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SECTION 1

a

INTRODUCTION

This work was conducted under the US Army Land Warfare Laboratory
Task 04-E-74 titled '"Artillery Launched TV', The objective of the cffort
was to demonstrate some of the capabilities and limitations of a charge
coupled device (CCD) television camera as it might be used in an artillery-
launched, parachit~ .dropped, aerial reconnaissance system.

At the request of the Office of the Chief{ of Research & Development, the
COALYW L has undertaken a prog:iw.u w utiiier eaisiing hardware an” ~=rmon-
strate some of the advantages and limitations of such an artillery-launched
TV system. The program consisted of two portions: the actual demonstra-
tion of existing hardware and a first-order analysis of how future systems
might perform. A 4-month contract for the fabrication of the hardware and
the analysis was awarded to Fairchild Space and Defense Systems, a division
of Fairchild Camera and Instrument Corporation, Syocsset, New York, under

Contract No, DAAD05-74-C-0732,

Section 2 of this report, reporting on the hardware tests, was prepared by
USALWI.. Section 3, presenting the system analysis, was prepared by
Fairchild,




'L AHNOId

PIP-%L

MNIT AHLAWATIL

N ans
, /7
/ u./k
N ML LIASNVYL
/ iy

/ yaNaLNY. [ / \

TTHS
(ddAL ONLLYNIKNTTI) \\./H\/\v? \\
¥EZLIMOH ~— -

e g wm———

1d3ONO2 Al QIHONANVT A¥ITLIYY




ot o BT ARCI

SECTION 2

CAMERA HARDWARE AND FFIELD TESTS

2.1 SYSTEM CONCEPT

The concept as displayed in Figure 1 is to use a TV camera in a fashion
similar to the conventional artillery illuminating round. However, in-
stead of having an illuminant which burns and emits light, this illuminant
would be replaced with a CCD TV camera, a battery, a transmitter and

an antenna. The artillery, from its normal position, would fire this artil-
lery-launched TV round over enemy territory. At the proper time, as de-
termined by the fuze on the projectile, the TV package and its parachute
would be deployed from the rear of the projectile and float to earth. The
now empty projectile would continue on its trajectory. The TV camera,
pointed downwards, would transmit pictures of the ground via a suitable
telemetry link, back to a base station. Upon striking the ground or at a
given time after deploying, the TV unit would self-destruct in order to

free the airways and to prevent enemy utilization of the system. At the
base sta:ion, the received signals would be monitored on a real time TV
display and recorded on a video tape recorder having stop-action capability
for late: play back, photography and znalysis, The telemetry link requires
near lin2 of sight conditions but this should not adversely affect systermn capa -

bility and performance,

it is proposed that this systemn can be deployed in ‘he M485F2, 155 milli-
meter illuminating round. Figuire 2 shows how the system could be pack-
aped in this round. The illuminant canister would be replaced with a CCD
TV camera, battery, and RF transmitter canister which is 4-1/4" in dia-
meter x 7-5/8" long. A photograph of a mock up of the proposed package

1s shown in Figure 3.

2,2 DESCRIPTION OF HARDWA RE:

The hardware portion of the program was fabricated by JFairchild using their
existing 100 element by 100 element Model MV 100 CCL TV camera and cir-
cuits, The existing circult boards were repackaged into the smallest conven -
tent container (see Fipure 4A), provided with AGUO and power circults, anil
used to drive an existing Government-furnished Delstar Model D5-500FC
television transmitter, The whole it was powered by 24 volts from a bat.
tery (4 each G.-volt Gel-cells in series) and was then packaved m o form
suttable for beth mounting on a helicopter and/or dropping by parachute
(Figure 5 A & B).

Jhe COD element used in this progran is a 100 element o 100 element C0D
senser tnere fully described in a later section, The light-sensitive elements

are lanh out inoa standard 3 x4 televis on tormat with ean h sensor eoupying
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1.2 mils ir a vertical direction x 1.6 mils horizontally. Half of the horizon-
tal distance (.8 mil) of the element is utilized for charge storing. This leaves
an active light-sensitive area of 1.2 mils x .8 mii, The overall CCD sen-
sor array has dimensions of approximately 3 millimeters x 4 millimeters

and is scanred to yield a TV.-compatible output; i.e., the 100 horizontal ele-
meuts are read cuat in about 53 microseconds, the time needed to read out a
no-izontal line in the standard 525-1ine TV system. The vertical scan con-
sists of a 2 to 1 interlace with a field (half of an interlaced i~ame) rate of

24 per second and a frame rate of 120 per second.

The image is focused on the CCD chip by means of either a 10-miilimeter
variable aperture lens or a 12. 5-mm to 75-mm zoom lens. The cutput of
tne CCL (hip is then fed through a video automatic gain control (AGCj cir-
cuit before being combined with the required synchronization pulses. The
resulting TV .compatible (with the exception of tne 4 times faster vertical
framing rate) signal is available for output as the video input signal to a TV
monitor or the modulatéion input of a television transmitter. The transmitter
used was a commercially available, channel 14, Delstar Corporation Model
DS500FC. The RF output from the transmitter is fed into a quarter wave
stub antenna. The transmitter-antenna system provides a 475-megahertz,
double side-band, amplitude-modulated output with about 1-1/2 watts into
the antenna. The signal is presented on a standard Sony TV monitor slightly
modified to accornmodate 120 frames per second. Fora hard wire connection
between the TV transmitter package and the TV monitor, the video signal was
used and fed directly toc the video amplifier of the monitor. For telemetry
applications, the trapsmitted RF was received on a log-periodic antenna and
was fed, by way of a matching transfnrmer, into the UHF terminals of the
receiver, In either case, the processed video signals from the TV set ware
fed to a Sony Model AV -3400 video tape recorder. Vocie comments for the
tape recorder wei. obtained either from a microphone connected to the re-
corder or from the audio output of o separate radio channel.

2.3 LABORATORY TESTS AND RESULTS

One set of labaratory tests, conducted with the cooperation of the Visionics
l.aboratory of the Night Vision laboratory at Fort Belvoir, Va, consisted of ob-
serving a 1951 Air Force resolution chart with the CCD camera while the
background illummation of the chart was varied in intensity. These tests
wrre performed with an f/2. 0 lens opening. The resalts indicated that the
image is completely washed out at brightness levels of 11,4 {tlamberts on
the high end and 076 ft-lambert on the low end., For the same lens opening,
usable resgolution was obtained with background intensities ranging from about
7.7 ft lamberts on the high side down to .23 ft.lambert on the low side. This
provides a 33 to 1 usable dynamic range {or the CCD system. According to
the manufacturer, the dynamic range is limited not by the sensors but by the
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on-chip output amplifier, which amplifies the composite video signal.
Future CCD chips will have an improved amplifier that should offer a dy-
namic range betwensn 350 and 1, 000 to 1.

The data obtained from the resolution charts did not produce consistentiy
emooth plots, In some cases, the expected smooth graph was obtained
(i.e., poorer resolution at the saturated and low light level conditions with
better resolution between). In other cases, the resolution was flat across
the entire spectrum from saturation to low light level conditions. In the
vertical scanning direction, the CCD's sensitive element has a physical

size corresponding to a limiting resolution of 60 microns/line pair. The
limiting resolution obtained from the taboratory data varied from 118 mi-
crons/line pair up to 51 microns/line pair, In the horizontal scan direction,
the light sensitive element is 20 microns wide (0.8 milli-inch) spaced on 40
micron centers, v hich should provide a resclution of 80 microns /liné pair.
The measured resolution in this direction varied from a low of 100 microns
per line pair to a high of 64 microns per line pair, These values for both
the horizontal and vertical resolution correspond fairly well with the resclu-
tion limit as determined by the physical size of the individual detectors.
Notice that a line pair requires two detectors: a black dot on one detector
and a white dot on the adjacent detector.

An attempt was made to determine the spectral response of the CCD detector
using a geries of available high pass and low pass optical filters. Unfortun-
ately the response of the filters is not known in the infrared region where the
CCD device ir stili sensitive. It was concluded, however, that the CCD is
responsive to aear infrared radiation. This was proven by observing the in-
frared radiaticn reflected from grass and trees both before and after placing
a visual band-pass filter in front ¢f the camera lens. According to the manu-
facturer, the sensor's peak sensitivity occurs at about .75 micron. The ob-
servers must be trained in the use of this equipment in that the resulting pic.-
tures are formed in large part, from invisibtle, near infrared radiation. The
TV images will not, in general, conform to the scene as viewed by human eyes,

Several laboratory measurements were made on the composi.e video signal.
The horizontal sync pulses were the atandard 64 micrusecnnds apart with 11
microseconds utilized for the pulses and pedestal. This leaves approxirnately
53 microseconds for the horizontal video infermation. This information was
obtained by sampling, in sequence, the 100 silicon detectors on a horizontal
line., The vertical sync pulses occurred at a rate of 1 everv 4,3 milliseconds
with about 3.2 milliseconds of this time used to sample the 5S¢ interlaced ver.
tical TV lines. During a portion of the test where the CCD) camera was origi-
nally attached to the helicopter (as discussed below;}, the ratio of video ampli-
tude to sync pulse amplitude was too low and resulted in a lower-than-optimun
contrast as displayed on the TV set. This was corrected for in subseguent

tests and much improved pictures were received.
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2.4 FLIGHT TESTS

The CCD camera was operationally tested in two modes: hard mounted to
a UH-1H helicopter, and free-falling cither on its own parachute or attached
to a parajumper, '

The helicopter portion of the test involved rigidly mounting the CCD camera,
Sony TV camera, and a Tektronix light meter on the aircraft so that all units
looked at the ground below the helicopter, as shown in Figure 6,

Video signals from both the CCD and standard TV camera were recorded on
separate video recorders in the aircraft, During the first day of testing, the
video signals from the CCD camera were also transmitted over an LWL
developed airborne television system. These signals were recorded on the
ground on a third videon tape recorder. Voice information was recorded on
all three tape recorders via a separate radio channel. During the helicopter
tests, the CCD camera used a zoom lens with a focal length set mostty at
12-1/2 miltimeters focal length,

The procedure for the aircraft-mounted test consisted of flying over selected
target areasat seven altitudes so as to provide ground resolution (in the ver-
tical direction on the picture), which varied from 10 feet to 1/10 of a foot.
The two ma jor target areas chosen were the aircraft''boneyard‘’ at the Phill.ps
Army Air Field at Aberdeen Proving Ground and the vehicle "boneyard'' on
Spesutie Island at Aberdeen Proving Ground. The aircraft area is shown

in Figure 7 and cortains various types of Air ¥orce and Army aircraft along
with engine pac/.ing crates, The vehicle target area (Figure 8) contained

a series of trucks, tarnks, jeeps and 105-mm weapons in various states of
disrepair.

The light intensity refiected from the terrain below the aircraft was measured
with a Tektrcenix J16 photometer using the J6503 illuminance probe. This probe
measured the target luminance in foot-lamberts in an 8-degree field of view
directly below the aircraft. The refiected intensity as read on this meter
varied from a low of 200 rtldamberts to as high as 700 ft-lamberts. The CCD's
lens opening was f/16 for all of the helicopter-mounted tests.

Next,the CCD camera was dropped from the helicopter with a paratrooper.

The unit was encased in styrofoam and attached to the parachute harness of
the paratrooper. The unit survived these jumps tnd telemetered to a ground
station uninteresting pictures of the grass and the airfield runways at Aber-

deen Proving Ground.
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Having gained confidence in the survivability of the CCD package,
the unit was then free-dropped from the heliconter. For the free-
drop situation, the 17-pound CCD cameraz package was rigged as
shown in Figure 9 (except that styrofoam was added and a flexible
cable was connected between thz antenna and transmitter). The
10-millimeter flush-mounted lens was used for this test and two
100-inch diameter M485 illuminating round parachutes were at-
tached to the package. The unit was carried to either a 1000-or
2000 ft altitude above the ground and dropped from the helicopter.
The camera then floated to the earth with a drop rate of 15 ft/
sec transmitting its pictures via TV channel 14. On the ground,
the TV receiver monitored these received signals and the video
was recorded. Paradrops were made over the aircraft boneyard at
Aberdeen Proving Ground and over an Engineering Battalion train-
ing area at Fort Sill, Oklahoma. The CCD camera system survived

4 parachute jumps with paratroopers and 9 drops on its own with-
out any ill effects (other than bending and breaking several
antenna ground plane radials).

2.5 FLIGHT TEST RESULTS AND DISCUSSION

Before discussing the results, it is appropriate to describe some
instrumentation problems that affected the quality of the pictures
on the video tape. During the testing, the picture quality as
displayed on the monitor was excellent; however, upon playback,

it was found that *the recording technique produced usable but not
the same quality pictures. During playback of the recorded tapes,
the TV set would lose synchronization every few seconds causing
the pictures to "tear" horizontally. On stop-action playback,
unsynchronized lines would interfere with picture quality. The
cause of this trouble appears to be the non-synchronization of

the 120 frame-per-second video being recorded on the video re-
corder designed for 30 frames-per-second. The solution to this
problem was not investigated.

A second problem occurred in attempting to photcgraph the played-
back images from the monitor using conventional, still, film
cameras. The tearing problems mentioned above during stop-action
prevented single video frame phoutography from being made. When
the TV monitor was viewed visually, the eye integration reduces
the effect of noise uand increases resolution. The subjective
impression when viewing moving scenes is of very good quality
imagery. Photographs were finally produced using a still camera
and 3000 ASA Polarotd film at 1/50 second.

The eftfect of the two problems mentioned above, plus the diffi-
culty of matching groy scales on the TV and Polaroid film, re-
sults in the pictures for this veport deploting a lesser quality
of 1mage than received on the TV monitor. The reader should bear
in mind that the displayved tmage is far superior to those shown
in this report. For the purpase of presenting an approximation
of better image quality to the readers ot this revort, a 100 by
100 €O camera was used to scan the photographs presented in

U7
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Figures 7 and 8. Polaroid photographs were then made directly
from the TV monitor (i.e., without the tape recorder) of this
"simulated' data. The subjects chosen and the fields of view
used correspond to the actual video tape imagery obtained during
the field tests.

Polaroid photographs of some of the tape-recorded video signals
and the simulated data are shown in Figures 10 and 11. Figure
10 shows a sequence of photographs as the vehicle area oi Figure
8 was overflown at various altitudes with the CCD package at-
tached to the helicopter. Calculated ground resolutions (in the
vertical direction on the photograph) of 10', 57, 2', 1*, 0.5'
and 0.25' are shown. The first four images were produced with
the 12.5 mm focal length lens set at £/16 to provide 12.3° ver-
ticai field-of-view. The last two images were recorded with a
20mm focal-length lens (8.3° field-of-view) also at £/16. This
series of photographs show how the image definition improves as
the ground resolution improves. The vehicles are detectable in
Figure 10 with a 10-foot resolution, begin to be recognized with
a 2-foot resolution (much more so in viewing the TV monitor
rather than the photograph), and stavt to become identifiable with
1/2 foot resolution.

It should be pointed out that the total field of view for this
100 x 100 element sensor is related to the resolution quoted by
a factor of 100 in the vertical direction and 133 in the hori-
zontal direction. Thus, the 1 foot resolution provides a 100-
foot x 133-foot total field of view.

Figure 11 shows sample views obtained when the CCD camera package
was para-dropped over the aircraft boneyard area of Figure 7.

The two photographs were taken from the monitor a few seconds
apart corresvonding to a CCD camera altitude of about 1500 feet
abeve the ground. The camera used a 10 mm, f/22 lens which pro-
vided vertical resolution of 4.5 feet. The aircraft of Figure
11A were directly below the parachute and are clearly distinguish-
able from the buildings. Figure 11B was taken while the CCD cam-
¢ra package was swinging about the view of Figure 11A. This
demonstrates the increased field-of-view obtained from the oscil-
lation of the camera under the parachute.

The swinging and rotation of the parachute did not produce objec-
tionable pictures. The maximum side-to-side swing obtained during
these tests was in the order of 20 degrees with a peak-to-peak
period of several seconds. This swinging provided an increased
field of view for the sensor without significant smearing. The
CCD camera rotations obtained during these tests resulted from

the aerodynamic <pin of the camera when uropped from the air-

craft and before the parachute deployed. The worst remaining
rotation rates were about 1/2 revolution per second and were the
only annoying portion of the resulting imagery. These fast os-

cillations occurred on only one or two of the parachute drops
and then for oniy @ small portion of the descent.
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These tests demonstrated the improved picture resolution as the
CCD camera comes closer to eartﬁ. The fixed field of view at
higher altitudes allows a larger area of terrain to be seen but
with poor resolution. This larger area contains & large number

of terrain features which increase the chances of locating the
position of the imagery. As the camera falls, the resolution
improves but the total area of view becomes smalier. The better
resclution allows better detection, recognition and identification
of targets.

5 Wt

S w4

Deploying the CCD camera over a selected target area was a diffi- !
cult task. For the nine helicopter drops in two different loca- :
tions on two different days, there appeared to be a great differ- i
ence between the wind at ground level and the wind aloft. The
helicopter pilots were not able to position the helicopter and/
or predict the wind accurately enough to allow two successive i
paradrops over the same path. The result was that a good survey 5
of the area under the helicopter was obtained, but it would have

been impossible to obtain a second drop to provide greater de-

tail of some picture taken on a previcus drop. It required
approximately 10 to 20 minutes between paradrops for the heli-

copter to pick up the camera package and regain altitude for the

next drop. For the weapon deployed system, a faster deployment

rate could be utilized and the initial precision of deploying the

CCD camera would be more closely controlled than could the heli-
copter-deployed camera used in this test series. This may improve

the ability of the second shot to retrace the path of the first

shot.

Position determination of the imagery can be performed utilizing

a good map of the area or an Analytical Photometric Positioning
System (AFPS). Trials were run using a simulated paradrop with
the CCD camera mounted on a helicopter and replayed for an APPS
system operated by personnel from the Engineering Topographic
Laboratories. Starting from an altitude which provided 10 foot
ground resolution and utilizing the stop-action capability of

the tape recorder, the APPS operators were able to determine the
vosition of the CCD sensor (helicopter descending at a rate of
about 15 feet per second and advancing forward at about 20 knots].
Using this technique, the APPS operators were able to track the
CCD sensor and to locate simulated targets with respect to known
terrain features such as road junctions and buildings. This same
technique cculd be utilized with the final system; however, it is
vital to have a recording capability that provides the stop-action
(single frame) so that the APPS operator will have sufficient

time to locate his position on t.e APPS system.

The ultimate CCD svstem should provide a wide field of view to
allow the detection of terrain features, and should also provide
good resolution to allow early target detection and ideantification.
This could be accomplished with the 100 x 100 element sensor
evaluated tor this test. The future 488 x 390 element sensor
should provide improved capabilities.
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2.6 CONCLUS IONS

From the data and subjective evaluation of the CCD system several
conclusions can be drawn:

2.6.1 The 100 eiement x 100 element CCD camera can provide
useful imagery for many military applications. Detection,
recognition and identification of giround vehicle, aircraft and
artillery weapon targets can be accomplished from the pictures
transmitted back by the 100 element x 100 element CCD sensor.

2.6.2 The total field view for the transmitted picture is
100 times the resolution in the vertical direction by 133 times
the resolution in the horizontal direction. This results in a
rather narrow total field-of-view and requires that the CCD
camera be placed accurately over the target.

2.6.3 An artillery-launched, parachute-deployed aerial
reconnaissance system using the CCD technology is feasible and
can be fabricated using existing technology.

2.6.4. The swinging and rotation of the CCD system as it

parachutes to earth does not produce objectionable picture
quality.

2.6.5. Improved resolution is obtained as the CCD camera
falls toward the earth.

2.6.6. Deploying the CCD camera over a selected target area
was a difficult task.

2.6.7. Position determination of the imagery from the Artil-

lery TV can be performed utilizing either a good map or an APPS
system.

2.6.8. The ultimate CCD system should provide as wide a
field of view as possible.

2.6.9. The concept of the artil'ery launched, parachute
dropped, aerial reconnaissance CCD TV system has several de-
sirable advantages:

a. It can be packaged in existing 155mm illuminating shells
(M-485), which should reduce the development time and cost.

b. It can be produced cheaply thus allowing deployment and
operational control at the battalion level.

¢. It can provide surveillance and target acquisition under
hostile conditions when more sophisticated techniques might not
be deployed.
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d. It can provide observation on the '"far side of the hill"
which cannot be seen from the friendly territory. Line-of-sight
to the target is not required. It is only necessary to have
radio line-of-site to the CCD's transmitter, and the visual line-
of-site from the CCD camera to the target.

e. It has the ability to go to the enemy's area. This pro-
vides a closer look, with "straight down' angles and imagery
which may complement other viewing methods and intelligence
devices.

2.6.10. The limitations of the concept include the following:

a. Unobscured line-of-sight from sensor to target is required
from altitudes at which radio line-of-3ight exists with the ground
station. The system will not be able tu see through clouds,
heavy ground fog, smoke, etc. However, there are times when
ground haze limits ground-to-ground vision, but vertical vision
is adequate for Artillery-launched TV use.

b. The deployment range is limited to the range of the
weapon. The M-485 round has a maximum range of 14 kilometers
at Zone 7.

c. rositional accuracy of deployment will be limited by gun
error and wind. The 155mm howitzer has a CEP of about 200 meters
for the M-485 illuminating round. The nonpredictability of the
winds vs altitude over the target area may cause an equalilly large
exrror. (It 1s possible that this parachute TV technique could
be combined with anAPPS's data base and used to determine wind-
vs-altitude).
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SECTION 3

SYSTEM ANALYSIS

3.1 INTRODUCTION AND SUMMARY OF THE SYSTEM
ANALYSIS EFFORT

In many military situations, reconnaissance of enemy-controlled areas is
desired to permit more effective use of weapon systems., Because of the '
need, many devices have been and are being develnped within the Army to
assist in remote detection, identification, and location of targets in enemy

: territory. One such technigque, which would be more cost-effective than

drones and RPV's for limited reconnaissance applications, is to use an
artillery shell to launch a parachute-carried TV system. The TV camera
would point down at the ground while suspended under the parachute (simi- :
lar to the standard artillery illuminating round), and would telemeter back :
the scene that it sees as it floats downward. The telemetered results woald

be displayed in a safe friendly area, both on a TV set and recorded for later

playback and analysis on a standard TV recorder. The implementation of

this idea and technique has been prevented by the lack of available TV cam-

era tubes that would withstand the shock of being launched from an artillery

weapon. Recent developments in charge coupled devices (CCI}) have now

made it feasible to fabricate a television-type sensor that has potential for
withstanding the 12 to 20,000G's of acceleration encountered when launch-

ing a 155.mm artillery shell.

e TR T AR R SRR T

Under Contract No. DAADO05-74.C-0732, Fairchild Space and Defense Sys-
tems, a Division of the Fairchild Camera and Instrument Corporation, con-
ducted a study program to establish the capabilities and limitations of artil-
lery-launched, parachnte-carried TV reconnaissance systemsy, based on
[Fairchild.developed CCD area photosensor arrays. The potential of such
systems was demonstrated in actual field tests of a CCD TV camera system,
using the Fairchild CCI-201, a 100 by 100 CCD area array of photosensors.
The work under this contract was performed from 3 Dacember 1973 to 15 April
1974, This section of the report presents the results of the system analysis
efforis carried out during this period,

The parameter analysis of the TV Reconnaissance System is glven in para-
graph 3.2 of this report. It was determined that a resolution of 1 1o 2 feet
was required for target identificarion and 2 to 5 feet fur tarpet detection.

The TV Reconnaissance System would be deployed in the same manner as the
155-myn M485 illuminating projectile and would have about the same delivery
accuracy, 200 meters or 600 feet, A camera system using the Fairchild
CCAID-dB8A sensor array and a 0. 5.mch focal length /2 lens would have the
following ground coverages and limiting resolutions:

[
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At 2,000 feet altitude
Ground Coverage .........1,380' vertical by 1,840 horizontal

Resolution oo voee vvevecee. 2.8' vertical These terms
4,7 horizontal refer to the TV
5.5" diagonal frame format

At 1,000 feet altitude
Ground Coverage ......... 690' vertical by 920' horizontal
Resolution ............... 1.4'vertical
2.35' horizontal
2.8'diagenal

At lower altitudes, coverage would be restricted although resolution improves,
Terrain obstacles and multi-path propagation, however, present more prob-
lems to radio communications at lower altitudes. To avoid operating at low
altitudes, increased resolution could be achieved by a multi-focal length sys-
tem (either a lens turret or a zoom lens) programmed to switch continuously
from a 0.5-inch focal ler.gth lens to a 1.0-inch focal length to a 2, 0-inch focal
length and back to the 0.5-inch focal length, etc. This system, although it is
more complex and requires mechanical motion, would provide the same dia-
gonal resolution (0, 7 foot) from an altitude of 1,000 feet that 2 0.5-inch lens
would give from 250 feet. Furthermore, by virtue of wind.induced drifts,
ground coverage would be much increased.

Dawn to dusk performance is easily achieved by the system configured above.
It is estimated that such a CCD TV Reconnaissa. & Systermn could operate at
ambient illumination levels of 0,01 foot-candles, an illuminaticn level about
half that produced by a full moon under clear sky conditions, [The illumina-
tion levels corresponding to moonless night time conditions range from 10-4
to 10-> foot-candles. Consequently, although the CCD TV camera sensiti.
vity could be 1mproved to allow operation at illurnination levels as low as
0.001 foot-candles, night reconnaissance is best carrvied ovt with an auxili-
ary illumination source, such as the [55.mm M4R8H illuminating projectile.

Analysis showed thava carrier {requency of about 2, 000 Mllz was optimum
for radio communication from the parachute-borne TV camera. At this fre-
auency, a four-foot diameter parabolic dish receivig anfenna and a Z-watt
FM transmitter provide excellent communications over ths maximum l0.mile
ranps of the TV Reconnaissance Systen. A multipath fading margin of 26db
15 achieved and the 9° bea.nwidth ot the receiving antenna requir~ay noe ela-
borate aiming procedures, When the receiving antenna is at the launch gun
position, antenna azimuth and lawanch gan azunuth are, for all practical pur.-
poses, ddentical and two mounts can he slaved to one another. The antenna
Bearm s narrow encugh, however, to discoriminate between the sipnals from
several COD TV cameras when muoltiple systems are deployed at the same

time,
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The CCD TV Reconnaissance System described in paragraph 3.3 consists
of the gun-launched parachute-borne CCD TV camera-transmitter unit and
a ground receiving station. The airborne unit is an exact duplicate, as to
external d-mensions, of the illuminant package in the standard 155-mm
M485 illuminating projectile and would be used in 2 similar manner. Eight
seconds after the primary expelling charge deploys the canister assembly

and drogue parachute, the secondary expelling charge would deploy the CCD
TV camera-transmitter unit and the main parachute, The camera lens is

protected from the blast of the secondary expelling charge by a protective
plate, which falls away after the camera-transmitter unit is expelled,

The camera-transmitter unit would be 4-1/4 inches in diaineter by about
8 inches long. It has five major assemblies. The order given below repre-

sents the axial position of the various assemblies in the camera-transmitter
unit,

Housing and lens assembly

CCD TV camera and power supply assembly
Battery

° .

U o W N e
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Timer and destruct charge assembly
RF transmitter

The battery would be energized on setback and provide power to the CCD TV
camera, the timer and destruct charge assembly, and the RF transmitter.
The system is operative as soon as the battery is energized. The transmit-

ting antenna, which is a 1-1/2 inch quarter wave stub, is deployed with the
main parachute,

The ground receiving station would consist of a four-foot parabolic dish
antsnna that would be positicned in azimuth over 360° but have only limited
coverage in elevation. The antenna feeds an FM receiver that provides a

video signal to a stardard video tape recorder, The read after write out-

put of the video tape recorder is displayed on a standard TV monitor. The
video tape recorder and TV monitor can be remotely Iocated from the FM
receiver when a suitable communication link is provided.

It is estimated in paragraph 3.4 that the cost of the CCIJ camera.-transimitter
package for large production quantities would range from $600,00 to $1, 200, 00,
This price includes a preliminary estimate of the CCID array cost and assunes
that the Government will furnish materials, sach as the battery and the des.
truct charge. A preliniinary sstimate of the CCAID.488A cost was included
because, until the first one of these devices i made, it iy not posaibles to
reliably predict the production costs of what, in semiconducior tesms, repre-
pents a huge device; much larger than any commercial semiconductor device
being made today.
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The CCD camera round is identical to the standard M485 illuminating
round =xcept that the illuminant package is replaced by the CCD camera-
transmitter package. The final cost of a camera round is then equal to
the cost of an M485 round plus the differential in cost between the camera-
transmitter and illuminant packages.

The proposed follow-on program described in paragraph 3.5 presents the
design and development of a CCD camera system that can survive the launch
environment., The CCD camera will feature a 0.5-inch focal length lens and
the CCAID-244A, The CCAID-244A is an area imaging device that has 244
rows of photosensoreg, each row consisting of 190 photoelements. This de-
vice i8 now in the early stages of fabrication.

All of the operational characteristics of the final system can be proven out
in this proposed follow-on program, since the CCAID-244A is equivalent,
except in size, to the CCAID-488A. Most importantly, the proposed pro-
gram will have demonstrated that a CCD camera-transmitter system can
be packaged inside the canister of the M485 illuminating projectile; that it
can survive launch; that it can gather useful reconnaissance data and that
it can transmit these data to a safely located cornmand post.

3.2 TV RECONNAISSANCE SYSTEM PARAMETER ANALYSIS

3.2.1 Reconnaissance Target Characteristics

The military force having cognizance over the TV reconnaissance system
has a need fo- both broad area and limited area reconnaissance coverage,
There is a general need to assess the enemy held territory behind the FEBA
as to the determination cf the general topography, the location of identifica-
tion points and the deployment of the enemy forces. These is also a parti-
cular ncad to monitor known key coordinates such as crossreoads, strong
points and railroad yards. The general need requires wide coverage at
moderate resolution, whereas the particular need requires high resolution
but usually at narrow fields of view and, in addition, accurate placement

of the camera. Moderate r. solution allows for target detecti~n and high

resoluation for target identification,

The resclution regnired for damage assessment and surveillance for a wide
range of military targets 15 given in Table 1, This tabulation indicates that,
for the local battlefield conditions, a resolution of 2-5 feet 18 desirable and
that the worst resolution should not exceed 20 feetr, and preferably, 10 feet,

The requivred coverape for a particular target will vary widely, For exaniple,

examining « ¢ rossroad junction for military track traffic requires a resolu-
tion ranping from 1-2 feet for identification to 10 feet fur detection. Kven a

50
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TABLE 1

RESOLUTION REQUIRED FOR DAMAGE ASSESSMENT

ITEM

Major Cities
General Area
Major mfg. buildings

Supply Dumps-Depot
Pcower Plants

Helicopter Landing Pads

Military Vehicles
Mil, Water Traffic
Mil, Air Traffic

PR Tracks, Yards
Misgsile Launch Sites
Aircraft Type
Assault Guns
Command Vehicles

Missile Launches
Combat OPS (Pers)
Mortars
Arm. Pers. Carriers
Tank

Power Lines

L.aunch Site Details
Miassile Component
Recoilless Rifle

105mm Howitzer
Radar/Coram. Inst.

Air Defense Missile
Perzonnel
Aircraft (Details)

AND SURVEILLANCE

MINIMUM KEY

Structures; buildings
Large Structures
Buildings

Pattern
Buildings

Pad

Truck
Ships/Barges
Parked Aircraft

Area Pattern
Pattern
Aircraft

Gun

Trucks

Launcher
Small Groups
Gun

Truck

Turret, Gun Details
Wire & Poles
Pattern

Pattern

Rifle

Barrel, Wheels
Antenna Shape & Pattern

Launch Details & Nose Shape
Individual
Engines, Weapons Rackas

31
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RESOLUTION (Ft.)

REQUIRED

0
0

< O

200
100
50

20
20
20
20
20
a0

10
10

[SARRV BNE RN )
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.5 -1.0
.5+ 1.0

.25 - 0.50
.25 - 0.50
.25 - 0.50
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major crossroad junctien would not cover as much as 200 feet in either
direction. On the other hand, a major supply dump or depot can extend
2,000-5,000 feet in both directions, Furthermore, typical South Viet-
namese strongpoints had a 3, 000-foot diameter, This gives the approxi-
mate range of coverage required for targets of interest. Since the mili-
tary force having cognizance over the TV reconnaissance system will be
concerned with all of the enemy territory within the range of its artiilery,
reconnaissance over a much larger area is needed and a single gun-launched
TV camera round would not be able tc cover all of this area at adequate
resolution, Multiple rounds will probably be needed. The coverage pro-
vided by a single rcund versus the ground resolution desired comes down
eventually tc a question of cost effectiveness and operational use,

The gun-launched CCD TV camera has sufficient sensitivity to operate
from dawn to dusk (illumination ievels in excess of 100 foot-candles) with
very good picture quality. Daylight reconnaissance provides intelligence
as to the denloyment of the enemy forces and gives data as to the general
terrain topography. However, night reconnaissance is required to get
timely information on enemy movements as the enemy will generally move
under the cover of darkness. The CCD TV camera can operate under tull
moonlight conditions (0.02 foot-candler) and somewhat less if lens and ar-
ray performance is improved but the carnera will not be able to work under
moonless conditions (10'4 to 10‘5 foot-candles of illumination). Ifor com-
plete night reconnaissance capability, the CCD camera system will require
wuxiliary iilumination such as covld be provided by the standard 155-mm
illuminating projectile.

3.2.2 TV Reconnaissance System Delivery

The accuracy with which the reconnaissance system can be placed on target
depends on, in addition to other factors, the type of surveillance to be carried
out., Two cases can be considered; (1) general surveillance applications
wherein intelligence information 1s obtained by means of a programmed
search patternand (2) surveillance of lscations at preselectad map coordinates.

When a programmed search pattern is initiated, the first TV camera round
will have errors in both plan position and deployment altitude. These errors
would also apply to surveillance of locations at preselected map coordinates,
From the obaserved scale in the telemetered imagery, the actual deployment
altitude can be determined and the appropriate adjustments made to achieve
the desired deployment al*itude on the second round. In a programmed
search pattern surveillance mode, the plan position errors obtained with the
first TV camera round and the subsequent altitude correction round are not
significant, Subsequent TV cvamera roundr would be offset accurately frem
the initial rounds by incremental adjustments to Fuze Setting (F'5), Quadrant
Flevution (QF) and Chart NDellection (KI{), The entire search pattern maght
be shifted somewhat from the desired search pattern hut surveillance of e

region of mterest would be essentially compleie,
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Surveillance of target locations at preselected map coordinates is much

more demanding inasmuch as camera position as well as camera altitude {
must be established. The errors in the deployment of the first TV carn- 1
era round can be deote~mined by e¢xamining the telemetered imagery just 3

as the errors in the delivery or ordinary artillery rounds are determined
by a forward observer. The Analytical Photogrammetric Position Loca-
tion Systern can be used in this context to track the location and orienta-
tion of the camera if the field of view contains recognizable features.

The CCD TV camera will be deployed in exactly the same way as is the
illuminant in the M485 iiluminating projectile. At a fixed time delay after
launch, which depends on the fuze setting, the primary expelling charge is
ignited. The explosion forces the drag parachute and canister assembly
against the base plate, shearing the pins that hold the plate in place and
expeliing the parachute and canister, When the parachute and canister as-
remblies hit the airstream, the drag parachute deploys, and the anti-
rotation fins unfold to slow the spin of the canisteir. The parachute and

fins act together to reduce the canister valocity and egpin to much smaliler
vaiues than those at initial expulsion and this action takes place very quickly.
Atter about 8 seconds, the delay element in the base of the canister, which
was ignited by the primary expelling charge, burns through and ignites the
secenda ry expelling charge, which then ejects the main parachute and the
CCD TV camera from the canister assembly. The main parachute then de-
ploys, suspending the CCD TV camera below it with an average descent rate
of 15 feet per second. The orientation of the CCD TV camera in azimuth

i~ a random variable and cannot be predetermined. The camera’s line of
zight will be essentially vertical, Under the influence of the winds, the cam-
era will drift horizontally and its line of sight inzy deviats from the vertical.
Swaying with an amplitude of 10° to 30° rnav cccur, 7The camera's aiutude
and plan position at deployment are determined by the gun and :arget coor -
dinates, the gun settings of FS, QF and CI', and the efircis of air tempera-
ture, air density, wind, earth rotation, propeliant te:nperaiure, and gun bar -
re1 wear and temperature. The introduction to the firing tables for the M485
illuminating projectile states that adjustments to the wenloyment position are
rarely made to greater accuracy than 200 treters of the desiied location.

s

This van reduce the effectiveness of the TV Reconnaigsance System or neces .
sitate use of a Becond round., For example, ata resolution ot 2 feet per TV
line, a 500 .element TV sensor would cover a 1, 000-f oot wide arsa on the
geound hut with o 600-foot (200 meter) error in deployment position, omly :
100 feet uf this coverage would be in the desired target arsa, !fmproving ue- A\
ploeyment accurgey is very desirable but the difficulty of o caaplishing this
andey battieficld condsitionis muet be determined. Both camera swaying and
wrizontal deift serve tu intrease camera coverage and ninimize the need

[

ar rnaroved deployment accuravy.,
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The maximum charge that can bs used with the M485 illuminating projectile
is Charge 5W, which -onsists of propelling charge M4A 1, base section 3 and
increments 4, 5 and é. For this maximum charge, the muzzle velocity is
472 meters /second. The maximum range to the target, for the nominal 600-
meteyr illuminant ignition height, is 11,400 meters,

The M565 fuze used with the M485 illuminating projectile can be set to 0, i-
second increments. At the maximum muzzle velocity of 472 meters /second,
the projectile travels 47.2 meters in 0.1 second. At the 45° trajectory
angle corresponding to the maximum range, the horizontal (and vertical) dis.
placement for a VU, l-second increment is 33,3 meters or about 100 feet. This
is a worst case value, since maximum range was used and no allowance was
made for the decrease in projectile velocity due to ballistic drag.

Fuze setting changes must also be made to compensate for changes in muz-
zle velocity, range wind, air temperature, air density and projectile weight.
The maximum values for each of these fuze setting changes are about:

Muzzle Velocity ...... 0.06 szcond per 1 meter/second change
Range Wind.......c... 0.02 second per 1 knot
Air Tsmuperature ..... 0.04 second per 1% change (59°F std.)

: : Air Density .......... 0.06 second per 1% change

1 Projectile Weight.,,,. §.06 second per 1.1 pourd change

Unless these corrections are carefuliy made, the fuze settings may he in

h errocr by many times the 0.i-second increments, For example, every
1000 rounds the muzzle velocity decreases by about 2 meters /second. Fur-

thermore, at sither 10°F or 130°F, the muxsle velocity change due to the

changs in propellant temperature {r m the standard 70°F value is about 9

meters /second. The maximuwn ze sctting change is about 0.5 second for

this variation alone.

Under battlefield conditions, it is debatable how many of these correztions
will be propecly applied. The 200.meter dehivery accuracy mentioned pre-
viousiy s probabry & very good value for unobserved artillery fire, Conse-
quently, o & given situation, the TV Reconnaissance System could require
two or more rounds t achieve #ffective reconnaissance, The first rounds,
as nreviously stated, would be used as forward observers and the informa.
11em obtamed from thent utedd to correct the gun sretiings,

s given aheervation smituation, the desired surverblance coverage could
range from 200 feet £ 5 000 fert, Becaunse of deployment inaccuracres,

the camera covsyare munt be somewhat larper,

Forthe narposes of determinwng camera coverage, the deployment #rror
for both altitude and plen coordimates is assumed to be 200 meters (~a000
feearj. The required camera coverags s then equal to the dewsired surseil-
fance coverage plus & x o0 fret st the nominal 800.mieter deployment alty

e . At a Parat beight of 400 meters correspording to a 2Ud-nieter evrar
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in deployment altitude, the camera coverage is 2/3rds of this value., Conse-
qu=ntly, the nominal camera coverage must be 150% of the value given by the
formula cited above. At narrow angles of view camera swaying increcases
covecage twofold with somewhat smaller increases at wider angles of view
(1.4x). This coneideration is reflected in the fcllowirg table:

Desirmd Surveillarce Regquired Camera
Area Coverage
200" x 200" 1, 050" x 1, 0507
400' x 400! 1,320' x 1, 320'
§CG' % 800! 1,800 x 1, 800"
1,600' x 1, 600! 2,730 x 2,730
3,200° x 3,260 4,620"' x 4, 6207
3.2.3 CCD TV Camera e rforn'l.&ﬂi;f;
3.2.3.1 CCD Sensor Characteristics

There are five CCD area photosensor arrays currently being produced or
wider development by Fairchild, These are the following:

1. CCAID-100 (CIr-201)
2, CCAM.244A
3. CCAID-244D
4. CCAID. 3EBA
5. CCAID-AEED

The CCAIN.I00 (CC-201) ir the device used in the flight tests performed
under this contract, jtas a 140 by 100 element array of photosensors with

a cell sroe that tx 1,2 mide by o6 anils,  The photosensor area iy approxi-
rpate iy U6 il by 1.2 mads, the rest of the cell consisting of epagued trans.
fov and Stovage slectirades, The on-chip amplifier is a dual differencial arna.

plitier that has demonstrated a noise equivaisul exposure n the laboratory

i i

of about 160 ¢lectrong at 2570 and & video frequency of | MBz,
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The CCAID-244A, currently being fabricated, features a 244 by 190 matrix
of photosensors, It has column anti-blooming and three output amplifiars.
These are a dual differential amplifier (DDA}, a floating gate amplifier(FGA)
and a distributed floating gate amplifier (DFGA). A noise aquivalent expo-
sure of 10-40 electrons is expected for the FGA and DFGA structures when
the array is cooled to -50°C to eliminate dzrk curreut acise, The cell size
is 0,71 mil by 1. 18 mils with a photosensor size of 0.4 mil by 0.71 mil.

The CCAID.244B is identical to the CCAID ~244A except that it employs a
gaeless, self-aligned structure for the CCD storage registers. The cell
size is the same but the photosensor size is increased to 0,55 mil by 0.7
mil, This makes for increased sensitivity. This device is under deve.. p-
ment.

The CCAID-483A is 2 larger version of the CCAID-244B. It features a 488
by 380 matrix of photosensors and is directly equivalent in performance to
a standard 525-line TV camera tube. The image diagonal is 0.5,

The CCAID-488B is a very large chip designed for low light level applica -
tions. The 488 by 380 matrix of photosensors features a 1.18-mil by 2.09-
mil cell size with a photosensor size of 1.18 mils by 1,46 mils. The photo -
sensitive area is four times larger than that ot the CCAID-488A and, there-
fore, the CCAID -488B will be four times inore sensitive. The pohtesensor
diagonal is 1. This device is currently in the design stage. Because of its
very large chip size, the CCAID-488 will be a very expenrive device and
should be used only in those applications where its performance justifies the
increased cost.

3.2.3.2 Camera Lens

The major factors bearing on the design of the carnera lens are:

!. The lens must survive the projectile launch,

2. The ilens field of view must meet the system
requirements.

3. The lens should have aperture for maximum
camera sensitivity.

4, The lens should have good modulation transfer at
the spatial frequencies corresponding to the CCD
arrays used. This good response must be obtained
in the wilicon spectral band ranging from 0,4 to 1.0
mmicron.
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The strength of optical glass is influenced far more by configurational
and, in particular, surface features than by composition and basic modu-
lus of elasticity. Although the "ultimate' strength of glass under ideal
conditions can be as high as 1,000, 000 pounds per square inch, the engi-
neering tensile strength of corventional glasses is frequently given as
1,000-2, 000 pounds per square inch. Impact loading over small areas
causes glass to crack at areas where surface flaws or stress concentra-
tions exist. Conventional lens constructions wherein the lens eiements
are supported rigidly by metal rings at their edges would not survive
launch. At some sacrifice to aperture, the lens elements could be elas-
tically supported over a large area using silastic or similar material.
This technique would avoid stress concentrations and allow lensegs made
in this manrer to survive launch.

Reducing lens dimensions is another method that can be used to insure
launch survivability. Mass decreases as the cube of the lens dimensions,
whereas shear areas can be made to decrease directly with the lens dim-
ensions. The lens dimensions are subject somewhat to system require-
ments; focal length is determineu by the CCD array element size and the
desired ground resolution and deployment altitude. The lens size is most

easily decreased by decreasing lens aperture. This, of course, decreases

system sersitivity, but it will be shown that the CCD carnera system has
adequate sensitivity even at reduced apertures.

Wide angle lenses of a given focal length are much Iarger than lenses of
the same focal length, which have normal or narrow fields of view. This
makes for less launch survivability. As .. general rule, therfore, the
CCD camera shouid not use a wide angle ens. A wide angle lens is de-
fined here as a lens whose 1mage diameter is larger than its focal length.

The spatial frequencies correspoending to the limiting diagonal resolution
for mach of the CCD photosensor arrays described in paragraph 3.2.3,1
are:

CCAID-100D............ 10 line pairs/mm
CCAID-244A............ 17.5 line pairs/mm
CCAID-244B............ 17.5 line pairs/mm
CCAID-488A . ....... «...17.5 line pairs/mm
CCAIIN-488B............ 10 line pairs /nun

These spatial frequencies are rather low and should present no difficulties

to the lens design effort., 'The spectral bandwidth from 0.4 to 1.0 micron
is rather wide from a conventional photogruphic viewpoint but dees not

repreaent a difficult design problem. Fairchild, in another program, modi-
fied 2 convential {/1.0 lens design to achieve a maodulation transfer of 0,83

at 20 line pairs per millimeter over the tull 0,4 1.0 micron bandwidth,
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3.2.3.3 Field-of-View (FOW) and Resolution

The resolution and field-of-view can be given in terms of matrices relating
altitude and sensor type to the appropriate parameter for a particular lens
focal length. This gives an immediate appreciation for camera performance
not given by the equations relating the various parameters.

The lene focal lengths considered in Tables 2 through 5 are 50mm, 25mm,
12,5 mm and 6 mm (2", 1', 0.5" and 0, 25", respectively). When the sen-
sor diagonal exceeds the lens focal length, this corresponds to a wide angle
lens and, as such, would not be suitable for the system. Such values will
be marked with an asterisk in the matrices.

The resolutions given correspond to the sensor element diagonal. Some-
what smaller limiting resolutions pertain to the x and y sensor element
spacings., For example, at an altitude of 2, 000 feet, the CCAID-488A
achieves a ground resolution of 2.8 feet (diagonal measure) with a 1-inch
focal length lens. The corresponding vertical and horizontal limiting reso-
lutions are 1.4 feet and 2.35 feet. Vertical and horizcntal as used here
refer to the rectangular TV picture format,

At an altitude of 2, 000 feet, excellent ground coverage is achieved for:

1. the CCAID-244 used with a 1/4'" lens
2. the CCAID-438A used with a 1/2' lens
3. the CCAID-488B used with a 1" lens

The ground resolutions achieved are respectively 11', 5.5' and 4' (diagonal
measure).

A tank with dimensions 10’ by 20' can be imaged at the 11' resoluticn by a

2 by 2 array of photosensors (4 sensor elements). This yields marginal
detection. At the 5.5' resolution, the same tank can be imaged by a 4 by 4
array (16 sensor elements). This gives good detection. When the altitude
18 reduced to 1, 000 feet, the 5,5' resolution goes to 2.8' and the tank would
be imaged by an 8 by § array (64 sensor elements), Very good tank identifi-
cation would then be achieved including perhaps some measure of damage
assessment, This is consistent with the 1.4’ vertical and 2.35' horizontal
resolution that is actually achieved,

Fxamination of the matrices points up the fact that the best ground caverage
and the besgt resolution cannot be achieved at the same time. Good coverage
(1,380 by 1,840') for the CCAID-488A may require a 1/2" focal length lens
but high resoluation {2.8' diagonal measure) requires a 1" focal length lens.
A mulri-focal length system may be indicated.
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There are two possible approaches, a lens turret or a zoom lens. A lens
turret can contain lenses of 1/2", 1" and 2' focal lengths., By automati-
cally indexing the turret to each of these lenses in turn, both good resolu-
tion and good coverzge can be achieved before the altitude of the camera

has changed appreciably. The same results can be achieved with a zoom
lens. For example, Canon manufactures an f/1,8 zoom lens that zooms
from a 12 mm (~1/2") focal length to a 50 mm (2") focal length. This lens
design can be the starting point for a launch-survivable design. In any
event, the advantages of a multi-focal length system must be weighed against
the increase in system cost and complexity. '

The lens turret and its driving mechanism can be a fairly simple, reliable
device. The major disadvantage is that the longest focal length lens esta-
blishes the axial length of the mechanism, Consequently, a larger volume
is required for the lens turret assembly,

Less volume is required for a zoom lens, However, the mechanical move-
ments required are axial (in the direction of the launch set-bacx)., This com-
plicates the design c¢f a driving mechanism that can survive launch.

It should be noted that ground coverage is not simply a function of lens angle
of view but also depends on the winds and camera sway. A 30-knot wind
corresponds to a 50-foot per second horizontal velocity for the camera. By
the time the CCD TV camera descends 1,000 feet at the parachute's 15 feet-
per-second rate, a 30-knot wind will have blown it sideways by more than
3,000 feet. Normally, better resolution of a target is achieved when the
camera descends to a lower altitude. Under the influence of winds, how-
ever, the target may no longer be within the field-of-view when the lower
altitude is achieved. A variable focal length system would provide both

the synoptic (overall) view and the high resolution imagery before the tar-
get of interest drifts out of the field-of-view,

Figure 12 shows the ground coverage achieved by the CCAID-488A with a
0.5" focal length lens for three different wind conditions; a 30-knot wind,
a 15-knot wind and dead calm. The 306-krot wind provides as much as four
times the ground coverage achieved under no wind conditions. Again, a
variable focal length system would provide considerably greater reconnais-

sance information.

Finally, ground coverage decreases very rapidly as the carmera altitude
drops below 1,000 feet. At 1,000 feet, the coverage is only cne-quarter
that at 2, 000 feet, and at 500 feet the coverage 18 only one-sixteenth, Radio
communication becomes increasingly more difticult at lower altitudes due

to line ot sight limitations and multi- path propagarion. The paucity ot recon-
naissance information that is obtained at these lower altitudes mitigates
against trying to comnuomicate under these special handicaps. [t turther

reinforces the case for a variable focal length system.
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3.2.3.4 Image Motion Considerations

Image motion arises from angular and translational velocities of the CCD
TV camera during its parachute descent. Zooming a lens also produces
image motion because of the scale changes achieved.

The image diagonal corresponding to a single photosensor element is about
1 mil {0.001") for the CCAID-488A, Fecr the various lens options discussed
previously, the angular resolutions achieved are:.

2" focal length ... 0,03°
. 1" focal length ... 0,06°
0.5" tocal length... 0.12°
. 0.25"focallength.. 0,24°

w2 N

At the standard TV frame rate of 30 frames per second, the erfective expo-
sure time is 1/30th of a second. At 30 frames per second, the angular rates
that would produce image smear equal to an element diagonal (‘he limit of
detectability for image smear) are:

2" focal length ... 0.9°/second
1" focal length ... 1.8°/second
0.5" focal length ce. 3.06°/second
. 0.25" focal length ..., 7,2°/second

W DN e

These are the limitaticns on the pitch and yvaw angular velocities. Rota-
tions about the optical axis of the camera produce image smear at the for-
mat extremes. The angle subtended by a cormer photosensor element when
viewed from the center of the CCAID-488A array 15 (.001'/0.25") radians
or abbut 0.2, The allowable angular velocity about {v e cptical axis subject
to the same element diagonal smear criteriom is 6°/seond. Higher rota-
tional velocities are allowed if image smearing at the 1ormat cornevs is

acceptable.

Translational velovities i the hovicontal plane produce detectable nnape
smear only when the camera movement from one firame time to the next
exceeds the limiting ground resolation, ¥For a 30-knot wind and 30 frames
rer second, the camera's horizontal translation would be 1.6 feemt., At this
wind level, the resolution achieved by the COD TV camera would be limited

by tmage sniear to about one or two feet.

Rapid chauges in scale produced by zooming a lens, oc by a rapid descent

of the caniera, produce mmage simeat at the tormat extremes,  Detectable

smear occurs for the COCATID CHENA wihen o scale chanye of /488 ocours

during the timme betwesn frame. . Scale s directly related to camsera altr-

tude. At 1,000 fest, o scale chanpe of 1448Y 0y produced by a 2o toot chanpe

SR

- Nt i BT im0 9o okd s 0T




in altitude. At the frame time of 1/30th of a second, this change could
only be produced by a descent velocity of 60 feat per second, This is
four times greater than the nominal descent velocity. Smear procduced
by lens zoeming is best avoided by stopping the lens zoom at preselected
focal lengths for a period equal to severa] frame times. If this is not
done, the tinie raquired to zoom from one focal length extreme to the
other becomes excessive if image smear is to bhe avoided,

Tlie image smear criterion used in the above discussion assumed that
the observer was looking at single TV frames, This is analogous to
looking at single frames of a {ilm reconnaissance camera. However,

as is well known, multipls TV frames are integrated by the human eye to
give an effective increase in resolution. Thus, the same image smear
criterion cannot be applied to TV imagery at 30 frames per second as is
applied to static frames. There is a difficulty, however. Static frames
allow for leisurely examination of the imagery. In this case, a given ma
nitude of image smear might be objectionable, On the other band, the
game magnitude of image smear would be undetectable at the standard
TV frame rate. The only difficulty is that the imagery does not s’ still
for detailed analysis. The level of image smear that could be tolerated
can only be determined by actual use of the equipment in a variety of
operational situations.

3.2.3.5 Camera Sensitivity

g..

The charge coupled area iimaging devices cperate in the integration mode,

The photoelectric current produced under the influence of light is inte-

grated over a period equal to the frame time. The resultant photoelectric
charge is stored in the potential wells associated with the individuval photo -

sensor elements. This charge is givan by,

Qg = KyAlgt
where,

Qq the photoelectric charge in coulombs

Ky silicon sensitivity in amperes per unit area

per unit of lhamination

A sensor element area

Ly ‘ array tluamination

t array frame tiimme in seconds

For hlack body radiation, the silicon sensitivity is a tunction of the black

body color temp. rature. At the 5 500°K color temperature correspornding
¥

to sunlight, the CCD arrays have a solicon sensitivity of 10 x 1077 ampe

o

per square mil foot-candle, The silicon sensitivity in reases joc lowe s
temperatures, At 2 807K, the “itlicon sensitivity tor the GO0 avrays 14
I . ) ‘

v

o ) . -
about 25 x 10- 1 amperes per sguare il per fnot-candle.
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The senzor arasa for the CCAID-488A is about 0.4 square mil per element.
Agsataing solar iilunination and operation at 30 frames per sccond,

o = 16-11 5 0. 4x L x 1
8 La 39
= (1.33x10°13) L, coulombs

/18 the electronic charge is 1.6 x 10-19 coulombs, Qg may also be expressed
in electrons; i, e.,

-13
ol = 1.33 x 10 - L, elactrons
1.6 x 10719
~ (0.8 x 109) Ia electrons

The noise equivalent signal ior the CCAID-488A is estimated to be 10-40
electrons when the floating gate arr.plifier structure is used. Using the
conservative value of 40 electrons, the nuise equivalent i’lumination on
the array is 50 x 10-® foot-candles.

The arruy illumination is related to the actual ground illumination by the
fcllowing equation:

T
L, o KR T %:“ﬁw My Mo L
where,
K, - terget reflection factor
air © atmospheric transmission
lens lens transmission
{ leng f-number
M | ©array modulation transfer at the target's
“ spatial frequency
M, - lens modulation transfer at the target's
spaiial frejuercy
I‘g ground i1llurnination

Chaosing congevvative values for all of the above parameters: e,

Ky U. 1]
T, e ¥
Tlens DoH
f 2.0
}\ffa 0.6
Mo, 0.7
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A
: The a2 rray illumination is then given by,
| = 0,1 x 0.8 x0,8 20,6 x0.7 L 3
e ; ‘Y
4% &%l :
)
Or. ‘
I{w = 600 1o
Ueing the noise ecuivaient array illmamation of 590 x 10“6 foot candles that s
wag determined previcusly, the minimum ground illumination needed for
operation of the CCD TV camerz is 0, 03 foot.candiles, This illumination 14
. . A
lzvel is somewhat greater than that produced by a full meon under clear '9
aky conditions,
This analysis is somewhat concervative., A four-ivld improvewent coald B
be pained by using the 10-electron noise eguivalent signal value, Use of i
the CCAID-488B would yield ancther four-fold improvement to bring the g
minirmum ground illumination down o about the 10~ foot-vandle level. ’
3.2.4 Communication System t
!
i
3,2.4.1 Communication Path Considerations {
Communication between the parachute-boyme CCLD IV camera and the
ground station will be maintained over a maximam range of 14,6 Kilo- ]
meteis, For reasors that wid be given later, it is asswined that the :
ground recerving station 18 Jocated at the artillery battery that lawnched

the caniera round. The transmitting fraquency uzed should be greater
than 15¢ -4lz {3 - 80 inches) to mininize the antenica sizes required,
In any event, the radic trancrmission w:ll be fine.of-sight.

The radio line-or-sight communication range over a smooth »avth from

an airbome tvansmitter to a ground raceiver 18 given by,

R, Veny

}
where,
R Iine. of-sipht comnumication range mn mmlies
1 K K
by transmitter elevation in {eet

If both the receiver and transmiatter are elevated over the sinooth earth,
the communication range, R, 's given by,
R SR

|2 2 . b
P, ‘\,..h\ h
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where, §
h, = receiver eievation in feet %
§
|
by R,

2,000 63 miles

1, 000 45 miles

500' 32 miles

250’ 22 miles i

Even at the lowest altitude, the lini.of-sBight range is vconsiderably greater
than the maximum communicaiion va»ge needed,

A major probiem in line-of-sight commumicaticns is the interference between
the direct and reflected radio rays, Multi-path fading becomes significant
when the elevation angle of the direct ray dreps below 3°.

Natural obstacles such as mowuntain ridges also cause commuuication prob-
lems. If the obstacle is above the direct ray, severe transmission ionses
occur. If the obstacle is sufficiently sharp, knife-edge difiraction can re-
duce the magnitude of these losses. For exampls, & nomograph for the dif-
fraction loss at an ideal knife-edge given in "Reference Dats for Radio Engi-
reers, Fifth Edition' yielda the following data:

RAKIEE .« i iiicnerncnnvennnnesee1d Km 14 K

Obstacle Height o venvrvve e 100 feet 10 feet
{above the dicect ravy)

Transmitting Frequency . ov.....3 GHz 3 GHz

iffraction Jo88.......c0......15db 7.5 db

A naturzl obetacles depart considerably from an ideal knife-edge, actual
fosses may be

10t 20 ¢b greater., The magnitude of thege diffraction
Ingses make it rmandatory that the CCD TV camera be depley«d at a suffi -
Ciently high altitude to achieve an unobstructed direct iine-of-sight between
the *ransmitter and the receiver.

The optical line.of-sight from the ground receiver to the airborne camera
has an efevation angle that depends on the range to the camera and the
camera's deployment » ltitudes (referred to the ground recveiver). Thewse
elevation angles are given n Table 6 tor various ranges and altitudes.

i
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TABLE 6. LINE-OF-SIGHT ELEVATION ANGLES

RS SN

1, 000 2,000
Altitude Altitude !
14.4 Km (47, 000') 1.2° 2.4° !
40, 060" 1.4° 2.9° |
30, 000" 1.9° 3.8°
20, 000" 2.9° | 5.7°
10, 000" 5, 7° 11.3°

3.2.4.2 Antenna Considerations

3.2.4.2.1 Transmitting Antenna

The CCD TV camera package is a cylinder 4-1/4 inches in diameter by about
8 inches long; that is, the same size as the illuminant package in the M485
illuminating projectile. At one end of this cylinder is the point of attachinent
for the main parachute, whereas the camera lens is centered at the other end.
Although the axis of the c ylinder is normally deployed in the vertical direction,
oscillations of 10° to 30° can occur. The orientation of the cylinder in azi-
muth is completely random.

To cope with the random orientation of the camera in azimuth, the trans-
mitting antenna must have a full 360° azimuth coverage. Furthermore,

ite #levation coverage must be about 60° centered about the horizontal plane

so as to deal with the maximum camera sway of 30°, Such a coverage is pro.
vided bv a quarter-wave vertical stub., This stub rnust be placed on the axis

of the cylinder to insure a symmetrical radiation pattern. Since the lens is cen-
trally located at the lower end ¢f the camera package, the only available loca-
tion for the transmitiing antenna is at the upper end of the cylinder, the end
attached to the rmain parachute.

The receiver signal strength is directly proportional to the area of the receiv-
ing antenna. The larger the antenna, the better the communication efficiency.
Aside from cost conswderations, large antennas are undesirable in combat
satuations, since they make enxcellent targets. Furthermoere, large antennas have
narrow beamwidths and require pointing accuracies that may present opera -
fional difficulties. Fosition location equipment such as radar may be needed

to locate the camera package with sufficient accuracy. Normally, the camera
position should be fairly well known, HMowever, under the influence of winds,

the pleaned position may be quite a bit different from the actual position,  If

the receiving anteana 18 not located at the artilisry battery, both range-winds

wod cross.winds nfluence antenna pointing.  [f the receiving antenna (8 Jocated

¢ the battery, only cross-windg infivence antenna pointing., A further advan-
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tage to placiag the receiving antenna at the artillery battery is that, in a
gross way, the antenna azimuth and the gun azimuth would be identical and
the two units could be slaved in azimuth,

Not heretofore considered is the poseibility that many gun-launched cam-
era systems would be deployed at the same time. A serious interference
problem could arise. This could be resolved by assigning different casrier
frequencies toc the camera rounds stocked by each battery. Narrow beam-
widths for the receiving antenna could also discrirninate Setween different
camera systems and in addition, would provide some degree of protection
against jamming.

3.2.4.2.3 Transmitting Frequency

As stated in paragraph 3.2.4.1, the transmitting frequency used should be

: greater than 150 MHz to minimize antenna size. Three frequency candidates
: were considered; 300 MHz, 2,000 MHz, and 20,000 MHz., For the purpose

’ of making a choice. the receiving antenna was considered tc be a four-foot
diameter parabolic dish. This size wac considered to be a suitable comprise
between the needs of combat security and communication efficiency. The
tranemitting antenna was considered to bs a quarter-wave stub, Table 7
shows appropriate performance parameters for each of the three frequency
candidaies.
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TABLE 7, ANTENNA PARAMETERS FFOR VARIOUS FREQUENCIES

Transmitter Receiving :
Carrier RF Antenna Antenna ;
Frequency Wavelength Size HBeam Width
300 MHz 40" O 60°
2,006 MHz 6" 1.5" 9°
20,000 MHz= 0.6" 0.15" 0.9°

At 300 MHz, a 10-inch long transmitting antenna presents some problems,
The 10-inch length requires a collapsible antenna,and an erecting mechanism
must be provided. Alsc, the 4.1/4 inch diameter end plate does not present
a very geod ground plane for a 10-inch long antenna. These problema are
ameliorated when a 2, 000-MHz carrier frequency is used. The antenna

size of 1.5 inches can easily be stowed within the transmitter module and
deployed when the main parachute is deployed, The 4.1/4 inch diamgter

end plate now represents an excellent ground plane. At 20,000 MHz, ad-
ditional problems arise because of the extremely small dimensions involved.

The radiated field patterne are casily disturbed by siall changes in the con-
ductive elements of the camera package.

The receiving antenna beam width of 60° at 300 MHz provides very little
anguirr discriminatioh between multiple camera roands. The 60° beam-

width does not help at all 1 suppresying mujti-path transmigsion, A 9°
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beamwidth, on the other hand rovides good discrimination between multiple
camera rounds and some disc: imination against multi-path, Referring to
Table 6, the line-of-sight elevation angles range from 1.2° to 11.3°, A
two~position elevation eretting for the receiving antenna would allow a 9°

! beamwidth to cover this entire range; a 4° setting for far ranges and an

{ 8° setting for close-in ranges. Going ¢c 20,000 MHz, the 0.9° beamwidth
achieved presents severe pointing problems. At the extreme range of
47,000 feet (14.4 Km), a 1, 000-foot change in altitude represents a change
in elevation angle of 1.2°. The receiving antenna would have to track the
camera in elevation as it fell,..,and the situation worsens as range is de-
creased.

e o et R A

All the factors point to 2,000 MHz as the carrier frequency of choice. The
2,000 - 2,400-MHz band is, furthermore, a standard telemetry band, There
are, also, further options that can be made to improve system performance,
Tue four-foot receiving antenna with a beamwidth of 9° may be faulted because
of its size (increased vulnerability during combat) and the minimal antenna
tracking required (a 30-knot cross-wind would change antenna azimuth by
9.5° as the camera descended from 2,000 feet to 1,000 feet at a distance of
20,000 feet). Changing the parabolic dish diameter to 2 feet would provide
an 18° beamwicth and less combat vulnerability. There would be, however,
a four-fold drop in antenna gain and increased vulnerability to mutti-path
fading. The precise antenna size used would really depend on the actual
combat situation. A variable diameter dish might be the answer.... a bzsic
two-foot diameter parabolic dish with extendable sections to provide four-
foot diameter capability wh:n needed.

3.2.4.3 System Path Lcss Analysis

Tite system path loss analysis is summarized in the tabulation given below:

Operating Frequency, ., ..., .... 2,000 MHz
Transmi‘ter Power _ .. ....... 1.5 Watts + 31.0dbm
Transmission Mode _ . ....... FM

E Transmitter Antenna | .. .... 1.5 inch stub

F Antenna Gain + 3.0 db
Receiver Tracking Antenna _ 4 foot dish

: Antenna Gain + 25. 6 db

) T A
Total Effective Power + 59. 6 dbm
Path Length | ... . ...... . 10 Miles
Free Space loss - 122.8 db
Micc., losses (transmission line, counling eto. ) - 2. 0db
Total losses . 124.8 db
Median Recetvead Carrier Power - 65, 2 dhimn
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RF Bandwidth.,.............. 4.5 MHz

Noise Power (KTB) - 107.5 dbm
Assumed Noise Figure + 4.04db
Equivalent Noise lhput (Receiver Sensitivity) - 103.5 dbm
Median Carrier-to-Noise Ratio + 38.3 db
FM Improvement Ratio | + 10.0 db
Receiver Signal-to-Noise Ratio + 48,3 db

3.2.4.4 Path Reliability Considerations

The methods of assessing propagation reliability for fixed line-of-sight
links, involving consideration of Fresnzl clearance and Rayleigh fading
are not applicable to this type of air-to-ground link. The radio link, as
proposed, will provide a fade margin of 38.3 db over the noise improve-
ment threshold when subject to 122.8 db of free space loss, This mar-
gin is adequate to ensure that the received carrier remains above thresh-
cld under the following combination of circuinstances:

Parachute range at 10 miles maximum,

Parachute attitude such that the effective transmitting
gain falls to zero.

Receiver antenna pointing errors up to about 2°.

[

w
.

It should be noted that in terms of signal fade margins, the peak-to-peak
signal to RMS thermal noise of 48,3 db is conservative for a video signal,
Good useful picture transmission wili be maintained down to a carrier-to-
noise vatio of about 23 db. Stated in the more familiar notation, the sys-
tem will possess a fade margin of approximately 26 db.

3.2.4.5 Video Qualitx

Systern path analysis indicates that a minimum usable signal-to-noise ratwo

of 48, 3 db into the video monitor will provide an excellent picture quality per-

formance.

Table 8 lists picture-quality defmitions for different values of signal-to-
noise ratio. These definitions are based on reports by Television Alloc-
tions Study Organization (TASQ). The levels given have been adjusted to

represent R} measurements as cpposed to video measurements.
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TABLE 8, PICTURE QUALITY VERSUS S/N RATIC

S/N Ratio Picture Picture Quality
{db) Quality Definition
49 Excellent Snow free pictures
39 Fine Just perceptible background snow
i3 Goed Snow in picutre but not objectionable
29 Marginal Somewhat objectionable snow
3.3 CCD TV RECONNAISSANCE SYSTEM DESIGN
3.3.1 System Block Diagram

The CCD TV Reconnaissance System block diagram is shown in Figure 13,
The battery of the airborne equipment is energized both by the setback and
spin occurring at launch. Battery voltage comes on in less than 1 second
and power is then provided to the following wnits:

1. Lens motor drive (if multi-lens system is used)
2., Camera power supplies

3. Destruct charge timer

+. RF transmitter

The output videc signal from the CCD photosensor array is amplified by
the 4-MHz video amplifier that provides the rnodulation input to the S-
band FM transmitter. The transmitter frequency is in the 2,000.2,400-
MHz telemetry band. The tranemitter outpui is fed to a quarter-wave

stub antenna that produces a toroidal radiation pattern.

The transmitted signal 183 picked up by the receiving antenna, a four-
foot parabobic dish., The video output from the S-band FM receiver s
conditioned by the vidleo ime driver before it is recorded on the video
tape recorder. The read . after-write signal outpat of the valeo tape re.

corder is then digplayed on a standard TV monttor.

y.3.2 Airtorne Camera-Transmitter Assembly

The canister assembly for the M4H5 rtlumimating projectile will be used

for the TV Reconnaissance Systern with the tiluminant contamer being re-
placed by the COCD camera-transmiter assemnbly, Fooure B showns a preli

mina ry layvout of thin assembly,
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The lens is protected from the blast of the secondary expelling charge
by a heavy metal disc, This disc transmits the explosive force to the
housing of the camera-transmitter assemhly and eventually tc the cani-
ster base plate, The pins holding the base plate are sheared away and
the main parachute and the camera-transmitter assembly are expelled
from the canister.

The CCD camera subassembly is a disc about 2 inches deep by 4-1/4
inches in diameter. Similarly, the RF transmitter is a disc about 1.0
inch d=e;;. In the center of this disc is the 1-1/2 inch long stub antenna,
It is fully recessed.normally but will be extended when the main para-
chute is deployed. e

The remainder of the volume is taken up by the battery and the destruct
charge and its timer,

3.3.2.14 CCD TV Camera _

A block diagram of the CCD TV camera is shown in Figure 15, The
total component count for the camera is about 32 DIP's (Dual In-line
Mckages), To 'neet the launch environment, all components will be

used in chip form and connected as hybrids. All subassemblies will
be potted.

1.3.2.2 S-Band Video Transmitter

A block diagram of the signal flow in the video transmitter is shown

in Figure 16, The tranemitter is composed of a series of thick/thin

fiim substrates packaged in a 4" d.awmeter disc about 1 inch thick. This
technology i8 used to eliminate component leads that would have difficulty
gurviving the launch environment. The use of an epoxy potting compound
to secure all the transmitter elements would not satisfv the dielectric con-
giant requirements of rmicrowave circuiis, Therefore, the degign uses
ailactive devices in chip forim., These include the large RF power tran-
sictors. These large power hardliny vomponents are located at the sur-
face of the transmitter package, to mmsure adequate heat dissipation.

LI DA Viden Telemetry Transmitt~r Specifications
Outline dimension 4 inch Divraeder, 1 inch thick
Shock (survival) 20,000 s
Freguency S Band, 202 to 203 Gia
Powe r Output L wat O T
requency Statality t U, Oh over temperature runge
Coeratie g Temperature SO0 o aE T
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Modulation

Type True FM
Frequency Response 10 Hz to 4.5 MHz at 3 db
Deviation +10 Mhz maximum {(adjustable)
Input Impedance 50 ohms
Input Level 20 mw
VSWR 1.5:1 any phase angle
Output Impedance 50 ohms
Spurs IRIG 106-71 (10 log power)

Operating Voltage
DC Efficiency
Weight

+24 VDC £ 20%
15% approximate
8§ ounces

Destruct Charge

The ignition of the destruct charge cannot be accomplished reliably by im-
pact, since the parachute will limitthe magnitude of the impactforces, especi-
ally if it becomes fouled in a tree. A more reliable fuzing method is the use
of a time delay element actuated by the battery voltage. At a descent rate
of 15 feet per second from an altitude of 2, 000 feet, the total elapsed time
to impact:is about 130 seconds, A delay time of 100 seconds would cause
the camera unit to be destroyed before impact and, thereby, an enemy
would be prevented from examining the unit.

3.3.3 Ground Equipment

The ground station can be made up of conventional commercial units or

devices already in the military inventory. The S-band receiving antenna
with a four-foot diameter parabolic dish probably already exists in the

military or commercial inventory as does the S-band FM receiver, The
video tape vecorder and TV monitor could be standard commercial units
auch as the Sony Av-3400 Videocorder and the Sony CVM-920U 8" moni-
tor. Video line drivers are available commercially, Military versions

of these equipments could be provided.

3.4 LYSTEM COST ANALYSIS

3,401 Ground Station Costs

Ground station costs are not a major factor in the design of the TV
Revonnaissance System, since the ground station is not an expendable item,

The ground station comprises the followimg units:

1. S-band antenna (L. foot parabolic dish)

2. S hand FM recejver
1, Video Tine draver
4. Viadeo tane recorder

BTV o monitor

o)
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Most of these equipmentis are commercially availchle or are aiready n
the military inventory. Consequently, these ccoste were not evaluated in :
the present study, P
5.4.2 Airbomme Camers.Transmitter Costs :
Development costs were not considered in this study. The only costs
evaluated were the equipmient costs for large quantity production. ,
3.4.2.1 CCD Camera Coste
The CCD camera, as stated previously, consists of the fellowing major
items:

1. Lens

2. CCDarray

3. Electronics
3.4.2.1.1 Lens Costs
For a simple f/2 12.5 mm lens design, large gquantity production costs
could be under $20, 00. A lens assembly for the Kodak Pocket Instamatic
camera can be purchased for aboat 823, 00. The lens is an excellent four-
element §/2.8 25 mm focal length device. Ruggedizing the lens to survive
the laurch emvironment should nct add significantiy to its cost if production
guantities are large enough,
Zoom Jens with motorized controls are quite & bit more expensive.
Canon makes a motorized /1.8 zoom lene that zoonw from 12 mm to
50 ram and Liews for $175.00. Although thic lens s a commme rcial itern,
the number of lenses produced is probably guite small, The two-thirds
inch vidicon camera tube for which this lens was designed 18 not that popuiar
an slera, Bven if farge production quantities of this lens were made, it
pv unikely that a rupgedized versinn of this lens would sell for mder
100, OO,
Losurmrnary, sysien lens costs should bes

Foo o672, 12 % o dens. .. L., 15,00
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The CCAN-244 and the CCAID-4B8A arrays have not yet been produced
and the price of these arrays can only be conjectured. The price is very
dependont on the yield statistics that will be achieved for these devices.
Yield is very much a function of the amount of money spent on perfecting
the semiccnductor processing and where the semiconductor manufacturer
is on his learning curve, The CCAID.48%A is 2 large chip with a diagonal
measurement greater than 0.5 inck, This device is larger than any that
lias ever been made commercially., Fairchild cannot, at this time, make
any estimate of the cost of this device for large production quantities, Gut
a price of $50 to $200 can be assurned,

3.4.2.1,3 Electranics

The CCD camera electronics includes about 32 active devices. For MIL.-
standard components, the average price is about $3. 00 per device for large
volume procurements. The total cost of thege active devices ie, therefore,
about $100.C00. The cost of fabricating these devices into a piece of equip-
ment depends on the amount of money spent in automating prodoction. This
cort could run anywhere irom £54, 00 to $300, 00 depe..  .1g on the degree of
production sutomation achieved. Consequently, the cost of the electronics
could range from 5150, 00 to $400. 00 for large production quantities.

3.4,2.2 S-Band Transmitter Costs

Contact was made with a company that manufactures S-band FM transmitters
thatsurvivean 8,000 G environme:*. This manuticturer quoted a price ot
$475.006 in 20, GOD piece Jots, for « transmitter that would meet the require-
ments of the TV Recornaissance System. The $60, 000,00 non-recurring
development cost that was also quuted does not represent 4 largs capital in-
viestment in production facilities or in designing the urit for cost-effective-
ness. A unit cost of less than $350.00 could be achieved by a larger non-
recurring cost expenditure.

3.4.2.3 Cops. Summary

The cosis for the Airborne OCD Camera.-Transmitter unit are summarizad

below:
Lens..... e e e e L8 15,00 - $10¢,00
COD ~Array . oo o il on e 50,006 . 200,09
Rlectsronicld L .. v se... 150,00 . 400, OO
FM Vransmitter ..., ..., 3R0,.00 . 425,10
Toal Unsts. .. .. ... 3565, 00 - $1125.00
'\{Ht
b i sk o ol ey NASY IRl B - Y e il "‘\MM :
R b i A UL ORI AR

2k LN sl Al a2 s 4 L adiin s

JUTEIR IR TY



B T . . e e e e e

R
e

No costs were allocated for the battery, destruct charge and canister .
asgembly, These are considered to be Government-furrnished materials,
Iv is envisioned that the battery and destruct charge will be previded as
Government-furnished material to be assembled into the CCD camera-
transmitter unit, ‘The CCD camera-*ransmiitesr would then be delivered
to the Government for assembly into the CCD reconnaissance camera
projectile,

b B A T ol i A AR 7 T

3.5 RECOMMENDATIONS FOR FUTURE PROGRAMS

The feasibility of using a gun-launched parachute.cerried CCD TV camera

to collect reconnaissance data has been demonstrated in the present program.
The value of CCD imagery was shown during actual flight tests of # CCD TV :
camera, Systemn stulies carried out during the program, as deta‘led in this
report, indicated that the ground rerolution and coverage that coulu b2 achieved :
in an eventual systermn weuld previde a valuatle reconnaissance capa-

bility. Tho guestions of how valuable and at what cost have been dealt with

in & preliminary way in the system studies. Tersks that must be addressed

to hiridge the gap heiween the work accomplished under the present contract

and the final operational system are as follows:

1. Demonstrate that the CCD camera-transmitter assembly can be pack-
aged into the available space in the M485 illuminating projectile canister.

2. Demonstrate that the above assembly can survive the launch =nviron-
ment.

3. Demonstraie that the CCD camera and the RE transmitter can meet
therr operationai specifications after launch,

4. Determine the parcchute dynamics for the actual CCY camera-trans-
rratter package configuration under various meteorological conditions.,
This task would alse imvolve modifying the package configuration to
achieve usefed camera dynamics,; sway, gquasi-vertical operation, erc,

5, Determine, by actimal operational tesits of a protatype TV hecormaissance
Systerm, the best compromise between systern resolation ay d coverage,
& zuabaask of thus effory would mvolve festing the system with lenses
of varicus focal lengths, This sub-task could he ninplemaeanted by
chaneiog lenses fyom one flight to another, by the use of & lens tarcet

i the ommnera or by the use of a zoom lens,

G Determine the aperatton of the REF transmiesion systern under all socts

af operational cononfions,

A
—
—
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Covtigure the tinal operational system by evalusting the revulis of
precedmy tasks and we g vaoe snpinee ey prwcipdes (o prodace a0 ol
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All of the technoiogy now exists to demonstrate launch survivability of a
CCD camera-transmitter assembly, Such an assembly could be built now
with: the CCD-201, the 100 by 190 element array. The operational capa-
bility of such a camera would, however, be somewhat limited. A better
sensor chGice is the CCAID-244A, the 244 by 190 element array, which is
now in the early stages of fabrication, The CCAID-2444 will have sxcellent
sensitivity aad coverage that approaches that of the CCAIN.488A. Since the
avaiiability of the CCAID-488A is siill quite & way off, configuring the demon-
stration equipment srownd this device wauld cause a conuiderable delay in
the development program. Coasequently, the recommended follow-on pro-
gram proposes the use c: the CCAIL -244A4,

3.5, Pronosed Collow-On Program

The tauka to be c.ccomplished in the proposed follow-on progr+m are des-
cribed helow:

1. Dosign and fabricate ten to twelve CCD camera moduli:3i, employ-
ing the CCAID-244A, configured for the 155 ram M485 illuminating

grojectile,

Z. Desigr. and fabricate ten to twelve RF transmitter modules, con-
figured for the M485 round,

3. Design and fabricate ten to twelve power supply modules, configured
for the M485 round.

4. Carry out a packaging design effort involving the following acfivitwes:

&, Qverall packaging of the CCD camera, R¥ transmitter and
power supply modules.

b. Development of a module interconnect technique,
¢, Development of construction techniques that will enabie the
equipment to withstand the 12,000 to 20, 000 C's of force occur-
ring at launch.
5. Perform snvironmental test program includiug air gun tests.
6, Perfarm non-operating actual {irings.
7. Perforin operating firmg tests,
§, Designand develop the growd station equipmisnt.

9, investigate parachute stability for desired m-flight motion,
L4 [ 3

PO, Conduct desiyn - cost inveatigaiion throughow pragran.
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PARALLEL-TRANS

ER-REGISTER CHARCE-CCUPLED IMAGING DEVICES

A. L. Solomon
Fairchild Camera and Inetrument Corporation
RHesearch and Development Laboratory
4001 Miranda Avenue
Pala Alto, Califoraia - 34304

INTRODUCTION
One year ago & paper was presented to this con-

fercrice that included a brief description of two charge-
coupled imaging devices that had been developed at
the Fairchild Semicunductor Research and Develop-
ment Lak ratory.' These charge-coupled imaging
devices are being procuced in sample quantitiee and
aye commercially available. This paper contains a
more detailed description of these devices and of a
more . ecently developed image sensor.

The tirst produced charge-coupled sengor waws
the ! x 500 phutoelement CCD 101, which may be
empioyed in slow-scan TV ur facsimile systems.

The recond product is the CCD 201, a 100 x 100 photo-
element area-array, which may be used to detect
moving images under low-light-level illumination,
The th rd and most recent device is the CCD [10; 1t

ie a1 x 256 photoelement linear array which shouid
find application in Pigh-speed optical character re-
cognition systems, [n comparison to other solid-stai~
photusensing arrays, these devices possess a higher
dynamic range by virtue of their low noise propertics.
They can, therefore, be used at relatively low illu-
mination levels., This property is obtained with little
loss 1in 1mage quality because of the high efficiency
obtained when photosignal charge 1s transferred from
the photoelement array to an on- . bip detecior-pre-
amplifier.

A significant portion of this psper is devoted 1o
a design property these charge-couplea image sensors
possess in commmon, This property cantributes both
to ohtamming distortion-free tmage reproduction and e
somie applications to a more flexible mode of opera-
tion, The design property is the vae of separate
phutosensors and signal-tranfer eicments., The sig-
nal charge 1a transferred to the detector-preamplifier
hy & charge-coupled device (CCD) analoy shift re.
gigter which us located parailel to & given hincar

photoelement array.

BASIC PUNCTIONAL DESIC

LDESIGN CONSIDERATIONS
The barac functinns of & TCIY umage seneor are
(1) to seaae and store photon-genersted charges 10 an
array of deplefion regioar r potential wells that are
ftormed by an MOS-type capacstor, (&) o tranafer the
signal from each element 1o the photisensiag arvay
in the forrms of & packet of charge whiihits noved o
viocked through 4 series of poiential wells to a
detector-preampilier. The o onceptaslly stnplest
methad of accomplishiog these Tunctions rs to trang-
fer the (hatge packets serially through the sare
petential welin that pertorn. the sevise ~aal-store
fane tinn Thais vaethodd, howev s, ntrontyces amage
sned ting cinle sax ecther Yhe transier is @y toed oat at

4 wperd cnmderabily on exceae o0 the light seasing

g oanteygration i, ot the fransfor am periorome {an

Preceding paze blank 66

the dark, Furthev, when the output data rate ie
different from the trannfer rate, it is necepsary to
provide an additional buffer store, When this method
is used for a rectangular-acrea photoslement array, it
is called '"frame transfer’’,

An aiternative design that avoids these probiems
is the parallel-tranafer-register which is shown con-

ceptually in Fig. !. The photeelement array is form-

"o for
Hogrio

¥Fig. 1 Gate Electrode Schematic of a Parallel-
Transfer-Register CCCD Image Sensor

ed beneath an electrode which runs the length of the
array and 1s called the photogate. Because the de-
vite 18 most conveniently illuminated at the top of the
silicun substrate or front-side, the photogate elec-
trode congists of a {ilm of polycrysialline silicon that
fhe in-
dividual photoelements are defined ur electrically

ts thin enough to transmu visible radiation.

1solated by a channel stop, This may be formed in the
case of an n-vhannel device by a narrow p-type
vegion in the mihicon suabstrate. Charge packets ygen-
erated by hight under the photogate sre transferrved in
parallel to the adyacent CCD shift register, which is
apague. The puckets are then stepped or locked to
the detector-amphifier, Inthe Case f an area sen-
por . owhirh conerdats of columing of photselements, thrs
desiyn has bieen called onteriine transfer’.

Although it s appareat that by separating the two
basyo C CI) wensor tunitions the probleins of the trame
transgiesr denign Ave vbhviated, 1t 1w also appar~nt that
the tnteriine transfer register regquires approximate -
ly hatt the silive arsa 1o the area photosenvor array
to he cpague, the photoetement - harge capa. ity 1a
therefore hait that of the trame transfer deaign for
the matne photbsrner arca, Beowuss of the law noree
propevivwa of the Srvi, e this does a0 ot the
dynamie racge Loterme of s1lican erea unayge, the

few o designe are vnparable sance the nterhine-trane-




fer does not reguire a buffer store, It will be seen When all factors are takea into consideration, the re-
subsequenily that the interline-ts;ansfer has other lative signal for the interline transfer also remains
advantagee. higher at high spatial frequency as shown in Fig. 3.

Ancther silicon-area usage aspect of the inter- \ ¥ ! ' A

line-tranefer design, which becomes apparent in
Fig. 1, is that for a 2-phase CCD transfer register
two electrodes are required for each phoioelement in
the adjacent column. This difficulty is scived by
trangferring packets from every other phoicelement
in a wwlumn in one field of information, which is
stepped to the amplifier; the second field of infor-
mation is then transierred and stepped. The two
fivlds are interlaced at the display.

B T e e e e,

ADVANTAGES OF THE PARALLEL-TRANSFER-
REGISTER DESIGN

RELATIVE RESPONSE

A summary of those advantages of the parallel-
transfer-regiaster d:aign over a serial-tranafer
through-the-photoeiement-array design, which have —— L i ~ 4

been discussed, is as follows: ° 02 04 06 o8 10
. . ) NORMALIZED SPATIAL FREQUENCY :
» Smearing of the sensed irage is N THE OBJECT PLANE
avoided. . . ;
Fig. 3 Relative Response vs. Spatial Frequency

for Frame and Interline Transfer From
Barbe & White, CCD Applications Con-
ference Proceedings

¢ High apeed transfer in excess of
the line data rate is not required,

# There Lo no need for a separate
buffer store to convert the output
data ate,

A more recent analysis in our laboratory in-
dicates that the MTF is expected to be high at high
epatial frequency for both linear and area arrays
when ¢*he video information is read cut in two or more
fields. 3 This analysis relates to the influence of
charge-~transfer inefficiency on the degradation of
MTF. MTF as a tunction of spatial frequency with
transfer inefficiency as a parameter for a single-
{ie1d readout of a lincar array is shown in Fig. 4

® Overall silicun area 1s (onserved.

In addition tu theses = ivantages aretwo that r1e-
sult in s less distorted image ior high apatial fre-
quency \nformation., One of these ham been des-
cyibed by I, F. Barbe and M. H. White.Z An inter-
line-transfer design 1s compared to a frame-trans-

fer degign, where the photoelement area, which in- N N0
cludes the intereleinent opaque regions, ie the same. ; . Nes0y
Their enalysis points out that the interline-transafer W
. . . W -
design possesacs an optical sampling aperture which w .
is appruximately one-half that of the frame transfer. ¥ N e - 1
This property results in a modulation.transfer- & T
. . w - o
function (MTF) that does not decrease as much at \Q e <9
higher wpatial freguency, ae showo an Fig. 2, X y
x [YPRY T
+ N -
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1o . N : :
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N an B | o ¢
° 3 § o i
“rE N I
| N, h ! b8 Ne -t !
obT \\ { ’ §
w
' ]
4 AR P 1 @ %
(%3 + "
S | ! % A . - W
i | % by F " i §
odl i WOHMAL 76 () %RTIAL FREQUE R %
] !
{ il B i . ; i
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MTF CORRECTION FOP TRANSFER MEFFICENCY

o L

NOFMALIZED SPATIAL FREQUENCY

Fig. 5 MTF Correction for Transter Ineificiency for Fig. 7 Effect of Lanse MTF on Aliasing

a Two-Field Readout
for an "ideal'l=ns, wlich has an MTF of unity to

Here, however, MTF is plotied for the case of a 2- twica the Nyquist limit (£y) of the CCD, and ifor 4
phase parallel-transfer-reg.#ter where the video in- real' lene, which has an MTF of 0.5 &t the Nyquist
formation is readout in two fields, as it was shown in limit.

Fig. 1. It may be noted that a mininium MTF appears

2t half the Nyquist lirmit rather than the limit. The CCD 101 LINEAR IMAGING DEVICE

MTF is replotted in Fig. 6 1o take into account MTF

degradation, or jecr=ase in regpunse, {or an aperture The CCD 101 was the first commercially
with squeare response at spacing 1. produced charge-coupled image device. It ponsesases

a £00 photoelement linear array (.6 inch long and
1.2 mils wide. The parallel-transfer-register de-
sign is shown echematically in Fig. 8.

Two }-phase, 250 bit,

[ s oCk DtadKAN ' ‘ ’ T W

FOR A SQUARE RESPOMSE
& ¢
o

Y22
*
S S

e e e e oy 4

P
1 et ) L
j
i b i
o L ' s . i i
O ) a0 o) O\ gw .
NOKMAL JE7) SHRTIAL | RECRR NCY ' b
| |
S e . ) bor e
Fig. b MTFE va. Spatiai Frejuency tor a fwao-Field }
Readouat \
!
Considerable dis.ussion has arisen regarding the
appearance of aliasing in discrete photoelement arraya
with & high response at high spatial frequency. ‘3

Current upinian ts that the MTE roll-off for lenseas

ased 1 carmeras can by design be deed to suppr s

alimsing to & grest exient. This may be neen i by,

where the effect of lena MTE on aliasing 1s extunated
Fig. 8 DunChsavic Lhagsait ol dae U0 Y00
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analog CCD shift registers are located on either side
of the photoelement array. For an output bhit rate of

1 MHz photoelectrons are generated and stored for
0.5 millisec under the photogate. Within 20 micro-
sec the photoelectrons are cincked by transfer gates
to the two parallel skift registers. Charge packets
from the odd-numbered photoelements are moved to
the right register; packets from even-numbered to
the left. The packets are then transierred at a

500 KHe clock rate to a 2-bit output register where
they are interlaced and appear in photoelement order
at the detector-preamplifier. This on-chip device con-
siets of a collectosr diode, a reset MOS transistor and
an output MOS transistor.

The chip is shown in Fig. 9 with a magnified
section of the photoelement and the shift register.

Fig. 9 CCD 101 Chap

The serpentine i hannel stop, which tsolates the phato-
clements can be seen vlearly. The chip is 2esembled
in & 24-lead dual in-line package with a b1l » bynil
glases window, as ehown in Fig. 10.

Although these devices are classed tp guar-
antee a dynamic range of 200:1, some have shown
a dynawnic range well in excess of 1000:1, as may
be seen in Fig., 11.

PRTS

Fig. 11 CCD 101 Image

From {a) through (d) are uynages at near-saturation
illumination, 1/19th this tllumination, 1/100th and
1/1000th. This result attests to the high charge-
transfer efficiency and low noise properties that
can be obtained.

CCD 201 AREA LAAGING DEVICE

The CCD 201 possessens a 100 x 100 array of
1.2 mil x 00K mul photoelerments, As shown sche-

Mmat:cally v thpe. 12, parallel-transfer registers

Fawo IS Bohemato fPhagrara of che 2 O 20




are located between columns of photoelernants.
Several changes of the CCD !0) linecavr-array design
have been made to conserve space. The regiaters
sre Z-phase with implanted barriers rather than 3-
phase, and there is one register for each column of
photoclements rather than two. The principle of
using two interlaced fields of infcrmation is, how-
ever, retained. In one field every other element in
a column of photosensors is transferred ¢o a vertical
register and is stepped line-by- line to u horizontal
collector register. Information in the collector is
then clocked to the gated-charge integrator cn-chip
preamglifier. The process is then repeated for the
second field of alternate photoelements.,

The silicon chip, as shown in Fig. 13, with

=
*

Fig. 14 CCD 201 Images

CCD 110 LINEAR IMAGING DEVICE

The CCD 110 is a 256 linear 0.5 mil x 0.9 mil
photoelement-array imaging device that (s deeigned
fo operate at an vutput bit rate of 10 MHe, The
functional organization of the device ia similar to
the CCD 1G1, aa it may be seenin Fig, 15, Again,

P At

Fig. 13 CCD 201 Chip

bonding pads 18 approximately 160 mila x 190 mrle,
Two othes significant differences in desiyn trom the

CCD 101 should be mentioned. A comb-shaped

channel stop im cmployed rather than the serpentine, -os
A transter-gatelesa structure, which haw been 1 -~
described previcusly, s rxnﬁ))nyed in place uf tha RO
transter yate to save space, !
[ - T
. . . ) . . GATED RN DU TECTOR
Tave tmages (aken at 40 frarmiens ‘36 4 e whown A0 Vi B el
i B, da Fig. 15 Schematic Dhagram of the CCD 110
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two parsllel-transfer registers are employved. In-
stead of a 2-bit output register, each transfer regis-
ter has two additional bits which channel the gignal
charge to an outpui gate, where odd-even phote -
element information is interlaced and is then fed to
the gated charge integrator. It may also be readily
noted that 2-phase registers are usea.

The order of magnitude increase in bit-rate
capability of the CCD 110 over the CCD 101 for
comparable charge-tranefer efficiency is derived
mainly from the difference in the center-to-center
spacing (W) of the transfer-register cells. Fer a
comparison of the two devices, it is convenient to
define a charge-tranafer time constam (1) as a
function of W. The definition of T is complicated
because there are three parallel processes that
govern charge transfer: drift, diffusion and gate-
fringe-field or field-aided forces. At low charge
dansities diffusion and field-aided are the more
significant. The time constants for these processes
for a buried-channel charge-coupled device are
piotted as a function of cell spacing in Fig. 16.

W (mils)
Q! Q2 04 10 20
Y TS rTY Y
Tea
1pisect ~
T
’~
/‘orrr
100vrsac )
IOnsect- / .
v
//
}n b—
/ {
/ Qoo ¢
!
Ao ok Nt 1 Lo
& ) K SO 5 I8 %]
W {sim)
Fig. 1o Field Avded and Infinsion Time € onstants
as a Fonction of Cell Spacing

A

It may be seen that the field-aided force change more
rapidly with cell spacing than diffusion and it pre-
dominates at locw cell spacing. An approximation of
relative bit-rate capability can be made by considera-
tion of the field-aided constant (TF ) for the two
devices. The spacing is 0.8 mils ﬁ)r the CCD 101
and 0.5 mils for the CCD 110. For this data 7

is found to be 70 nsec for the CCD 10l and 3 néec
for the CCO 110,

CONCLUSIONS

The advantages of a charge-coupled image-
device deaign that employs charge-coupled analog
shift registers, which are separate from the photc-
element array, to transfer charge packets from the
photoelements to an on-chip detector-preamplifier
have been discussed. These advantages mainly re-
sult in relatively distortion-less image reproductior.

The separate transfer registers are located
parallel to linear arrays or sub-arrays of photo-
elements in three charge-coupied imaging devices:
the CCD 101, a 500 photoelement linear array, the
CCD 20], a 100 x 100 photoelement area array, and
the CCD 110, a ¢56 photoelement linear arrxay,
which possesses a 10 MHz output bit rate and high
charge-transfer efficisncy.
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