTES

123:00:23 4988 |

See Table 21 for SNR.

Signal disappears.

Backscatter return appears on A-scope, no RVI cor~
relation. H = 20, ¥, q.= 5-7°D,

Slight signal on RvIiMsnakes in frequency through
~ 0.4 MHz. Doppler width ~ 0.2 MHz.

S/N ~ 5 dB at 2.4 mi(A-scope), RVI signal at 3.2 mi.
S/N ~ 6 dB at 2 mi.

Signal dlsappears.

Signal appears at 9 mi, probably the ground because
plane is begxnn;ng 1ts descent for landing.

H= 6.7, ¥, 3 4-9°D, Doppler width ~ 1 MHz.

See Table 22 for SNR.

Air backscatter also present, but 2 MHz away;

MHz wmde. Data indicates wind speed of ~ 20 kno

~ 20° from flight direction, which correlates wxsh
observed doppler shift.

Ground return disappears. Data indicates plane
pull-up. Backscatter return continues.

See Table 23 for SNR. H = 2.5,

Second signal appears at 7 mx, appears to be a

P E Y- | Y e 3B e U
u.x.uuu. L ™ wewty l d - JlU .

S/N = 12 dB at 6.3"mi. Strong backscatter return.
Second signal disappears.,

Long backscatter return, to . 6 mi. H = 3.5.

See Table 24 for SNR.

S/N'= 12 a8 at 2 mi, from air. H = 3.5 @i,q9 ~ 5°U.
Second signal appears at 5 mi. Data indicates
start of turn. i

S/N = 9 dB at 6 mi. -

Second signal disappears.

See Table 25 for SNR. H = 3.6.

S/N = 10 dB at 1.3 mi from air.

Second signal appears at 5 mi. Data indicates
start of climb (¢ = 8.7°U), therefore probably a
cloud. : :
Second,signal disappears. K

S/N = 11 dB at 2 mi from air.

Second signal appears at 7 mi.

Second signal dlsappears.

‘Second signal appears at é mi, offset in frequency
‘by 1.5 MHz, © ~~0°, H = 1.6. Probably the ground

S/N = 22 dB at 4.5 mi. H = 1.4, @44 = 0-2

Ground return disappears.

Ground return reappears at 5 mi, offset from back-
scatter return by 1.5 MHz.

Ground return dmsappears. H = 0.6 Kft.

END .

a. Sequence Camera started, )
b. SC clock time may differ from tlme GMT. SC photos are 1.2 seconds

apart.
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Table B8-1
(Clear air)
~R_. S/
(n.mi) (dB)
2 12
o 2.7 7
3.6 5
4 4
4.7 3
6 1
Table BB8-2
(Clear air)
R S/N
1.7 12
2.4 10
3 - 5
4 2
5 1
Table B8-3
R (Clear air)
R S/N
1.7 15
2 15
i 2.4 13
3 12
4 5 @
5 1.
F-91
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Table B8-4
(Clear air)

R SN
1.7 17
2 15
3 10
4 5
4.6 3

Table B8-5
(Clear air)

R S/n
i 9
1.2 10
1.5 14
1.7 17
2 ° 17
2.4 15
3 1
3.5 9
4 6
4.5 4
5 2

Table B8-6
(Clear air)

R s/N
1.8 14
‘2.2 13
2.7 1
3.6 7
4 6
5 4
6 2

i e
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rable BB8-7 (Ground, Edwards)

SC Photo

2736
41
50
53
56

R S/N

¥ ;
{n.mi) - {dB)
15 5%
14 7%
12 8¥
1l 9
10 S B
12

19%
21*
22
24 %
25
28%*

[}
|8

.7

.3 29
.2 30%
.1 30

30
33
32
37*
38%

CTINNNNNNLWWWWWHEOIUIONI~NI WO
. L ] R *
[0 LR SR 6

*Plotted on graph
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 Pable BB~8
(Cladd% ‘

SC_Photo

=

»
w

o 28

-
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L

N
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Table B8-9
}Mountain)

SC Photo
3026
3l
35.
37
50" §
52 .
57
62

bo

-
W

. L]
> 6,3 o))

U~ W

I
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&

s/
17*
15*
18»
20%
22%
22%
27 %
26%
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Table B8-10 ! | Table B8-13
(Clear air) oy (Dust cloqu)

SC Photo  _R_ S/N
12*
13%
15%
lex

18*
1%

L3

: %n
@
€
cwuorln
Z

wnanNoE |

»

©

{#% ]

.
LSRN S B -

Table BB-11 _Table B8~14

i o 7 (Clear air) N o (Cloud=-dust?)
1y . .
R S/N SC_Photo

3238
46
53¢
54
60

el

I
2
74

> ~J

W NN =2
onvULo
FHEONDWWR

squnuvw
|-
w

| . Table BEB8-12
i (Clear air)

R_ .. S/N

: ¢
l.6 8
1.6 9
2 8
2 ') 4 £ 5 i o
; 3 1
.
*Plotted on graph
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Table B8~15

D 1 (Clear air) i

:
R
——
4 . 8]
]

6
5

Py

(2]
=

é Table B8-16
i

(Clear air)
/) R S/N
.8 10

10
5 5
3

*

G NI ) gt

=]
J
2
D
t
(o
]
ot
N

RS A

R S/N

ST Ewe T

| Table B8-~18
; (Clear air)
| : R S/N
) ll
10

|

N RE RN
B =g
N WO

e e .
IR TR UL - WS Ta N NPT Sy

F-94

SC_Photo R
4092

98

Table BH-19
(Cloud)ﬁb

3.3 .8
96 3 14
2.7 17

4

Table B8=20
(Cirrus cloud?)

R S/N
10

3
0

|

®

R N %

o

A ;
/~/ Table B8=21
- (Cirrus cloud?)

S/N
1l
= 9

w»

1.7
2 '2' J =
4 2
£ %
«
X

S/N

¥ et 3

ooy
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Table BB=-22

“(Ground) (-

s/N

14*
L7
17
19%*
20%
20
2)*
21*
20%

SC_Photo

=

LS
= » L d

ow MDw Wi~

~3
o]

X
o
AL R RN SC RN i

)

*Plotted on graph
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Table B8-23

(Clear air)

S/N

R

1
2
3
4

.8
5

8-10

5

4-6

1

Table B8-24

(Clear air)

33

2

S 2.5

i

Table B8-25

S/N

1

(Clear air)
R

b WNNE

w3

7t
i

s/N
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CAT FLIGHT TEST DATA REDUCTION

REVIEW OF SEgUENCE CAMERA FILM
8C Photo

GMT® |

19:28:58

(Run 3)
J)

29:33

19:29:49

19:40:45

8
L
"

S
w

LOLIR O
S

20:42:42
(7)
47145

21:19:28

(9)

22:35 -

21:43:56
© (10)

21:58:57
(11)
59:51

22:29:13

0080
84

108

113

327
443

470
473

5R4 .

=

770

819
904

9lee

1172

1233

1395
1489
1520

1644

1696
1772

~ Signal -appears at close range,

FLIGHT B2(15), 1/12/73

Signal L o R
Ground return first sighted st 180 usec
Correlation on A-scope

S/N = 9 dB¢ at 140 psect )

S/N = 14 dB at 134 us -

Target starts receding and f;nally disappears

/4

Y, o
Ground return first s1gnteg/at l70 Hsec

See Table 15-1 for SNR

Signal width ~ 1 MHz, ¥ ~ 6°DP, v &~ 340 knots,
P =:1.8W

Signal ﬁxnally dlsappearﬁ (receiver out of saturation)

Air backsqatter return, = 4.7 Kft, ¥ = 2,20D,
V = 278, dpparent Doppler w;dth ~ 1 MHz :
S/N = 4 dQ at R = 20 Msec

S/N = 8 dB at 20 Msec

See Table 15-2 for SNR

Lagt trace. AF ”lgﬂal

Air bac@w* tter return, out to 25-30 Msec on RVI
(satu Eon much further), occasional A-scope
cornela{mon

H = ll<5 ft, © = 2, 4°u, v = 310

S/N = at 15 Msec -

,Last t ace\of hackscaltter return

Gy ounquetu*n
See T le 15-3 for SNR

Stlll have trace of receiver saturatlon.
off

Ground\\eturn First appears at end of scale
(194 Mgec) on RVI

See Table 1.5-4 for SNR

Apparent Doppler width ~ 1 MHz, H = l€, 5 V
% ~ 60D

SC turned off with trace of saturation

Ground return  First appears at 7C Msec.
See Table 15~5 for SNR
Last smgnal appears

Ground return at ~ 70 MHsec
See Table 15~-6 for SNR

Last signal (at R = 54 Msec)

scC

= 316,

‘ looks like return
from cirrus cloud. A-scope correlation,
H = 38 Kft (up to 38.55), V = 366, © ~ 20U
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& 23:49:24

b NOTES

P

s v

i s

d. R(Kft)

SC Photo
1787,'9

1788
1796

‘1797

1814
1819
1836
1839

lg72¢

Signal

RVI signal out to end aﬁ scale (200 usec) but
may be receiver overload.

Signal definitely out to 67 Hsec

See Table 15~7 for SNR

Signal out to 80 Msec on RVI, perhaps to end of ,
scales; Doppler width.. 0.7 MHz

5/N =~ 16 dB at 20 Msew’

See Table 15-8 for SNR

See  Table 15-9 for SNR

Last signal

Signal on A-scope at close range, looks like back~
scatter (RVI obscured). Appears on a few
scattered photos - 1872~74 92, 1901, 2, 7, 8,
10, 14, 15, 20, 30-3), 40. Qccasmonal correla-
tion by RVI, (Gap in data Sheet.)

-
J

f

o

o
~
<

a, SC clock time appears to differ from true GMT (as indicated on printed
data sheets) by roughly a half minute. Time is read as Hr:Min:Sec

b. Pl%ch a?gles are printed angles minus depression angle of laser beam.
: 150

c. Skgnal-tovnomse ratios are ratios of peak sxgnal to peak noise. They
' are approximately 5 dB lower than peak signal to rms noise ratios
which were originally read.

= 0.5 x R{hsec), R(n.mi.) = 0.081 x R(usec).

e, Sequence Camera started.

&

Q;
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SNR MEASUREMENTS FROM SC FILM ' “

TABLE 15-1 TABLE 15-3 (Run 7) A |
vl v §

i SC PHOTO (ujzc ?ég? SC PHOTO sec) (gé$ ii
121 103 14 916 88 11 1k

124 90 15 . 917 82 17 o

126 30 19 018 80 17 .

| 129 73 20 919 84 15 !

g 132 72 23 920 82 | 17 .

1 137 70 23 921 84 20 b
166 57 . 23 922 . B1 16 O
| 924 83 17 0o
925 83 15 o
926 84 21% 1 -

; 927 87 18 A

v 931 92 16 g

© TABLE 15-2 R 92 17+ .|

‘ o 939 74 22+ .

R S /N 941 71 22 “E
(usec) ' (dB) 943 64 26 o
20 4 954 42 21% R

25 958 39 . 33%

} 30 n = - ‘ | w%,%
l 40 " *Plotted in Figure F-9. =
| 50 : i? §
% -

F-98




TR T

Ui L
. x 6 .
I ORI N/ s o

,? 'f‘!
. o
’n © <
I
1
TABLE 15-4 (Run 9j TABLE 15-5 |
: “ R S/N | R, - s/N i
SC PHOTO (usec) (dB) SC PHOTO (usec) (aB) |
S 1239 170 ” 1491 65 0 |
42 175 5% 96 60 1 i
47 168 . 6 97 57 5 3
53 154 7 1502 i 54 6
; 54 155 g¥* 08 51 6 4
56 144 9 !
61 138 10 ,
68 142 10%
| 78 129 13% _
L. ok
¥ 90 110 13 - |
97 102 15% ° |
* N
1302 92 18 TAPLHE 56
26 72 21% &z - 7R
! 27 71 ¢ 22 SC PHOTO (usec) (dB)
39 60 23% g
\ Y 46 50 25% 1651 70 3 j
51 40 30% 52 66 5
68 36 28 57 51 7 ’
61 44 8
; | 66 43 10
- *plotted in Figure F-9. 67 42 11
: 68 44 13 = i
f ) !
3 S
G . (;_‘3\
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PABLE 15-8 s

s/
(an)
v

UNBLE 15-9

; T
R
(usoac) (an)

‘WW

20 10
25 : ‘7
30 -2

r-100

s \(k :
3,

. =
RRPWOAN



B ¢
: :
; o
1 0o

E

: k\'/ fg)
3

<
D

o
- 4 e S
, i =

L APPENDIX G

Datailed Oparating Instructions and System
Adjustmant and Processor Use fox
stha CAT Sysbtem ‘ o
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A, OPERATING INSTRUCTIONS R j:f
g :
Part /L Turning the System On .
. N ' f% ?
? . Van temperature should be between 65°and 75°F. Higher temperatures LLEY
’ o “ will cause misalignment of the. a(ﬁn;s and amplifiers as well as
cause processer fallure. R A Y o Zi
. i
lock the detector with the sig‘L*ng ‘mirror. The procedure for
bringing the system up is as follows: ’ } ';g
'
A. Turn on the 400 Hz generator and transfer switch. This applies "
power to the racks holding the Honeywell laser supplies and r
syncronizer, as well as the power amplifier drive circuits. ﬁz
0 ’ ¥
B. Reset ttié syncronizer. The syncronizer is generally left on and ;
' starts up as soon as 400 Hz power is applied.’ Sometimes the reset @g
may need pushing a little later if the processer is misbehaving e
* : or if proper streen current on the amplifief drive circuilt cannct 5 ~%
} be attained. A
c. Tura on the Honeywell laser power supplies to standby and block i
the beam path at the laser, N
D. Turn on the pump and cooler for the system, “ 3 !
9] !
7y .‘ ) 1{}
E. Turn on the optical spectrum analyzer. ;;?\
’ o
" "™ "™ racks power switches,
0w P power supply for the telescope pyro detector. 33
Woo" " power supply for the receiver (28V). ‘ ny b
23, ‘
v woouwon é!

pover metex.

4 """ jocking loop and set to ground. Using th limit )
\ . o knob, reduce the voltage to about 300V.

RN
o T

w n n E/O power switch,

[ ;B

RX power switch

; ¥ ) Do NOT turn on the detector bias.

o
i
N
-
ﬁ%h;'

:
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F.

G.

[ H.

e
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(A ’ J
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K.

FIRHERIIY

w
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L.

i
i 3 : ©
! M.

Iz 0.
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Much of the above is left on and will come on with the rack power,

Turn on the =40V and Fil. =450V (Power Amplifier Modulator Rack).

Making sure the voltage control knob on the Universal Voleroui
Rack is set to "0' push the HV on button.

Turn on the processer rack.
" " " monitor rack.
Turn on tbe computer (Sée manual) .
Open exhausc door for system vacuum pump and turn on the;pump.w‘

Fill the detector with LNZs

After about 5 - 10 minutes of cooler operation, turn om the
Honeywell laser. Overvolting may be required.

Turn on the Sylvania ilaser, making sure first that the detector
is blocked with the sighting mixror.

Wait about 15 or 20 minutes for lasers to stabilize, Use this time

to position system on target and prepa:g\fox data taking,

Adjust the tuning of the Honeywell laser (alignment) using an
asbestos block and adjusting for maximum brightness at P20 {or
desired transition). Use the lowest adjustment screw on back of
Honeywell laser first and then the screw to the right 1if the spot
can't be made bright. Do not adjust upper left hand -screw (pivot
screw). The lansing unit used to control the centering of the
Honeywell laser is to be left off as this unit will not operate
properly when the laser pulser circuit is on. Honeywell power
output should be over 7 watts and the turrent drawn from the
Northeast supplies should be between 18 and 21 mA,

Tune the Sylvania laser (alignment) with about 300 volts set on

the locking loop (grounded) using a Number 3 Optical Engineering
image plate and UV light. Tune for darkeet spot P20 or darkest

spot which is desired transition.

Remove beam blocks from both lasers, turn up voltage on the locking
loop to the maximum (1imit knob) and switch from grounded to closed.

Voltage will sweep down and then up to around 400V or so where the

O

B Y
i mﬁéﬁ




P.

R.

lasers will become locked together and locked light will come on.
Viewing the RF output on the spectrum analyzer below set to

10 MHz 300 kHz EW, the video filver off, and in the zero position,
a line will be visible that ghould be made as smooth and straight
as possible by adjusiment of the loop gain. The injection controls
on the locking loop will have no effect when the lansing loop is
off. Other controls on the locking loop should not be used. Do
not adjusf the gain knob beside the veltage limit knob. Check to
see that only P20 or the desired transition is lit in the optical
spectrum analyzer.

Power amplifiex operation is as follows: Turn on gas valve on tank,

chetk to see there is pressure reading on the high pressure gauge
(tank) and the tube pressure should be between 12 and 14 Torr.

Pugh on the 1600V on the power amplifier modulator rack. All
voltages should read on the voltage monitor meter. Slowly increase
the Universal Voltronics output control while watching the tube
current and the screen current meters. Slowly increase the screen
current drive knob as the voltage is increased. Do not red line
the screen current., Operating voltage is 12 KV, a little over

60 mA tube current. and a little under 20 mA screen ocurraent.  Tha

amplifier tubes will be lit,

While watching the scope beside the synchronizer that displays the
output pulse waveform and pulser waveform; turn on the Spellman
High Voltage Supply under this scope. As voltage comes up, a
pulse shape should be seen on the scope. Decay slope should be
smooth and regular. View the vertical output of the spectrum
analyzer with the locking loop plugged into it on the upper scope
in the monitor rack. This line should be straight and smooth. If
it is not, the ball spider and/or the output power beam will nced
adjusting. Check to see that the beam leaving the diagonal mirror
has a hole in the center of the beam. Use wax chart graph paper.

Refer to waveform section for Step R and S.

If the spectrum analyzer vertical output display (A-Scope) is not

as in waveform section, adjust the ball spider by turning opposing

tuning keys in the same direction. This will cause the ball to
move up, down or sideways changing the A-scope display. Null the
A-scope display so that the ball is centered on the secondary.
(Look into the telescope primary.) The final tweek may be slight.

g
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L Also check from time to time during the ball tweeking that the
T wirec are not too tight. Loosén one key of the tight axis if
; ' this is the case, Watch the A-scope display for’a minute or

: _ two to make sure the display does mot change.

"Te Determine the output power by placing a CRL power head between }
; the telescope and system. Move the head around to find the :
! § maximum average power. Without moving the head have someone ’
E £ : turn off the Spellman Power Supply and read the laakage power,
. Subtract the leakage from the power and divide by the PRF to
find the output in joules. Enter this value in the log. Always -
; make sure that the detector bias is off and the detector is i
blocked when making this measurement. Check output power from
f time to time during calibration runs, Output power should be
| . ~ between 1.3 and 2.1 watts average power.
|

u. Open detector up by -folding down sighting mirror. Make sure there
is 1N, in the detectoy. Bias the detector by turning on the bias
o switch and turning up the control knob until the voltage reads 0.4
' on the meter and the current reads two divisions before 6 mA, The
| local oscillator power may need adjustment to make the readings. Use
- o only slight adjustments of the LO attenuator. A dark band should be
| : seen on the RVI display. ' : : .

i

i v. Turn on the pulser and check to see that the pulse starts no more
! than 54 S before the output pulse on the waveform scope. ‘

o ; W. The system is noy operational. For extended operation watch: y

the gas supply

the waveforms and timing (check the A-scope by turning of f
the pulser only)

the detector bias and cool

the output power (after blocking the detector).

T S T

X. Remember before you ‘make any changes to the system alignment or
check power, remove the bias and block the detector. Make it a

habit to always check that first,

Y. Avoid blocking thé LO beam with your finger while adjusting the j
receiver. See gystem adjustment and processer use. ?

Z. In case of an emergency, refer to the Emergency Shutdown Procedure. {
Memorize it. :

Warning: Never push the reset or change pulse length of the N
output pulse or the PRF when the Spellman HV supply
and/or the power amplifier supplies and modulator

" are on.
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WAVEFORM SECTION II

i

The following waveforms arg normal dur;ng system operation:

n'

Output pulse shape:

Output puise shape.

Norma

1

1y

Wrong

7

B N T

Troubleshooting Case:

1, Check optical spectrum analyzer to see that only P20
or desired transition is lit.
brightest spot and relock the lasers. Check ampli-

fier alignment.

2. Check amplifier alignment and alignment of ball using

Retune the lasers for

A-scope display, if okay, retune lasers.

3. Check A-scope display and adjust ball. Check ampli-
May need to retune lasers.

fier alignment.
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A-Scope Display

| ,_J-_l_ Normal: (Sync pulse)

f % Vertical output of spectrum analyzer
] . | | (10 dB log)

Also normal: :i

' | -
"J_-l‘ ” - — L

very slight bump

o

&

Also normal:

Sty

11

O

T

o

v/

Wrong:

Adjust spider ball
(_.

P

May also require 3;
‘ adjustment of lasers 3
| ‘ and output beam \
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RVI Display

L W

The following condition in the RVI display will require retuning of
- the Honeywell laser and will probably show up in the output pulse shape
' . as Case 3. :

Normal: , *‘c

| i

’ o «1 »/ ' }

. ? .Y

4 4 4 :

W“W’ ° RN

/:?’v)

e s e 21 S : . B (:

Wrong: Realign Honeywell

? | i W W-\ Patches will £411 in with time r

! ' Gmasmm————

outgoing pulse
N

Blast from

W

e

. " The following display will be seen with 40 dB or less attenuation if the -
L pulser is off. ,,/

-

A\
#.7
-l

AN

T
3

| €—10 MHz feed through

bemd e

]
k
!
4
M‘ R S S s R LR
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RVI Display Continued

8.

M
| HSPE 4

7.

)

—

—
P
\

Check pulser timing or pulser
timing jitter if the following

5 _seen

ﬁ ?/; Hard target signal

: moves from zero
\ 05
Fe

™

L I e I s

The following display will be seen if the pulser voltage is too low:

)

Pat:¢hes

\

. Bad case of low pulser voltage.

Check pulser display below
output pulse display.

Hard target signal moves or
jitters from zero most commonly
down. Also keen on IVI. Try
turning off, then on, pulser
and resetting timing.

.
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If RV1 display goes to a straight bright line, turn o££ the 5 volt.uupply

RVI Dinplnx COnuinueq

//

(gray panel with switch) and turn on again,

1f RVI display and IVI display jitter:

T
|
]
{
1]
: (
« ‘,»
H
<} g‘

Push the syncronizer reset. ” .

Warnin

W

Never push the reset or change pulse length of the
output pulse or the PRF when the Spellman HV supply
and/or the power amplifier sunpligs and modulator

are on.
[
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Spot Shape of Output Pulse

Before telescope:
Correct Number 7 Wronj}
Plate ‘ o
)
After Diagonal: 5
&
Correct Wax Chart Wrong
Paper
\ 4
Danger: Never adjust the amplifier alignment when you
are not watching an image on a plate.
Power density of the beam at the telescope output is
eye safe.
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B, SYSTEM ADJUSTMENT AND PROCESSOR USE

Y

The following relates some detail on system adjustments and use of the
processsxr for making signal and noise measurements.

Pait A. System Adjustments. Refers to Steps R and S of Operating Instructions

)
o

Alignment of Output Beam through the Telescope

N

If the telescope should become misaligned so that the beam does not
strike the diagonal properly or falls on the center of the secondary,
proceed as follows: o ‘

()

Laser

Check the alignment of.the amplifier using a No. 7 optical
engingering plate. Move the beam around to find the extremes
of the aperture and center the beam, Using a No. 7 plate,

see that the shadow of the hole in the diagonal, after the
beam leaves the diagonal, is centered on the beam. If it is
way too high or low, beyond slight adjustments of the amplifier
alignments, then the telescope height adjustment must be made,
This is done with the two vertical leveling screws at either
edge of the mounting bracker on tha telescopa, Lock the screws
up after the adjustment is made, If the shadow of the hole is
to the right or left, slide the diagonal in and out to adjust,
The diagonal will also yotate which will allow up, down adjust-
ment of the beam on the secondary. To center the beam on the
secondary, hold the No. 7 or No. 8 plate in front of the
secondary and view its reflection in the primary mirror. Rotate
the diagonal until the beam is centered up, down. Left, right
adjustment is made using the horizontal spider holding the
diagonal. Grasp the bolt on the outside of the telescope and
slide it forwards or backwards. The spider ball should fall in
the shadow of the diagonal hole.

Never attempt to adjust the secondary mirrox spider or focal
position, This will destroy the telescope collimation,

Alignment o

(b)

how bright it should be. As the lower left hand adjustment on
o

Prior to locking the two lasers together, careful adjustment
of the laserbs alignment is required to achieve full output
power as well as avoid misalignment of the Honeywell beam into
the amplifier tubes. The system alignment is going to be best
at P20. Using a block of asbestos blocking the Honeywell beam,
view the intensity of the glowing .spot. Experience will tell

~
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the Honeywell is moved, the intensity of the spot will change ) ;
‘ and may go Ffaint to bright again. Thera are two major bright
. points as the laser iz tweeked. One is P20 and the other is P22, ;
As the spot is brightened up by laser tweeking, check to see that
P20 shows on the optical spectrum analyzer. If it's not, rotate
the adjustment very slowly, causing the spot to go faint, then
bright again. Check for P20. If the spot does not get bright
, - again, reverse direction and check at each bright point for the
f S . P line. Peagﬂup the spot intensity on P20,

The Sylvania laver alignment should be done with 300 volts set
(?the locking loop in the grounded state, Use a No. 3 plate and

‘ UV light to view the spot. Carefully tweek the laser's uppermost

‘ , screw until the spot is darkest on the plate, Check for P20. If

i' o it's not, try again. Use the other adjustment screws if required,

- Removing al) the beam blocks and UV light, turn up the locking

’ loop voltage limit knob and close the loop. The lovp should lock

a little above the voltage set originally during laser tweeking.

Receiver Alignment Check Part (d) first

R

(¢) I1f maximum signal to noise is critical and/or if calibrated R T
targets are not producing expected signals, a slight change in
receiver alignment might be required. 1In general, tweeking of
the receiver gains only 1 or 2 dB increase in signal if it was
off a bit, Tweeking may be done on the wind or target signal.

In general, it's easier on the wind signal until beam absorption
causes signals so small it's hard to see wind on the RVI display,
When wind is visible, while watching the RVI display, rotate the N
, uppermost adjustment. on the recombining beam splitter until the
r - signal is the brightest and extends the farthegf on the RVI,
: Repeat the adjustment on the uppermost adjustment knob of the gold
' ‘ , .oirrer between the brewster plate and beam splitter., Tweek the
o . knobs no more than one-half turn either way from their original
{ ? , . ‘ position and use fairly rapid motions at first to see visible
f changes on the RVI. Caution: Don't let your fingers slip off
the knob of the beam splitter into the local oscillator beam.
51 Loss of LO while bias is applied to the detectoy is not good.
P Do not attempt to align the receiver on a faint signal. It's
' easy to get lost and end up with a totally misaligned receiver.

Mt A .

R capomitien,

. “ On target signals, apply attenuation until the signal on the

: . e RVI begins to fade. While watching the signal, tweek the

o J receiver for maximum brightness and least flashing.
f,' Ojs,‘v . ] ° . R}
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Recelver Alignmenc(nftef'Te%escope Removal : i

(d) This procedhée is used after .Lamplifier alignment most often
because the brewster plate has been removed. After replacing
the brewster plate to its original reference marks, and while
the isolator wafer 1s still out of the magnmgxnssembly: adjust
the plug-in half wave plate for the modulatorluntil maximum
power leaves the modulator. (This would already have been

; done during amplifier alignment,) 7Tweek the amplifier until

3 ' the CW beam (amplifier off) is centered, leaving the brewster
plate. Attach the short rail to the front of the system where
the telescope bolts on and put the 20"fl lens on the rail.
Position the spinning sandpaper target at 45° to the focused

beam and 20" away. Adjust the position of the lens to center wg
it on the beam, Focus the beam on the target while the target i -
is spinning. ‘View the output of the receiver signal on the i’

e T R e TR A

spectrum analyzer. It should be above or below 10 MHz depending . |
. on the direction of rotation. Tweek the receiver for maximum &

2

; % signal to noise. The CW power leaving the amplifier tubes will Q f
| ‘he about L watt. The signal this should produce on the spectrum !
analyzer will be about -9 dBm. Noise should be -78 dBm, To find f '
. receiver efficiency, use the following equation: “
: e R ; j
? "‘ll S o M i!
f 8.52 x 10 10 3 i
ef[icieney " Power CW “

Where § = the sum of the noise and signal divided by 10,

- To find dB of receiver losses, take the log of the above equation
! and multiply by 10.

Never forget to return the modulator half wave plate to its
original position where about 50 to 70 milliwatts leave the
modulator CW. The wafer will be damaged if CW power exceeds
100 mW. Make this adjustment while the magnet assembly is out

- of the system, The above measurement is made with the magnet

. . ; less the wafer in the system. After the wafer had been returned

| to its asgembly and the half wave plate has been readjusted and
removed from the modulator, replace the isolator to its position
in the system against its hard stops. With the amplifier tubes

on and the modulator on, tweek the output beam until the beam
is cencered

Amplifier Alignment

! ?? (e) Remove the isolator and take out the wafer. Reassemble the
isolater without the wafer Zidd replace the magnet assembly into
the system. Make sure that the beam is aligned through the
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modulator. For this the modulator half wave plate will need
adjusting for maximum tramsmission, Make sure the beam enters
and leaves the centers of the isolator tubes and is aligned
through the side stepping wmirroris, Using the mirvor adjust-
ments, stecr the beam into the beam expander and get the heanm
to pass through on axis, The bearm aypander should not need

to be moved around unless it has been bumped so hard it was
relocated. During this aligoment, go slowly and think out
each step to achieve a beam on axis end. When the beam is
aligned up to and through the expander, tape a small piece of
vax paper to the output polay }zer of the modulator and allow
the CW beam to pass for a friction of a second to mark the
paper. Avold burning the papur and causing smoke, Go to the
raceiver end of the system and remove the veceiver electronics,
the quarter wave plate and brewster plate. Align the cathatometer
so that the cross haixs track the optical axis down the amplifier
tubes as it's focused ¢lose to and far away looking into the
output tubea. or)

This alignment may take some time and require placing pointers
at the amplifier input to see where the axis is. While shining
a light on the wax paper target at the modulator, focus the
cathatometer on this target; with luck, it will be visible, and
the spot probably off to the side. While watching the spot,
have someone adjust the four X and Y axis adjustments on the
input mirrors to the amplifier. These adjustments should be
made different)y. Go beyond with one X axis adjustment and
bring it back%Vith the other X axis adjustment and so on.

When the spot looks centered, remove the target and let the
beam pass through the amplifitrs. See if it looks good coming
out of the amplifiers and make small adjustments to the input
mirrors to achieve this. If it can't be made to come through,
try again. Cross hairs over the input amplifier tube apexture
may help., When the CW beam looks good leaving the zmplifier,
go to Part (d) Receiver Alignment after Telescope Removal.

Q

Pxoeesscr,ﬂsa

(f)

This section provides guidelines to achieve consistent results
when making signal-to-noise measurements on the IVI display.

IVI scope should be set to 0.5 V/div. Processor should be set

to 0.25 Sec. iIntegration period, 25 pulse integrationa.

Set the range pointer to the target range desired. The deflection
of the IVI display is to be mecasured. Check that the zero lies
one div. up from the bottom, using the scope input ground switch.

4
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The desired deflection (peak) is to the center line.
Attenuation will be used to achieve this, When the
signal peaks fall consistently on the third division
wp from zero (watch for a few minutes), vecord the
attenuator settings.

Move the range pointar out to where there is no signal on
the RVI (around 1004 S) and remove attenvation until the
noise floor is centered on the IVI display. Record this
attenuation value., If the RVI display goes to a line, turn
off, then on, the 5 volt supply. If any display does not
look normal, push the reset on the syncronizer. Never do
this when the modulator and/or power amplifier are on. See
the detailed operating imstruction, RVI display, on the
wave form section.
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