
























































































































































































































































































































































CCD321A

TYPICAL AUDIO PERFORMANCE CURVES
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Fig.8

TEST LOAD CONFIGURATION FOR SINGLE REGISTER OPERATION IN AUDIO AND VIDEO
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CCD321A

TIMING DIAGRAM

t=t, =910t
t=0 'C 'C
|
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Via
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#RA = VDD !
|
Voa WITH !
®RA = #SA |
|
|
i |
——— e
EXPANDED EXPANDED
1A
16— || ’-—17
SA
¢sA
'8 VoA WITH AMPLITUDE A2
Timing Requirements for 1A and ¢SA ®RA = VDD
RANGE AMPLITUDE ' DATA VALID A2
TIME [TmiN | Tve [ max | UNTTS A
™ 70 - DAU:\ \1IALID ]
1 10 ns
13 5.0 ns Voa WITH
'4 50 - SRA = #SA
- |=-DATA VALID. ¢RA FEED THROUGH
5 15 ns Aq
t6 5.0 ns NOTE:
7 5.0 ns This timing diagram also applies for shift register B. In this case, ¢ 1 becomes
18 5.0 ns ¢IB' ¢SA becomes ¢SB' VIA becomes VIB and VOA becomes VOB'
Fig. 10 Analog Shift Register A or B Operation
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Fig. 11 Analog Shift Register A and B Op. in the Multiplexed Mode
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Fig. 12 Circuit Diagram
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ORDERING INFORMATION

To order the CCD321A specify the “device type” as shown below:

CLASS, APPLICATION DEVICE TYPE
CCD321A-1, Broadcast quality video CCD321A1
CCD321A-2, Industrial quality video CCD321A2
CCD321A-3, Time base compression and expansion CCD321A3
CCD321A-4, Audio delay line CCD321A4

Also available from Fairchild is a fully-assembled module that contains all the necessary circuitry to operate the CCD321A.
The module is designed to help the system designer become familiar with the operation of the device, and for use in OEM

systems.

The CCD321VM is a video module using a CCD321A-3. The module includes the necessary electronics to perform time
base compression and expansion, and variable video signal delay. The module requires a single power supply for
operation.

Schematics and component layouts are included in the shipping packages for the CCD321VM. For further information on
the CCD321VM please contact your nearest Fairchild sales office or distributor or call 415-962-3941.

PACKAGE OUTLINE
16-Pin Side Brazed

[T (1] E—
oaean
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|_'___J " am i
as dan
‘e ‘ 16 R B Y
sy
REF. 2
o0 L B
i " [
036 (889 = 7 T
i Tyl ae 11 NOTES:
T ‘-’*’; AEF. 5% All dimensions in inches (bold) and millimeters (parentheses)
! __}__l Header is black ceramic (Al03)
1100 254 L_ ‘.g:;) —-Il-f“""'* L (":g' Pins are gold-plated kovar
e e, e Fr+] Top cover to pin 8 (Vss )
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CCD321M
VIDEO DELAY MODULE

CHARGE COUPLED DEVICE

GENERAL DESCRIPTION — The CCD321M is a complete delay module intended for use in video signal processing
systems where precisely controlled delay or temporary storage of analog information is required. The module is a
printed circuit board containing a Fairchild CCD321 dual 455-bit analog shift register, input and output signal processing
circuitry, and the required clocking signal sources and bias voltage controls. The module requires a single +20 V power
supply input for operation.

The delay time of analog signals through the CCD321M is precisely controlled by the clock signal frequency which can be
provided by an external source or obtained from an internal VCO. The 'CCD321M can be used as a 910-bit one horizontal
line (1H) delay for TV video bandwidths of 5 MHz when operating with a 4 X 3.68 = 14.3 MHz clock frequency,serve as a
temperary analog store for a full-bandwidth TV line, or can be used as a adjustable delay by controlling either the
internally generated or external input clock. The CCD321M can also be used as two 455-bit registers for delay of two
independent analog signals.

Typical video applications for the CCD321M include time-base correctors, video re-synchronising systems, comb filter
realizations, moving target indicators and signal-to-noise enhancement systems. Other applications include time-base
compression and expansion systems, phase delay equalizers and general purpose analog delay.

1 H DELAY LINE PERFORMANCE

ELECTRICALLY VARIABLE DELAY

ADJUSTABLE DELAY - BY CLOCK CONTROL

WIDE SIGNAL BANDWIDTH — 5 MHz

HIGH S/N RATIO ~ 55 dB

DUAL 455-BIT OR SINGLE 910-BIT DELAY

NO DRIFT — DELAY DEPENDENT ON CLOCK FREQUENCY

INTERNAL OR EXTERNAL CLOCKING

TEMPORARY STORAGE OPERATION CONTROLLED BY A SINGLE TTL INPUT LINE

®
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
® SINGLE POLARITY POWER SUPPLY — +20 V
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CCD321M

BLOCK DIAGRAM
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FUNCTIONAL DESCRIPTION

Dual 455-Bit Analog Shift Register: CCD321

The Fairchild CCD321 is a monolithic 455/910-bit charge
coupled device analog shift register packaged in a 16-pin
dual in-line package. Functionally this device employs
discrete electronic charge packets representing the
sampled amplitudes of two analog input voltage
waveforms that are transported towards output charge
sensing amplifiers by a 1-1/2 phase digital clock signal. An
integrated sample and hold output stage provides register
output waveforms which are a near-replicas of the signals
input to the device 455 periods earlier. (See CCD321 Data
Sheet for more details concerning this device)

Clocking Logic and Driver Circuits

The transport and sampling clock pulses required for con-
trol of the CCD shift register are generated at TTL levels
and then amplified and waveshaped by clock line drivers.
A transport and a sample pulse for register A of the
CCD321 is triggered by each LOW-to-HIGH transition of
the master clock input to the CCD321M:; a clock pair for
register B is triggered by each LOW-to-HIGH clock input
transition. Analog information is thus made to travel com-
pletely through both sides of the shift register by 455 com-
plete cycles of the input clock.

Storage Logic

A TTL HIGH level on the Enable input terminal of the
CCD321M is synchronized to the transport clock pulses
and stops the transport and sampling functions of the
register. The analog data in the registers when the clocks
are stopped is stored until the Enable line returns LOW,
and then transported out in the usual manner.

vco
CONTROL

DE-MULTIPLEXER

MULTIPLEXED
p———————> OUTPUT FROM
A AND B SIDE

LOW PASS
FILTER (5 MHz)

Signal Processing

Signal inputs to the A and B registers of the CCD321 are
gain-controlled by individual potentiometers and then ac
coupled through 22 uF capacitors into 100 K Q loads at
the device inputs. Two emitter-followers provide the
sampled and held register A and register B output wave-
forms at a 75 Q source impedance level.

If the two signal input terminals are connected together,
the input data is sampled twice during each clock cycle.
Alternate sampled analog bits go in sequence to the two
registers of the CCD321. These alternating samples are
de-multiplexed at the register output, low pass filtered,
and given to a third video output lead. A910-bitresolution
is thus obtained, giving a signal delay of 455 clock periods
or 910 clock half cycles. This muitiplex operating mode
provides 63.5 us delay for a 5 MHz bandwidth signal using
a clock input frequency of 2 x 3.58 MHz = 7.16 MHz,
equivalent to a 14.3 MHz sampling and transport rate.

Clock Oscillator

The internal clock generator of the CCD321M is a VCO
which can be controlled over a 5 to 20 MHz range by an
external O to 5 Vdc signal. or adjusted by an on-board po-
tentiometer. An external TTL compatible square wave
clock signal can also be used by optional connector wiring.

Bias Control

Power input to the CCD321M is from a nominal +20 V
external supply. On-board regulators control bias voltages
for the CCD321, drivers, and logic circuitry.
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DC CHARACTERISTICS
MODULE
PIN
SYMBOL PARAMETER UNIT CONDITIONS NUMBER
Vee Power Supply Input +20 Vdc (< 400 mA) Note 1 A&1
VGG Common Ground ov - All unused pins
Via Input to A side of CCD321 500 mV peak-to-peak - 4
Vig Input to B side of CCD321 500 mV peak-to-peak = 6
VoA Output of A side of CCD321 500 mV peak-to-peak RL=1kQ 8
Vvos Output of B side of CCD321 500 mV peak-to-peak RL=1kQ 10
. 500 mV peak-to-peak RL = 1kQ
Vom Multiplexed Output 300 mV peak-to-peak RL = 750 12
TTL Square Wave
fin Clock In 0 - 25 MHz Note 2 z
TTL Square Wave
four Internal Clock 5 - 20 MHz 22
455 Single register or multiplex mode
Input to Output Delay fiN of operation
:—:‘O Series mode of operation
HOLD Hold Control (Enable Input) TTL Levels 20
VCO (IN) VCO Control Input 0-5Vde w
VCO(INT) VCO Internal Control 0-5Vvdc 19

7=63.5 us, See Note 3

AC CHARACTERISTICS: Ta = 25°C, Multiplexed Mode of Operation, fiNy = 7.16 MHz Vja = V|g = 500 mV peak-to-peak,

. Measured on a Tektronics 520 VECTORSCOPE.

NoOMAW

SYMBOL PARAMETER VALUE CONDITIONS
BW Bandwidth (3 dB down) 5 MHz Min

AG Differential Gain 2.5%Max Note 4
A¢p Differential Phase 2.5° Max Note 4
THD Total Harmonic Distortion 2% Max Note 5
S/N Signal to Noise Ratio 55 dB Min Note 6
T Tilt of 60 Hz Square Wave 1% Max

F Band Pass Flatness: To 3.58 MHz 1dB

Offset DC Offset in Temporary Storage Mode 2.5 mV/ms Note 7
NOTES:

1. Module operates from 19 to 24 Vdc.

2. fiN is the clock of a single register. In the series or independent register mode, a sampling clock of 4X the signal bandwidth is usually required. In the
multiplex mode, a sampling clock of 2X the signal bandwidth is required. (i.e, in the multiplex mode of operation, with fiy =10 MHz per side a 5 MHz
(3dB) bandwidth can be processed through the device.)

AC parameters guaranteed from 0°C to 55°C. Delay tolerances determined by stability of clock frequency.

Using fiy = 10 MHz, multiplexed mode, V|4 = V)g = 500 mV peak-to-peak, 1 MHz sine wave. Measurement done using spectrum analyzer.
. Using Rhode and Schwartz noise meter at 4.2 MHz bandwidth.
. Thisis adc offset on the output signal which can occur because of dark current build-up when in hold mode. This offset can be expected to double for
each 8-10°C increase in the CCD321 junction temperature,
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CCD321M

Modes of Operation and C tion Diagrams

The CCD321M can be operated in various modes: (1)Two
independent 455-bit analog registers, (2) multiplex, (3)
series and (4) temporary analog storage. An on-board
generated clock with adjustable frequency, and internal
VCO controlled clock or an independent externally gen-
erated clock input can be used in any of the four modes.

+20 Vde
INPUT

VIA INPUT

SIGNAL

The circuit diagram shown below shows the pin nomen-
clature for the CCD321M.

The following diagrams represent the correct input/out-
put connections for proper operation of the CCD321M in
the various modes. The CCD321M circuit diagram is in-
cluded in the module shipping package.

OUTPUT SIiG. PROCESSOR

GROUND

Vig INPUT

SIGNAL

OUTPUT FROM
A SIDE

ouTPUT
GROUND

GROUND

CLOCK IN

CLOCK INPUT
GROUND

HOLD
CONTROL

HOLD
CONTROL
GROUND

OUTPUT FORM
B SIDE

OUTPUT
GROUND

ouTPUT

ouTPUT
GROUND

<l 19) VCO CONTROL
i ouTPUT

VCO CONTROL
INPUT

COMMON
GROUND

vco

cco 321M Vou

HoLD veo(oum)
@- Veo

Voo

Tééé

toun

|

Mode 1: | 1 Clock, A ble F

y (R1)

@ CLOCK OUT.
cLock out
GROUND

*ALL UNUSED FINGERS GROUNDED

+20Vde

cco32m Vou

veo(ouT)
Vco CONTROL

toun

'F¢$%$?@ ®

jéééé

Mode 2: Internal Clock, Vco Input Variable Delay
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CCD321M

vee
vee
via Voe
v

cco az1m
n
HoLD veo(ouT)

Veo
toun

©0b0 b

outpuT
SIGNAL A

outPuT
SIGNAL B

®
®
o)
-®
&

TTL CLOCK Voo
FREQUENCY
Fin
Mode 3: External Input Clock
4
Note 1: Delay = ——
fin
+20 vde
on
Voa
vee
soww a———(O—{ v vor
weut O—{w
SiaNAL B " €CD 321M Vom
@_ ™
A[_@- HoLD veo(our)
®_ Veom
= foun
Mode 4: Two Register Parallel Delay
Notes:

1. Depending on requirements, connect pins Z, W, 19 and 22 for internal or external
clocking as shown in Modes 1, 2 and 3.

455

2. Delay = —

z

+20 vde

i

VIDEO
INPUT

cco 321M

HoLo veo(oum)

veo i
fioum

Voo

_®
_@ i 50

@

"?'5%@@53?

Mode 5: Muitiplexed Mode of Operation

Notes:
Depending on requirements, connect pins Z, W, 19 and 22 for internal or external
clocking as shown in Modes 1, 2, and 3.

1.

455
2. Delay = 455

IN
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+20 Vee
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——{ : Y ve
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(z)—{ woro veo(oun =
toun
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Mode 6: Series Mode of Operation
Notes:
1. Depending on requirements, connect pins Z, W, 19 and 22 for internal or external
clocking as shown in Modes 1, 2 and 3.
910
IN

2. Delay =

+20 vée

veo
Voa

g

Ve

Vi Vo
Ve
cco M Vou _®._..vmto
@~ o
HOLD
ccmm.——»@—— HOLD VCO(oUT) —{‘:)
Ty
Veomn
@ o | -@
et
Mode 7: Temp y Analog Storage Operati
Notes:
1. Depending on req its, pins Z, W, 19 and 22 for internal or external

clocking as shown in Modes 1, 2 and 3.

2. Store signal (TTL)

S N

READ IN/
READ OUT

READ IN/

| i
READ OUT :«— STORE TIME —»:

MECHANICAL SPECIFICATIONS

1. Module size is 4.5 X 5" X .75" (excluding edge connector).

2. Module weight is 5 oz.

3. Edge connector is 22-pin double readout, .166 center-to-center spacing. Mating connectors can be TRW type 50-44
series edge connector, or equivalent. Wiring information included with each module.

ORDER INFORMATION
To order a CCD321M, contact your nearest Fairchild sales office, representative or distributor. For any technical questions,
contact Fairchild at 415-493-8001.
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APPLICATIONS/PHYSIC

CCD

FUNDAMENTALS

No math—just a straightforward

explanation of how CCD memory units and video
devices operate and what they can do for you!

Charge-coupled devices (CCDs) are
a new family of silicon semiconductor
components capable of performing the
general functions of image sensing,
analog signal processing, and digital
or analog memory. To realize the CCD
concept’s full capability, improved LSI
techniques have been developed and
basic NMOS processes substantially
refined. Recognizing the technical ad-
vantages of using CCDs in defense sys-
tems, military and other government
agencies started funding a number of
research and development programs
in the early seventies to accelerate the
development of practical devices.

Today, there is a small but growing
number of manufacturers offering
high-performance CCD image sensing
devices, analog signal processing de-
vices, and large capacity digital mem-
ory integrated circuits. Several labora-

tories are also developing and building
small numbers of special devices with
government contractual support.

CCD Linear Imaging Devices (LIDs)
have made possible the new genera-
tion of fast facsimile machines now
reaching the market. They are also
used in high speed mail sorting, rapid
non-contact inspection and quality
control measurement, and "'smart’
computer-controlled material handling
systems. Real-time aerial mapping, re-
connaissance, and surveillance sys-
tems have been improved by the appli-
cation of high resolution LIDs as opti-
cal sensors.

CCD Arealmaging Devices (AlDs) are
used in small, rugged, low power TV
cameras capable of operation in very
low light levels such as one-quarter
moonlight. They have been applied in
robots and automatic production sys-
tems as well as in miniature TV

Figure 1: Cockpit TV camera system.

cameras for military systems (Figure 1).

The Charged-Coupled Device
The CCD operating principle is
called ‘'charge-coupling.” Finite
amounts of electrical charge called
“‘packets’ are created in specific loca-
tions in the silicon semiconductor ma-
terial. Each specific location, called a
‘orage element,” is created by the
.d of a pair of gate electrodes very
closeto the surface of the silicon at that
location. By placing the storage ele-
ments adjacent to each other, in a line
for instance, voltages on the adjacent
gate electrodes can be alternately
raised and lowered and cause the indi-
vidual charge packets beneath them to
be passed from one storage element to
the next (Figure 2). Since each charge
packet may be of different size, the line
of elements becomes a very simple
analog shift register. All CCDs are ba-
sically shift registers, and because the
transfer of charge from each storage
element to the next adjacent element is
very efficient, the amount of charge in
each packet stays substantially the
same, even after it has been passed
from one element to as many as a
thousand sequentially adjacent ele-
ments. Since the amount of charge in
each packet is unique, the string of
charge packets can represent analog
information. The device is, in a sense,
storing that information until itis deliv-
ered as an electrical signal from the
chargedetector built into the device at
theend of the charge-coupled register.
This shift register performance is the
sic characteristic of CCDs used in
unalog signal processing and memory
devices. Figure 3 shows a diode-gate
structure by which information is put
into and taken out of the CCD register
to allow operation in an electronic sys-
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Figure 2: Atwo-phase CCD shift register. The two complementary clock voltage waveforms ¢,
and ¢, are connected to alternate closely-spaced ga\e electrodes on the surface of the thin
insulating layer on the silicon. A deep potential well which attracts electrons is created under
the electrode clock voltage HIGH and disappears under the electrodes at clock voltage LOW.
Att =0, &, voltage is HIGH and the finite charge packet of seven electrons is in the potential
well under gate electrode #2 in storage element "A". At t = Y2 cycle later, the potential well
under gate #2 has collapsed due to ¢, having gone LOW, and, since at the same time the
adjacent electrode #3 connected to ¢, has gone HIGH, the seven electron charge packet has
been attracted to the new potential well under electrode #3. Another half cycle later, att = 1
cycle, the potential well under electrode #3 has collapsed with é, going LOW and the electron
packet moves to the new well under electrode #4 which has gone HIGH with clock voltage &,

tem operating with currents and vol-
tages rather than with the charge-
packets manipulated in the CCD itself.

Performing the image sensing func-
tion utilizes another basic characteris-
tic of silicon semiconductor devices.
This is the photoelectric effect by
which free electrons are created in a
region of silicon illuminated by
photons in the approximate spectral
range of 400 (blue) tc 1100 (near in-
frared) nanometers wavelength. Re-
sponse peaks at about 800 nanome-
ters. Absorption of such incident radia-
tion in the silicon generates a linearly
proportional number of free electrons
in the specific area illuminated. If a sili-
condevice structure having a repetitive
pattern of small but finite photo-sensing
sites is created, the number of free

electrons generated in each site
(charge-packet) will be directly pro-
portional to the incident radiation on
that specific site. If the pattern of inci-
dent radiation intensity is a focused
light image from an optical system
viewing a scene, the charge-packets
created in the finite photo-sites array
will be a faithful reproduction of the
scene projected on its surface.

After an appropriate exposure time,
during which the incident light on each
site is generating its time and intensity
proportional electron charge-packet,
the charge-packets are simultaneously
transferred by charge-coupling under
an adjacent single long gate-electrode,
to a parallel CCD analog transport shift
register. The single long gate is called
the transfer-gate (Figure 4).

Each charge-packet corresponds to

a picture element (pixel) and. when
transferred to the adjacent CCD trans-
port shift register, continues to faith-
fully represent the total sensed radiant
energy which was absorbed in the
specific photo site. The transfer gate is
immediately returned to the non-trans-
fer clock level (LOW) so photo-sites
can begin integrating the next line of
incident image information. At the
same time, the CCD analog transport
register, now loaded with a parallel-
transferred line of picture information
in the form of charge-packets from a
line of sensor sites, is rapidly clocked
to deliver the picture information, in
serial format. to the device output cir-
cuitry.

The output circuitry consists of an
output gate-diode structure and ap-
propriate reset and buffering signal
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amplifiers. The output terminal delivers
a sequence of electrical pulses, the
amplitude of each being directly pro-
portional to the charge-packet size
generated in the photo-site where the
charge-packet originated. Sample-
and-hold circuitry, either on-chip or in
the video processing support circuitry
ivers a line of video information.

Linear imaging devices (LIDs) sense
and deliver information aline at a time;
they are electronically scanned in one
dimension and are often called line-
scan devices.

Area imaging devices (AIDs) have an
X-Y array of sense elements and sense
an area image. They are built with both
vertical and horizontal transfer gates
and transport registers, and deliver an
entire field of video information from
each integration {exposure) period in
the form of a series of lines of video
signal.

CCD Characteristics
e Temperature: the CCD works best at
low temperatures. It has no problem at
—55°C and can perform at full capabil-
ity to +70°C. Above 70°C. storage-re-
lated parameters degrade rapidly due
to physical properties of semiconduc-
tor materials. All semiconductor mate-
rials continuously generate hole-elec-
tron pairs due to thermal energy, even
at room temperature. If there is a finite
packet of electrons representing in-
formation in a storage element, and
thermally generated electrons add to
at packet over a period of time, the
. acket will become larger and eventu-
ally will no longer accurately represent
the original information.

In image sensors, which are very
high dynamic range analog devices. it
is often desirable to provide cooling for
fow light level applications to reduce
thermal electron generation. Since
image sensor devices are used as
single units or as a matrix of two to six
devices, and dissipate on the order of
150 mW or less, cooling is relatively
simple. In CCD memory. long registers
could be a problem, so the devices are
designed with “refresh” cells at fre-
quent intervals in the register. These
sense-and-restore cells detect the “1"
or 0" at the output end of a shift regis-
ter section before enough thermal
electrons can be added to cause misin-
terpretation of the data. Practical eco-
nomic considerations, however, limit
the temperature range for CCD mem-
ory to about. -70°C. Because of the very
low power dissipated in CCD memory.
it is practical to consider providing
cooling to achieve economical military
electronic systems.

* Speed: the speed limitation of CCD

INPUT
SAMPLING
SIGNAL CLOCK

TRANSFER

NoooLoilliil

INPUT INPUT ELECTROD! OUTPUT OUTPUT
DIODE GATE ES GATE DIODE
INSULATING
LAYER
L
7
T o0 ~ wee }/ f
A D oooon
\eooe oJ

7
P-TYPE SILICON SUBSTRATE

Figure 3: Input and output diode/gate structures for electrical input and outputtoa CCD

shift register.

devices is theoretically that of electron
mobility in silicon and experimental
devices operating in the gigahertz
range has been reported. Since sur-
face-state trapping in the silicon slows
the net mobility of carriers near the sur-
face, “buried channel" devices are fas-
ter than “surface channel” devices.
The practical limitation to operating
speed is caused by the edge-depen-
dent charging current associated with
delivering the clock voltages to
the capacitances of the shift-register
gate electrodes (C dv/dt current). The
clock-driver circuitry also dissipates
increased power with increasing fre-
quency of operation. Desired operating

Figure 4: Simplified block layout of a linear
image sensor.

TRANSFER GATE

S

(TTT T LI T T

TRANSPORT
REGISTER -
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CHARGE DETECTOR
AND OUTPUT BUFFER

speed is, therefore, a very strong de-
sign consideration in determining how
much of the clock driving function
should be put on-chip, thus increasing
chip temperature, or left for the system
designer to provide on the board.

® Reliability. Since materials used and
the rabrication and packaging
technology for CCDs are essentially
those of NMOS LSI products, CCD de-
vice reliability equals that of NMOS.
CCDs are inherently lower power de-
vices and, therefore, the occurrence of
thermally-induced failure mechanisms
should be lower than that of NMOS.
Manufacture of CCDs utilizes state-of-
the-art NMOS production technclogy
for its N channel, silicon gate, ion-im-
planted, surface passivated structure.
Packaging can be in any of the com-
mercial or high-reliability packages al-
ready proven in industry.

* Noise. The basic CCD register. heart
of all CCD devices, is practically noise-
less because it does not have Pn junc-
tions as do MOS and bipolar devices.
Associated on-chip charge detectors
and buffer amplifiers do have PN junc-
tions and introduce some noise.
Dynamic ranges of 10,000:1 have been
achieved with cooling; 200:1t0500:1is
common at room temperature.

¢ Radiation Hardness. CCDs are not
basically “*hard.” They are labricated
on very lightly doped. high-resistivity
silicon which has characteristics more
easily altered by radiation than the
more heavily doped silicon in bipolar
and conventional MNOS devices.
Buried channel CCDs have been re-
ported to be more radiation tolerant
than surface channel devices. Gov-
ernment sponsored development pro-
grams are under way at several labora-
tories to investigate methods for radia-
tion hardening CCD devices.
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.245" x .245". AlDs applications in-
clude:
o Low light level search and surveil-
lance
* Missile and RPV guidance
® Star tracking
* Remote or projectile TV reconnais-
sance (Figure 5)
e Cockpit or gunsight camera
® Space telescope

Large area AIDs are difficuit to pro-
duce “"blemish free" at low cost. Indus-
try is aggressively addressing reduc-
tion and'elimination of random defects
to achieve practical, low-cost volume-
producible AIDs with chip diagonal di-
mensions in the order of 0.500".

Analog Signal Processors

The CCD has been shown to be a
nearly ideal analog shift register. The
simplest analog signal processor is a
variable analog delay line where the
delay obtained is a direct function of
the clocking frequency and the number
of storage elements in the register. Dif-
ferential phase and differential gain of
1% or less is available in commercial
devices. Tapped CCD delay lines are
excellent sampled analog filters and
can be externally programmed to
change filter characteristics. scan a
frequency spectrum, or provide corre-
lation of weah signalsin a strong noise
background. CCD Analog Signal Pro-
cessor applications include:
e Video and audio variable delay lines
* Moving target indicator filter
* Signal correlation and convolution
® Sonic imaging
© Voice compression and scrambling
® Video frame-grabber
e Communications and secure com-
munications filter
© Scan rate converter
o Spread spectrum filter

Digital Memory

All CCD memories are basically serial
because of the fundamental shift regis-
ter nature of charge-coupling. They are
dynamic memories which require
periodic refreshing and, like other
semiconductor memories, they are
volatile. While their latency is greater
than bipolar and MOS memory, they
are as much as fifty times faster than
magnetic disc and drum memories.
Because of the shift-register nature of
CCD. the CCD memory devices are
block-access oriented rather than ran-
dom bit accessed. The high bit-count

per package allows use of distributed
memory and changes in computer ar-
chitecture. CCD memory applications
include:
e Cache memory
® Bulk storage
® Signal analysis for sonar, radar
* Synthetic aperture radar memory
o Digital delay
e Drum and disc replacement

As manufacturing technology con-
tinues to improve, all semiconductor
memory will enjoy an increase in bit-
density and a reduction in device and
system costs due to the reduction in
package count. CCD memory
specifically will continue to remain
more dense than bipolar and MOS
memory for reasons previously stated.
It is probable that CCD memory, be-
cause of its lower power dissipation,
will be able to shift to packaging capa-
ble of being mounted more densely on
PC. boards. It is also probable that
power dissipation can be reduced
further by designing for operation at
lower voltages. Peripheral circuitry
such as on-chip drivers will be added to
new CCD memary devices to the extent
that added power dissipaiton can be
tolerated and the additional silicon
area required is economical from an
overall systems cost standpoint.

Conclusion

Charge-coupled devices are now a
family in production, bringing new
capability to the military electronics
systems designer. The high-volume,
low cost production of area image sen-
sors for TV sensing will require a com-
bination of elimination of the causes of
random defects from each step in the
manufacturing process and improve-
ment in the photo-lithographic tech-
niques for patterning large area arrays
so their area can be reduced without
reducing responsivity.

Volume production of high perfor-
mance analog signal processing de-
vices such as filters requires definition
of a volume market sufficient to war-
rant the development costs and appli-
cation of resources. Increased control
of manufacturing processes, particu-
larly accuracy of the photo-litho-
graphic process or its electron-beam
successor, will allow the dimensional
control necessary to produce devices
which are linear over a farge dynamic
range and have the high rejection
characteristics desired.

CCD memory will move ahead in the
next few years to 256K bits per package
from the present 64K level. Further, re-
duced power dissipation per bit and
more compact packaging are prob-
able. Q0
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e Packing Density. CCDs have a three
to five times packing density advantage
over the next most dense MOS large-
scale-integrated circuits. This is
primarily because the basic CCD stor-
age element requires no electrical con-
tacts. The storage and transport of the
information in the CCD register are per-

yrmed by the pattern of conductive
gate electrodes on the surface of the
thin oxide layer over the silicon. The
gates require much less area per stor-
age element than the combination of
gates and ohmic contacts required for
an MOS storage element. The 64 kilobit
CCD memory device presently pro-
duced by Fairchild is a chip of silicon
.175" x .230" in size.” With foreseeable
improvements in LSI manufacturing
technology and careful selection of the
memory chip organization and on-chip
peripheral circuits, devices with 256
kilobits capacity will be available within
the next year or two.

CCD Applications in
Miliary Electronics

Image Sensors. A CCD image sensor
device can be configured as aline-scan
device or as an X-Y TV type device. It
can also be configured as a combina-
tion of the two basic structures for spe-
cial applications. The line-scan device
has a single line of sense elements and
scans itself electronically in one
axis—along the sense elements’ cen-
terline. It is often referred to as a Linear
'maging Device (LID). The X-Y device is

.n area matrix of sense elements capa-
ble of being electronically scanned in
both X and Y axes to produce an area
TV picture. It is often referred to as an
Area Imaging Device (AID).

Most CCD image sensors have wide
spectral range, and are nominally
useful over the spectral range 450 to
1000 nanometers; i.e., visible through
tiie middle of the near infrared regions.
Standard commercial CCD image sen-
sors will operate well up to a
wavelength of about 800 to 900
nanometers; beyond that wavelength,
they lose resolution rapidly. Resolution
loss is due to the IR image photons
generating electrons much deeper in
the silicon and, therefore, beyond the
attractive effect of the field created by
the gate electrodes at the silicon sur-
face. The generated electrons diffuse
in the bulk of the silicon until they are
either lost by recombination or move
nearer to the surface where they are
captured in the field of one of the sense
elements. However, because of the
time delay, they may arrive too late orin

a sense element other than the one
through which their exciting photon
entered the silicon. The practical result
is a loss of resolution or smearing of
the image sensed. In some labora-
tories, work is being done to develop
special CCDs for long wavelength IR
image sensing.

All CCD image sensors consume low
power and operate on low voltages.
They do not exhibit lag or memory and
are not damaged by intense light.
Present devices will over-saturate and
“bloom" under intense illumination
but are not permanently damaged.
Anti-blooming structures are under
development.

Linear Imaging Devices(LIDs)

LIDs are configured as asingle line of
sensor elements on along narrow chip.
These devices are commercially avail-
able with 256, 1024, and 1728 elements
with longer devices in development.
LIDs are used in facsimile machines or
spectrometers where the subject is a
line pattern. When relative motion of
the scene with respect to the sensor is
provided by other means, the array can
present a high-resolution TV-type pic-
ture. A continuous real-time picture
can be obtained from a LID sensorin an
aircraft or satellite passing over the
surface of the earth at a constant alti-
tude and velocity. Using a scanning
mirror in the optical system can ac-
complish a similar result. LIDs applica-
tions include:

* High speed, high resolution facsimile
(text, maps, fingerprints, photographs)

® Aerial mapping with high measuring
accuracy
® Real-time reconnaissance and sur-
veillance
® Bar-code reading
® Sorting parts, mail, currency, food
e Conveyorized product non-contact
inspection
e Automatic warehouse routing and
palletizing control

Special configurations of LID in
which the array is eight to 64 elements
wide (rather than one element wide)
can be used for Moving Image Integra-
tion (MIl) applications and are particu-
larly effective in very low light level ap-
plications. Combined with analog
delay lines, a LID can be used as the
sensor for Moving Target Indication
(MTI).

Area Imaging Devices (AIDs)

AIDs produce a TV picture. They are
built in an array capable of being self-
scanned in both the X and Y direction.
These devices are available in 100 x
100 element and 244 x 190 element
arrays; they have also been built in
smaller sized arrays and in arrays of
400 x 400 and 488 x 380 elements. As
an example of acommercially available
device, the Fairchild CCD211 is a 244 x
190 element array with a sense area
format equivalent to a Super 8 movie
frame, and in a3 x 4 aspect ratio for TV
presentation. The device dissipates
100 mW when operated at a 7 MHz data
rate, and operates at voltages of 12V to
15V. Its dynamic range is typically
300:1 at room temperature. Chip size is
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CHARGE-COUPLED DEVICES

The products of a new concept in semiconductor electronics, they

hold considerable promise in applications as diverse as image

sensors and information-storage elements for computer memories

For the past four years there has
been a growing excitement among
solid-state physicists about a new
concept in semiconductor electronics
that may someday have an impact on our
lives as dramatic as that of the transistor.
The new concept is charge-coupling and
its practical manifestation is the charge-
coupled device.

Like the transistor, the charge-coupled
device is a concept of semiconductor
electronics; as such it is subject to the
same physical laws that govern the tran-
sistor’s dynamics and fabrication. That,
however, is where the similarity ends. Al-
though the charge-coupled device shares
much the same technological base with
its distinguished predecessor, it is a
functional concept that focuses on the
manipulation of information rather than
an active concept that focuses on the
modulation of electric currents. Transis-
tor technology has made possible com-
puter-memory components with thou-
sands of memory elements on a single
chip of silicon; charge-coupling is mak-
ing possible comparably sized memory
components with tens of thousands or
even hundreds of thousands of memory
cells per silicon chip at approximately
the same cost.

What is charge-coupling? It is the col-
lective transfer of all the mobile electric
charge stored within a semiconductor
storage element to a similar, adjacent
storage element by the external manipu-
lation of voltages. The quantity of the
stored charge in this mobile “packet” can
vary widely, depending on the applied
voltages and on the capacitance of the
storage element. The amount of electric
charge in each packet can represent in-
formation.

Perhaps the easiest way to visualize
the operation of a charge-coupled device
is through the use of a mechanical anal-
ogy. Imagine a machine consisting of a

series of three reciprocating pistons with
acrankshaft and connccting rods to drive
them [see top illustration on next two
pages]. On top of one or more of the pis-
tons is a fluid. Note that rotating the
crankshaft in a clockwise manner causes
the fluid to move to the right, whereas
rotating the crankshaft in a counterclock-
wise manner would cause the fluid to
move to the left. Since it takes three pis-
tons to repeat the pattern, this arrange-
ment is called a three-phase system. If it
is desired to move the fluid in one direc-
tion only, a two-phase system can be de-
vised by imposing an asymmetry on the
piston design [see bottom illustration on
next two pages]. Regardless of the direc-
tion of rotation, the fluid now advances
to the right.

Nalogous charge-coupled devices can
be fabricated of silicon [see illustra-
tions on page 26]. The devices consist
of a “p type” silicon substrate (in which
electrons are normally the signal carri-
ers) with a silicon dioxide insulating lay-
er on its surface. An array of conducting
electrodes is deposited in turn on the
surface of the insulator. The electrodes
can be interconnected to establish either
two-phase or three-phase operation. Un-
derlying the insulator and within the
bulk of the semiconductor the electrical
conductivity of the silicon can be selec-
tively altered to form “n type” material
(in which not electrons but electron
“holes” are normally the signal carriers).
The correspondence with the machine in
the mechanical analogy is realized by
supposing that the fluid represents an ac-
cumulation of electrons, that the pistons
represent the potential energy associated
with the voltages applied to the elec-
trodes and that the crankshaft and con-
necting rods represent the driving volt-
ages and their relative timing,
When a periodic wave form called a

“clock” voltage is applied to the elec-
trodes, some of the electrons in the vi-
cinity of cach electrode will form a dis-
crete packet of charge and move one
charge-coupled element, or unit cell, to
the right for each full clock cycle. The
packets of electron charge therefore
move to the right as a result of the con-
tinuous lateral displacement of the local
“potential well” in which they find them-
selves. They are thus—or so it seems—
always falling.

The creation of the necessary poten-
tial well in the semiconductor substrate
deserves some elaboration because of its
central importance to the charge-cou-
pling concept. In this context a potential
well is a localized volume in the silicon
that is attractive to electrons; in other
words, it is the most positive place
around and hence is a desirable location
from the point of view of the negative
electron. Potential wells are formed in a
charge-coupled storage element by the
interaction of the different conductivity-

CLOSEUP VIEW of a small portion near
the output of a charge-coupled photosensor
array is provided by this scanning electron
micrograph. Each element and its associated
readout electrode measure 1.9 square mils,
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CHARGE-COUPLED IMAGE SENSOR shown in thix color photo-
micrograph, made in the author's section of the Research and De-
velopment Laboratory of the Fairehild Camera and Instrament
Corporation, consists of 10000 photosensor elements arrayed in a
rectangular 100-by-100 grid on a silicon ¢hip measuring only .12 by
.16 inch. (Large brown and white shapes around border are metal
contacts for electrodes.) The device ix designed to be used in an ex-
perimental television camera hased on the concept of charge-cou-

pling, that is, the collective transfer of all the mobile electric
charge stored within a semiconductor storage element to a similar,
adjacent storage element by the external manipulation of voltages.
Although such charge-coupled image sensors are still in a some-
what primitive ~tate, in the author’s view they “clearly point the
way toward a powerful camera technology.” An enlargement of a
small portion of a similar charge-coupled photosensor array ap-
pears in the scanning electron micrograph on the opposite page.
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MECHANICAL ANALOGY useful in visnal
d i d in 'his

izing the operation of

a charge-coupled device is dep
drawings. The machine illustrated consists o

type regions of the silicon [see illustra-
tion on page 27]. This interaction forms
a well for electrons such that the higher
the clock voltage, the deeper the well.
Any electrons in the well will move with
the clock voltages.

Now, if two or more wells of different
depths are placed close to one another,
the wells will overlap and charge may be
“coupled,” or transferred, from one stor-
age element to the next as the depth of
the well is altered by the clock voltages.
Thus the external clock voltages on the
electrodes cause the electrons to move
in packets through the semiconductor
in a potential-energy trough known as a
channel. This mode of electron transfer
is the essence of charge-coupling.

The phenomenon of charge-coupling

P TN

1

idealized
T of

f a repeating series of

is in itself inadequate for the purpose of
constructing a useful device. A practical
charge-coupled device must be able to
introduce the necessary electrons into
the structure and also have a means at
some location in the channel for detect-
ing the amount of charge in a packet.
Thus for a structure to be classified as a
charge-coupled device it must possess
at least three attributes: input, charge-

coupling and output.
A? an example of a simple yet function-
ally complete charge-coupled de-
vice, consider a “shift register” consisting
of eight three-phase elements, an input
diode and gate and an output diode and
gate [see illustration on page 28]. This
structure is in fact very similar to the

2

| h h |
P e\

three reciprocating pistons with a crankshaft and connecting rods
to drive them. On top of one or more of the pistons is a fluid
(color). Rotating the crankshaft in a clockwise manner, as shown

first charge-coupled device ever fabri-
cated. The signal that is to be entered
into the charge-coupled device is con-
nected to the input diode, which acts as
a source of electrons. If the input gate is
held at a low voltage, no signal elec-
trons can enter the channel. In order to
put a packet of electrons into the device
it is necessary to wait until the first-
phase electrodes are in the high-voltage
condition and then “turn on” the input
gate by raising its voltage. Electrons fill
the potential well until the energy level
for electrons in the well is the same as
that for the electrons in the source. The
input-gate voltage is now lowered to iso-
late the source, and the charge packet
created is ready for transfer down the
channel. In the detection of the signal

]

ASYMMETRICAL PISTONS are added to the mechanical ana-
logue in order to introduce the operating principle of a two-phase

system. Regardless of the direction in which the crankshaft is ro-
tated, the fluid now advances to the right. In the correspondence
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the charge is merely transferred to a
“drain,” or output diode, where it ap-
pears as a current in some external cir-
cuit. This simple charge-coupled device
fulfills the function of an eight-bit shift
register, a device potentially useful in
computer architecture.

Devices fabricated and operated in
this manner verify the predicted per-
formance with one exception. Unfortu-
nately not all the electrons advance with
the packet on each transfer, and the re-
sidual charge appears in a trailing pack-
et. The magnitude of such “charge-trans-
fer inefficiency” is a function of the de-
sign of the device and the frequency of
operation. Transfer inefficiency imposes
a fundamental limitation on the speed
and number of transfers for a practical

5 7 6

in this instance, causes the fluid to move to the right. If the crank-
shaft were to be rotated in a counterclockwise manner, on the other
hand, the fluid would move to the left. This particular type of ar-

charge-coupled device because of the
resulting attenuation of the charge pack-
et as it is moved through the device from
one region to the next.

There are two reasons for charge-
transfer inefficiency. First, the electrons
may be inhibited from moving because
of local regions of lower potential en-
ergy (corresponding to dents or ridges in
the top of the piston in the mechanical
analogy). Second, the frequency of op-
eration may be so high that there is not
enough time for all the electrons to fol-
low the moving potential wells. The for-
mer problem is one that is influenced
predominantly by the design details of
the particular charge-coupled device.
Researchers working on the development
of such devices are continuing to explore

with an actual charge-coupled device the fluid represents an accu-
mulation of electrons, the pistons represent the potential energy

d with the

rangement, which requires three pistons to repeat the pattern, is
called a three-phase system. An analogous charge-coupled device
can be fabricated of silicon (see top illustration on next page).

this aspect of charge-coupling. Recent
advances in technology have significant-
ly reduced the seriousness of the prob-
lem. The problem of the speed of the
electrons’ motion, however, has more
basic origins and deserves additional
comment,

The electrons are induced to move to
an adjacent region of lower energy (that
is, a deeper potential well) by a combi-
nation of three influences: self-induced
forces, field-aided forces and thermal
forces. Self-induced movement results
from the simple fact that a high-density
packet of electrons (or any similar par-
ticles) tends to spread rapidly if the con-
straining force is removed, as is the case
when the clock voltages change. This
type of force is important during the

lied vol and the crankshaft and the

199 i

connecting rods represent the driving voltages and their timing.
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TWO THREE.PHASE CHARGE-COUPLED ELEMENTS are
shown in the cross-sectional diagram at right; the curves at left give
the relative timing of the “clock voltage” wave forms for three-
phase operation. The device consists of a “p type” silicon substrate
(in which electrons are normally the signal carriers) with a silicon
dioxide insulating layer on its surface. Conducting electrodes are
deposited on the surface of the insulator. Underlying the insulator
and within the bulk of the semiconductor the electrical conductiv-
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ity of the silicon can be altered to form an “n type” layer (in which
electron “holes” are normally the signal carriers). When the clock
voltage is applied to the electrodes, some of the electrons in the
vicinity of each electrode will form a discrete packet of charge
(black dots) and move one element to the right for each full clock
cycle. In effect the packets of electron charge move to the right as a
result of the continuous lateral displacement of the local “potential
well” in which they find themselves (white contours in substrate).
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THREE TWO-PHASE CHARGE-COUPLED ELEMENTS are
shown in these cross-sectional diagrams; again the curves give the
relative timing of the clock voltages. this time for two-phase opera-
tion. Here the potential wells are given the required asymmetry by
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the introduction of different n-type conductivity regions just under
the insulating layer. As in the illustration at the top, the external
clock voltages on the electrodes cause the electrons to move in
packets through the n-type semiconductor layer toward the right.
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early stages of charge transfer. Field-
aided movement is important if the
structure is designed in such a way that
electric fields exist to assist the electrons’
motion in the desired direction. This cor-
responds to adding a slope to the top of
the pistons in the mechanical analogy. If
such a force is present, it is important
only toward the end of the charge-trans-
fer cycle. Thermal forces arise from the
fact that the electrons receive thermal
energy from the silicon lattice and as a
result are free to move about randomly.
In their random motion they tend to
move to regions of minimum electron en-
ergy. This type of force is important at
the end of the transfer cycle only if field-
aided forces are absent.

The self-induced force lasts for only a
brief time at the beginning of the trans-
fer cycle, but it is responsible for moving
about 90 percent of a “saturation,” or
full, charge. If the field-aided force is
present, it is responsible for moving most
of the remaining charge at a rate directly
proportional to the strength of the elec-
tric field and inversely proportional to
the distance between the electrodes. If
the field-aided force is not present, the
remaining charge will move under the
influence of thermal forces at a rate di-
rectly proportional to the temperature
and inversely proportional to the square
of the distance between the electrodes.
This rate is usually lower than that re-
sulting from the field-aided force, al-
though at small dimensions it becomes
increasingly significant because of its in-
verse quadratic dependence on distance.

Although these forces are responsible
for moving only a comparatively small
fraction of the total charge packet, they
are important because very little transfer
inefficiency can be tolerated in practical
devices. For example, if 1 percent of the
charge is left behind at each transfer,
most of a charge packet will have dis-
persed after only 100 transfers. In gen-
eral the charge-transfer inefficiency must
approach one part in 10,000 to be con-
sidered acceptable for most practical ap-
plications. In spite of this requirement,
devices that can be operated at frequen-
cies of up to 100 megahertz (100 million
cycles per second) are possible if the
structures are made small enough. With
modern microelectronic manufacturing
techniques it is possible to design and
build a charge-coupled unit cell with di-
mensions of less than a mil (a thousandth
of an inch) on a side, although it is not
always appropriate to do so.

Unit cells of such small dimensions
are possible because of the simple nature
of the charge-coupled structure, which

ELECTRODE
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CHANGE IN DEPLETION REGION
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SIGNAL ELECTRONS

POTENTIAL-ENERGY PROFILES for a typical charge-coupled information-storage ele-
ment are shown here as a function of distance into the bulk of the semiconductor at right
angles to its surface. (In order to show the potential wells clearly, this diagram has been
rotated by 90 degrees with respect to the preceding ones.) The charge-distribution patterns
are shown for two situations: with no electrons in the well (top) and with some electrons in
the well (bottom). As the curves indicate, the higher the clock voltage, the deeper the well.

does not require direct contact with the
silicon in the array region. This arrange-
ment is to be contrasted with conven-
tional transistor technology, which in
general requires several contacts per
functional cell. Contacts consume a sig-
nificant amount of valuable silicon be-
cause of the contact area and the toler-
ances needed to form a good electrical
connection. From the manufacturing
viewpoint it is this feature more than
any other that makes charge-coupled de-
vices so attractive.

The ability to generate, move about

and detect many separate packets of
electrons in a small piece of semicon-
ductor material suggests that the charge-
coupling principle can be applied to ful-
fill a number of information-processing
requirements. In particular the highly
ordered manipulation of charge packets
characteristic of the operation of charge-
coupled devices favors uses such as im-
age sensing, computer-memory opera-
tion and sampled-signal processing. In
each case the function is achieved by a
proper combination of charge-coupled
unit cells that operate individually ex-
actly as described above.

Silicon, the semiconductor material of

which charge-coupled devices are gen-
erally fabricated, is highly sensitive to
visible and near-infrared radiation [see
illustration on page 9]. In other words,
when light falls on a silicon substrate,
the radiation is absorbed (by means of
the Einstein photoelectric effect), which
results in the generation of electrons in
a quantity proportional to the amount of
incident light. If there is present an ar-
ray of potential wells such as the one
formed by charge-coupled devices, these
electrons will fill the wells to a level cor-
responding to the amount of light in
their vicinity. This “electro-optic” crea-
tion of electrons represents an input to
the charge-coupled device that is entire-
ly different from the input method re-
quired for the shift register discussed
above and makes the charge-coupling
concept useful for very different kinds of
application. Nonetheless, the packets of
electrons generated by the light can be
moved, just as in the shift register, to a
point of detection and converted to an
electrical signal representative of the
optical image incident on the device.
That signal, after some conditioning, can
be displayed on a cathode ray tube. In
this way a charge-coupled device can
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become the heart of a television camera.
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edge of the photosensor locations with
respect to one another. In a camera tube
the video image is “read” from a photo-
sensitive material by a scanning electron
beam. The position of the beam is nev-
er precisely known because of the un-
certainty in the sweep circuits result-
ing from random electrical noise. In a
charge-coupled sensor the location of the
individual photosensor sites is known ex-
actly, since it is determined during the
manufacture of the component. Such
2 “metric” accuracy is important for prop-
er alignment in color cameras and in ap-
plications requiring data reduction of the
acquired image (as in photographic mis-
sions in space and photogrammetry).

It is generally convenient for purposes
of discussion to separate charge-coupled
sensors into two categories: linear sensors
and area sensors. A linear image sensor
is a simple straight-line array of photo-
sensors with the associated readout and
sensing circuitry. An area image sensor
is a two-dimensional mosaic of photo-
sensors, again with the associated read-
out and sensing circuitry.

Linear image sensors are used for a
host of applications, including air-to-
ground and space-to-ground imaging,
facsimile recording and slow-scan tele-
vision. The image to be viewed is ob-
tained by providing relative motion be-
tween the sensor and the scene with the
axis of the array perpendicular to the di-
rection of the motion. A resolution of 500
or more photosensor elements is usually
required. A primitive linear imaging de-
vice can consist of nothing more than a
charge-coupled shift register and an out-
put diode. In this structure the image is
acquired when one holds the potential
wells stationary by stopping the voltage
clocks for some period of time (the “inte-
gration time”) and then rapidly reads
out the information by starting the
clocks. Such a simple charge-coupled de-
vice should be practical only in special
applications that allow very long integra-
tion times. The reason for this limitation
is the “smearing” of the image that re-
sults when the shift register is clocked at
the same time that it is illuminated.

A really practical charge-coupled
linear image sensor is more complex. It

P-TYPE SILICON SUBSTRATE

INPUT AND OUTPUT OPERATIONS of a simple eight-element, three-phase charge-
coupled “shift register” are summarized in this series of diagrams. The signal enters the de-
vice by way of an input diode, which acts as a source of electrons. If the input gate is held
at a low voltage, no signal electrons can enter the potential-energy “channel” (1). In order ~ COnSists of a photosensor array for ac-
to put electrons into the device one must wait until the first-phase electrodes are in the high- cumulnting the photocharge pattern plus
voltage condition and then “turn on” the input gate by raising its voltage (2). Electrons fill  an associated charge-coupled shift regis-
the potential well until the energy lével for the electrons in the well is the same as that for  ter with one charge-coupled element for
the electrons in the source. The input-gate voltage is now lowered to isolate the source (3), each photosensor element in order to
and the charge packet created is ready for transfer down the channel (4). The signal is de- 1 ove the resulting charge packets to an

tected by transferring the charge packet to an output diode, where it appears as a current. output point. The elements of the ph0t0<
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sensor array are individual charge-cou-
pled storage elements with a common
electrode called a photogate. They are
electrically separated from one another
by a highly concentrated p-type region
called a channel stop. The photosensor
array is separated from the charge-cou-
pled shift register by a region over which
there is an electrode called the transfer
gate.

In operation the photogate voltage is
held high and the charge generated by
the incident radiation (the photocharge)
is collected by the individual photosen-
sor elements. At the end of the integra-
tion time the transfer-gate voltage is
raised from its normally low voltage con-
dition. The charge-coupled shift-register
electrodes adjacent to the photosensor
elements are also brought to a high-volt-
age state. The photogate voltage is then
lowered and the accumulated photo-
charge transfers to the shift register. Af-
ter that is accomplished the transfer-gate
voltage is lowered and the photogate
voltage is brought back to its normally
high state for another integration period.
Meanwhile the charge-coupled shift reg-
ister is clocked for the purpose of read-
ing out the charge pattern.

A high-density image sensor is more
economically designed with one shift
register on each side of the photosensor
array. Since there must be one charge-
coupled element for each photosensor
element, the distance between photo-
sensor elements is equal to the distance
between the shift-register electrodes for
a two-phase charge-coupled shift regis-
ter and is equal to 1.5 times the distance
between shift-register electrodes for a
three-phase charge-coupled shift regis-
ter. In this example the signal charge
from the two three-phase shift registers
is transported to a three-phase, two-ele-
ment register for delivery to the on-chip
preamplifier. If two-phase technology is
used, however, it is possible to shift the
charge directly into an output diode,
which is in turn the input to the on-chip
preamplifier. Note that in either case the
information-output rate of the device is
twice the rate of either of the long shift
registers. It is clear from this example
that a two-phase charge-coupled struc-
ture not only is easier to clock but also is
more economical to lay out for a practi-
cal device. Even though it is somewhat
more difficult to manufacture because
of the required asymmetry, it is likely to
dominate future designs of charge-cou-
pled devices when fully developed.

A linear image sensor can be made to
produce conventional two-dimensional
images [see illustration on next page].

RELATIVE RESPONSE —>

8 1 1.2

WAVELENGTH (MICRONS)

RELATIVE SPECTRAL RESPONSES of a charg
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p silicon p

(colored curve) and the human eye (black curve) are compared. The semiconductor ma-
terial absorbs not only visible light (.4 to .7 micron) but also near-infrared radiation (.7 mi-
cron to 1.1 microns). The absorption of such radiation by a silicon substrate results in the
generation of electrons in a quantity proportional to the amount of incident radiation. It is
this “electro-optic” property that enables charge-coupled devices to be used as image sensors.

The image to be sensed is placed on a
rotating drum, which provides the nec-
essary motion of the image with respect
to the device. The speed of rotation is
synchronized with the vertical scan of
the monitor. The charge-coupled linear
image sensor provides each horizontal
video line for the monitor by a complete
sensing and readout operation repeated
rapidly to supply all the horizontal lines
for a full frame. In many applications
the device is the moving element in the
system, as in aerial reconnaissance,
where the device is located in an air-
plane or a satellite.

The quality of image reproduction
achievable with a linear charge-coupled
sensor is excellent, reflecting the large
dynamic range of the image sensor [see
illustration on page 31]. The dynamic
range is the ratio of the maximum to the
minimum detectable image intensity.
The quality of the reproduction demon-
strates the very high transfer efficiencies
and low electrical noise levels that can
be achieved in existing charge-coupled
devices.

A’ea image sensors are useful primarily

for television-type camera applica-
tions. The image is obtained by conven-
tional line-by-line scanning of the array
mosaic and reproduction of the resulting
video signal on a standard raster-scanned
cathode-ray-tube monitor. A charge-cou-
pled area image sensor designed for such
a readout mode can be designed in a

manner analogous to the linear image
sensor. As in standard broadcast televi-
sion, the image is read out in two sepa-
rate fields by first reading all the even-
numbered photosensor eleménts in each
column and then all the odd-numbered
photosensor elements in each column
rather than by reading the odd and even
elements in parallel, as in the case of the
linear image sensor.

The area image sensor operates as fol-
lows. Light falling continuously on the
photosensor  sites produces electrons,
which accumulate as charge packets in
the potential wells created by the photo-
gate voltage. After an interval of a thir-
tieth of a second the charge packets col-
lected in the photosensors adjacent to all
the phase-1 electrodes are transferred to
the region under the phase-1 electrodes
by raising the phase-1 voltage and low-
ering the photogate voltage. The charge
packets in photosensor sites adjacent to
the phase-2 electrodes do not transfer
because the phase-2 voltage remains low.
After the phase-1 transfer takes place
the photogate voltage again goes to its
normally high state and more electrons
begin to accumulate in the depleted
photosensor sites. The charge packets in
the opaqued shift register are now trans-
ferred to the horizontal shift register at
the top of the array. Each vertical trans-
fer fills the horizontal register, which is
then read out completely, producing
a line of video information at the out-
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put. After all these lines are read out (a
procedure that takes only a sixtieth of a
second) the photosensors adjacent to all
the phase-2 electrodes are read out, and
in a similar manner this second field is
delivered as a video signal at the output.
Finally, the entire operation begins again
and is completed at regular intervals of
a thirtieth of a second.

A typical image sensor designed to
operate in this fashion consists of a rec-
tangular 100-by-100 photosensor grid
[see illustration on page 22]. Each pho-
tosensor element and associated read-
out electrode occupies only 1.9 square
mils. All 10,000 elements fit on a chip
that measures .12 by .16 inch. An image
taken with a camera system using such a
device can be displayed on a television
monitor.

This image-sensing device and others
made by charge-coupled techniques are
still somewhat primitive, but they clear-
ly point the way toward a powerful cam-
era technology. The combination of
solid-state reliability, low-voltage opera-
tion, low power dissipation, large dy-
namic range, metric reproducibility and
visible and near-infrared response offers
to the potential user a compelling advan-
tage over vacuum-tube image sensors
and other solid-state image sensors.

The charge-coupling concept is basi-

cally one of semiconductor electron-
ics rather than one of electro-optics. Be-
cause of the electro-optic characteristics
of silicon, however, the light-sensing
properties of charge-coupled arrays have
tended to dominate this new technology.
Nonetheless, the data-handling proper-

ROTATING DRUM
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ties of such arrays may be of equal or
even greater significance.

A charge-coupled semiconductor ar-
ray is virtually ideal as a time-sampled
analogue shift register. From the view-
point of the electrical engineer this
means a delay line where the delay is
proportional to the readin/readout rate;
if the array is long enough to contain the
complete message, the readin and rcad-
out rates can be different and the maxi-
mum delay available is limited only by
the thermal generation of random elec-
trons. At low temperatures several min-
utes of delay are possible.

As a memory or digital-storage device,
charge-coupled arrays can perform the
functions of sequential access or hybrid
tasks such as drum or disk storage. The
use of solid-state charge-coupled arrays
to eliminate all mechanical motion and
parts is a strong advantage ofa memory
consisting of charge-coupled devices.

The intrinsic analogue nature of the
charge packet in a charge-coupled de-
vice suggests broad potential for appli-
cation to sampled-signal processing. In
a fundamental sense the use of charge-
coupled devices as image sensors is mere-
ly a special application of the device as
an analogue shift register. If one restricts
the definition of sampled-signal devices
to those with an electrical (rather than
an optical) input, then the predominant
members of this class are variable delay
lines and filters.

A delay line is a circuit that repro-
duces as accurately as possible an input
signal delayed by a finite period of time.
A delay line is “variable” if the time
delay can be altered electrically. The

READOUT CIRCUITRY

CHARGE-COUPLED
DEVICE

LENS
HORIZONTAL SWEEP
VIDEO SIGNAL:
VERTICAL SWEEP

TWO-DIMENSIONAL IMAGES can be reproduced with the aid of
a linear charge-coupled image sensor in a variety of ways, one of
which is outlined in this schematic diagram. The image to be sensed
is placed on a rotating drum (left) whose speed of rotation is syn-

charge-coupled device acts as a natura!
delay line since any signal placed on its
input diode will appear at its output in
sampled form after the interval required
for the charge packets to be shifted
through all the elements of the structure.
The charge-coupled device can be used
as a delay line in several ways. First, in
the simple continuous mode the delay is
equal to the number of unit cells divided
by the frequency at which the device
is clocked. Alternatively, whenever data
appear in bursts, the charge-coupled
shift register can be loaded with these
data during the burst and the data re-
tained for the desired interval and then
read out. In this way the charge-coupled
device is said to perform a “buffer” func-
tion.

A charge-coupled delay line offers
major advantages over the more con-
ventional glass delay line and even sig-
nificant advantages over the more ex-
otic acoustic-surface-wave devices [see
“Acoustic Surface Waves,” by Gordon S.
Kino and John Shaw; SciENTIFIC AMER-
1caN, October, 1972]. Among these are
wide dynamic range (better than 60 dec-
ibels after 30 milliseconds at room tem-
perature) and separate electronic con-
trol of propagation velocity and delay
time. Delay lines with such flexibility
will be of great value in communications
and television applications and will sim-
plify existing methods of producing con-
trolled signal delays. One special appli-
cation of significant interest is a “scan-
rate converter” often required in video
communications. Here -the charge-cou-
pled device operates in the buffer mode
described above to accept and then read

DISPLAY MONITOR

chronized with the vertical scan of a conventional television displa;’r
monitor (right). The charge-.coupled device and the associated
readout circuitry produce horizontal video lines at a rate rapid
enough to build up a full-frame image on the screen of the monitor.
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EXCELLENT REPRODUCTION
linear charge-coupled image sensor under widely varying light con-
ditions is evident in these photographs. An apparatus similar to the
one in the illustration on the opposite page was employed to scan
the image. The photograph at left shows the original image to be
scanned. The photograph at center shows the video display obtained

out video frames at different rates so as
to match practical transmission-system
bandwidths with standard television-dis-
play requirements.

Extension of the simple delay-line
concept leads to other sampled-signal
processing devices. If a delay line is fab-
ricated with interim taps at which the
signal can be sensed and fed back to
earlier stages in such a way as to affect
the transmission of the data, then this
structure can be used as a filter. Such a
structure can be conveniently configured
as a band-pass filter where the resonant
frequency of the circuit is a direct func-
tion of the clock frequency. An improve-
ment in the signal-to-noise ratio to within
a decibel of the theoretical maximum has
already been achieved.

Matched filters find application in
wide-spectrum communications and in
radar to detect weak signals in high noise
backgrounds. In such applications
charge-coupled devices will complement
acoustic-surface-wave devices, which
generally are useful only for delays of
less than 100 microseconds.

As mentioned above, a charge-cou-
pled storage element is capable of stor-
ing a packet of electrons with a varying
amount of charge, depending on the de-
sign and operating conditions of the
charge-coupled unit cell. Nonetheless,
there is no reason one cannot conceptual-
ly quantize the charge-handling ability
of the cell and view the device as a bi-
nary digital element. For example, one
can arbitrarily say that if a storage ele-
ment contains a charge less than half the

obtained with a 500-element

saturation charge, it contains a “zero,”
whereas if it possesses a charge greater
than half the saturation charge, it con-
tains a “one.” In this way the storage
element becomes a memory “bit” and a
charge-coupled delay line can be made
to serve the function of a digital shift
register or serially accessible memory.
Since this function can be performed by
other technologies also, one must ask
what charge-coupling has to offer. The
answer is cost-effectiveness. A charge-
coupled memory not only has all the ad-
vantages of a conventional semiconduc-
tor component (compatibility with other
electronic circuit elements, no mechani-
cal motion, low power and voltage, vari-
able clocking rates and other similar fea-
tures) but also offers a potentially low
cost-per-bit ratio approaching that of a
magnetic memory. This is a result of
the inherent structural simplicity of the
charge-coupled device. By virtue of this
simplicity, memory arrays as large as a
quarter of a million bits per component
on a piece of silicon less than half an
inch on a side can be envisioned.

In addition, the power necessary to
sustain a charge-coupled memory device
is very low since the storage element is
not active. The power required to move
the charge stored on one charge-coupled
element to an adjacent element in a
microsecond is approximately a micro-
watt. Moreover, in a properly organized
memory it is not necessary to have all
bits moving simultaneously. Thus a one-
megahertz, one-megabit charge-coupled
memory device would require a power

from the charge-coupled system under optimum lighting condi-
tions (30 foot-candles of illumination). The photograph at right
shows the video display obtained from the same system but with
the light level reduced 1,000 times; to produce this picture the
charge-coupled device had to move packets of approximately 400
electrons each through a centimeter of silicon without dispersion.

of somewhere between a milliwatt and
a watt to sustain it, excluding logic and
other functions. The volume required for
such a memory is less than that of a pack
of cigarettes.

Another advantage lies in the fact that
the charge-coupled device is basically
analogue in nature. It is thus possible to
store more than one data bit in each
memory cell. This can be done by storing
any one of a number of discrete levels
of charge in each cell, thereby greatly
increasing the information-packing den-
sity. For example, a 100,000-cell de-
vice capable of handling eight levels of
charge is comparable to a 300,000-bit
conventional memory. Such a memory
chip would be of great value in digital-
to-analogue and analogue-to-digital con-
verters and other applications where
multiple levels are achieved only by the
addition of vast amounts of memory.

In view of these important prospec-
tive features of charge-coupled memory
devices it appears that we are at the
dawn of a revolution that will ultimately
bring today’s powerful digital computers
directly into our everyday way of life.
The charge-coupling concept, in short, is
amajor new innovation in semiconductor
electronics. By virtue of its simplicity in
design and fabrication, its high perform-
ance in terms of dynamic range and low
power, and its high packing density and
potentially low cost, the technology of
charge-coupling will create major and
unique new applications for semicon-
ductors that will have a direct impact on
our lives.
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Performance characteristics of a producible
NTSC - compatible charge-coupled device(CCD)
image sensor

Abstract

Brief reviews of the structure and normal operating conditions for manufactured versions
of 488 by 380 element CCD image sensors are followed by descrintions of the performance
available from typical devices and by description of common types of cosmetic blemishes
which limit the yield of production sensors.

The 488 by 380 element sensors are fabricated by buried channel CCD technology. They
utilize an inter-line transfer technique to achieve a high CTF at Nyauist frequencies, which
results in crisp imagery from reasonable die areas. The sensors also offer wide dynamic
range, good low light level capability, and compatibility with NTSC quality requirements.

Introduction

The basic concepts for a television-compatible inter-line-transfer CCD image sensor were
developed in 1972. The first working sampies of NTSC-compatible 488 by 380 element buried
channel CCD image sensor arrays were demonstrated in 1975. These initial experimental
sample arrays provided convincing evidence of the superior technical performance made avail-
able by the inter-line-transfer device organization, and also provided proof that signifi-
cant improvements in silicon material and fabrication technology were required before the
complex large-area monolithic image sensors could be produced in volume.

Production of 488 by 380 element sensors today still requires careful and skillful engi-
neering control of fabrication procedures, but the technological advances which have been
made permit 488 by 380 element sensors to be manufactured on an upward ramping production
schedule with predictable yields to increasingly tighter device performance specifications.

This paper, in order to illustrate the substantial progress made to date in the areas of
image sensor manufacturing and development engineering, reviews the performance features
and 1imitations of recently-produced image sensors. The performance review is preceded
by an outline description of the 488 by 380 element sensor structure and by an outline of
the required sensor operating controls and signals.

Device structures

The 488 by 380 element charge coupled area imaging device (CCAID488) has die dimensions
of 397 by 475 mils (Fig. 1). There are twenty-five notentially good die, plus one process
test die of equal size, on a three inch wafer.

A CCAID483 (Fig. 1) is a self-scanned monolithic improved-performance replacement for a
vidicon camera tube suitable for low-light-level, low power consumption video camera systems.
The sensor produces an output which can be compatible with the NTSC quality standard for
black and white television broadcasting (Fig. 2). The precise location of each photosite
within the sensor allows accurate identification of image components for ease in signal pro-
cessing and for image measurements which are free of geometric distortion.

The active area of the image sensor (Fig. 3) contains a matrix array of 185,440 photo-
sites arranged into 488 lines and 380 columns. The overall dimensions of the active image
sensing area are 8.8 by 11.4 mm, which has an image diagonal measurement of 14.4 mm.

The sensor contains 380 buried channel CCD shift registers which are. used for vertical
transport of photosite-accumulated image data, and one horizontal shift register for trans-
port of image data to the charge-sensing video output amplifier. Both horizontal and verti-
cal registers are controlled by external two-phase clock signals.

A photogate electrode controls transfer of data from the photosites into the vertical
shift registers. The polarity of the vertical clock signals when the potential of the
photogate lead is lowered determines whether the even-numbered or odd-numbered lines of
photosite data are transferred to the vertical registers at the start of each field. The
conventional operating mode of the 488 sensor results in a two-field-per-frame interlaced
line video data output. Simple clock signal timing changes can be made externally to
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achieve a 244 line non-interlaced data output

Electron charge packets are transported sequentially past the floating gate electrode of
the video output amplifier (Fig. 4) by the horizontal register. The floating gate potential
changes linearily with the quantity of charge resident in each packet. A pair of auxilliary
gate electrodes aid in adjustment of the absolute potential of the floating gate.

The amplified and inverted video signal is sampled and held by a switching transistor
and the gate node capacitance of the output source follower. The video output waveform is
continuous, and includes a minimized sample clock energy content in the frequency band of
interest.

.The sensor includes a set of column antiblooming sink diodes at the top of the vertical
shift registers which suppress horizontal blooming when the array is illuminated past satu-
ration.

Individual photosites (Fig. 5) are 12 by 18 um rectangles which are positioned on 30 um
horizontal center-to-center spacings and 18 um vertical center-to-center spacings. Photo-
sites are separated horizontally by the vertical shift registers which are shielded from
light by opaque metal stripes. The photosites are effectively contiguous along the vertical
axis, since photon absorption is unhindered by the barrier region which provides vertical
site separation.

Portions of each photosite are covered by 1, 2, or 3 layers of near-transparent poly-
silicon gate electrode material, and by various layers of dielectric which insulate the gate
electrodes.

Sensor operation

The 488 image sensor requires a single Vpp supply voltage of +12-15V for proper operation|
A current of about 3.5 mA 'is used by the output amplifier. The antiblooming structure re-
quires a dc voltage of about 10V. A dc source which can be adjusted over a range of 5-10V,
at a current level of less than 1 pA, is needed to bias the source of the floating gate
stage of the output sense amplifier. Sensor internal dc power consumption is about 50 mW.

Seven clock signal inputs provide timing control to the CCD shift registers, the photo-
gate electrode, and the sample and hold output amplifier of the CCAID488. Figure 6 shows a
timing signal sequence which is scaled for sensor operation at standard television scanning
rates (30 frames per second, 2 fields per frame). There are no stringent requirements for
retative clock signal timing, waveform overlaps, or rise and fall times.

Production CCAID488 sensors will provide satisfactory performance for most applications
when all clock inputs except the two vertical transport signals swing from OV (Vgg) to +5V.
The two vertical transport clock swings are typically 0 to +9V. Clock swings be?0w Vgg are
seldom used.

The horizontal transport lines have capacitive loads of about 250 pf each. The horizon-
tal clock frequencies for TV scan rates are 7.16 MHz. (The video data rate is equal to the
horizontal clock frequency.) Higher capacitive loads are presented by the vertical trans-
port and photogate clock input terminals but no difficulty is encountered in driving these
leads because of the slow clock frequencies involved.

Data rates to above 14 M pixels per second (60 frames per second) are practical. The
lower limit on the data rate can be extended to give frame periods of several tens of
minutes if the sensor is cooled to reduce integrated dark signal nonuniformities to an
acceptable amplitude.

A variety of hardware logic, PROM, and microprocessor timing control circuits have been
developed to generate the sequence of timing signals which were shown in Fig.

Sensor performance

Included among the well-known salient performance features of good CCAID488 image sensors
are:

Solid-state construction

Low power consumption

NTSC resolution capability (488 lines/frame, 380 pixels/line)
Wide dynamic range

Low light level capability

Sample & hold video output

oo o0oooo
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The continuous sampled and held video waveform at the sensor output can be used directly
for many sensor applications. The waveform contains a short-duration sampling clock pulse
which has very low energy content at the Nyquist frequency of the sensor, and the waveform
can be satisfactorily cleaned up by simple low pass filtering.

The saturation-level video output signal level from the floating gate input two stage
video sense amplifier at the output part of the image sensor is typically 1Vp-p, as shown.
The saturation charge level is about 300,000 electrons. Shot noise content of the signal
charge packets is equal to the square root of the signal; thus the signal to shot-noise
ratio near saturation is about 54 db. At very low signal levels, the signal to temporal
noise ratio is determined primarily by noise originating in the output sense amplifier
which is about 100 electrons RMS at 259C. In practice, the low light level performance is
more often limited by thermally generated dark current nonuniformities than it is by tempo-
ral noise.

The buried channel fabrication technology results in excellent charge transfer efficiency,
typically >.9999 per transfer, which prevents mixing of charge packets with subsequent loss
of image sensor resolution. Figure 7 gives measured CTF responses for a sensor, plotted
against the spatial image frequency normalized to the 30 um horizontal and 18 um vertical
center-to-center spacings of array photosites. An 80% CTF at 380 TV lines per picture width
is obtained because the photosites are separated horizontally by the opague stripes covering
the vertical shift registers. The register shields also prevent any smearing of the image
vertically which would be caused by collection of image data in the register cells.

Demonstrations of good vertical and horizontal CTF response is evident in the resolution
test chart photo (Fig. 8).

The spectral responsitivity of the sensor is a typical silicon detector curve, (Fig. 9)
modified in the short wave length portions of the spectrum by photon absorption in the poly-
silicon layers which cover portions of the photosites, and by interfering and reinforcing
reflections in the dielectric layers which separate the polygate structure layers. The
quantum efficiency lines on Fig. 9 are valid for localized photosite response. (The Quantum
Efficiencies shown on the graph are valid for light incident onto the photosites. For over-
all response, the numbers should be divided by 2-1/2 because the vertical register light
shields cover about 60% of the sensor surface.)

Thermally generated carriers accumulate in the photosites and shift register cells and
add directly to photon-generated carriers to form the charge packets sensed to generate the
video output signal. A typical device, at 259C and 33 MS integration time, will have a
background dark signal (VBDS) of 1% of the saturation output level plus a dark signal non-
uniformity (DSNU) signal caused by spatial inequality in leakage current over the sensor
area. The Vgps signal has no important effect upon the appearance of a sensed image; the
Vgps charge adds negligible shot noise to the video. Dark signal nonuniformity is a serious
Timitation on sensor performance, especially when spatially regular DSNU structure is present. Current
commercially-sold 483 sensors have a maximum specification for DSNU of 10% of Vsat at TV scan rate$ and
room temperature ambient, typical commercial sensors exhibit a DSNU of less than 5% of Vsat

Both VBDS and DSNU decrease exponentially with reduced chip temperature. Excellent
sensor performance for most applications is achieved when the chip temperature can be re-
duced to 109C or lower

Photo Tithographic irregularities can create spatial variation in photosite areas which
can cause the photo-response to be nonuniform. Errors of this type occur, typically, at
near-Nyquist spatial frequencies and usually have an amplitude considerably smaller than 5%
of VUsat.

Photo response nonuniformities can also arise from spatial variability in carrier life-
time in the 1 square CM of active sensor area when the sensor image contains significant
near infra-red spectral content. It is recommended that the sensor be used with an infra-
red reject filter for those applications where near IR response is not essential; the IR
filter also preserves sensor resolution which can be degraded by the deep absorption level
of IR photons.

Blemishes
The CCAID488 is a densely-packed monolithic chip which is 1 square CM in area.

The large area, dense packing factor, device sensitivity, and the usual sensor application

for presentation of visual images on a CRT display force the device into use as a vehicle

for study of various microscopic and macroscopic effects which limit the performance avail-

able from all types of VLSI integrated circuits.
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Blemishes which degrade sensor performance can exist or be induced into starting material
wafers, or they can be introduced by processing "errors" which damage the several layers of
dielectric and conductive layers which are built up on the sensor surface. The cosmetic
effects of blemishes can be divided into area, single point, and linear defects.

Swirl patterns (Fig. 10) are a type of potential area blemish-inducing structure which
exist in wafers before processing begins. The swirl patterns are generally believed to be
nonuniform spatial patterns of impurity inclusions which are incorporated into crystals
during growth of the silicon ingots. A small fraction of otherwise useful CCAID488 die are
presently rejected at test because of excessive-amplitude DSNU shading caused by swirl.
Swirl amplitude decreases exponentially with chip temperature, which permits swirl-blemished
CCAID sensors to be used in many applications.

White clouds (Fig. 11) are localized areas which exhibit average dark currents appreci-
ably higher than the background level. White clouds are also believed to be due to local-
ized concentrations of donor impurities in the starting material. White clouds have a
characteristically grainy appearance because they exhibit a large pixel-to-pixel dark cur-
rent nonuniformity. White clouds are temperature sensitive, decreasing in amplitude by 50%
for each 7-8 degree reduction in chip temperature.

Swiss cheese (Fig. 12) is a DSNU structural pattern which is attributed to variations in
annealing effects in CCAID488 die. Process improvements have reduced the incidence of Swiss
Cheese DSNU patterns outside of shading specification limits substantially in recent pro-
duction lots. Swiss cheese also decreases exponentially with chip temperature.

Single point blemishes (SPBs) by definition are areas not larger than 3 contiguous
pixels along any axis which exhibit a spur\ous response of 25% or more of Vsat at 259C.
Most SPBs affect a single pixel, about 20% of the SPBs affect 2 adjacent pixels. They orig-
inate from microscopic sources of thermal electrons which accumulate in individual photo-
sites. More than 90% of the SPBs are exponentially reduced in amplitude by reduced chip
temperature. Some SPB generation centers are believed to exist in wafer starting material,
the majority are introduced dur1ng wafer fabrication. Current sensor manufacturing yields
die with 2-200 SPBs per array; a typical die would have about 20 SPBs. A random sampling
of SPBs can be seen in Figures 10, 11 and 12.

The most common type of column blemish found in the ILT type of device are black trails
(Fig. 13). These blemishes are caused by "leaks" in the barrier walls which separate photo-
sites from each other, photosites from the vertical shift register, and within the register
itself. Some trails are of fixed length, others tend to shorten at increasing light levels.
Some trails are preceded by a white column, some have white heads at their top. Register
barrier trails replicate, i.e. they cause all data in the column below the black portion of
the trail to move upward.

The most common means of creating a line (horizontal) oriented blemish in the CCAID488 is
a short between the two vertical clock lines because of a dielectric defect. Devices exhi-
biting this type of defect are rejected by dc die testing, hence line oriented defects are
seldom seen in packaged sensors.

The large die area and densely packed complex structure of the CCAID488 provides an enor-
mous number of opportunities for process errors or structural damage which can create blem-
ishes degrading the cosmetic performance of a sensor. In spite of these opportunities, it
is now well-established that near-perfect sensor die can be produced on a regular basis by
careful wafer fabrication procedures.

Sensors which have limited blemish content can be used for many applications, also.
Some uses for the sensor need good performance only in selected sensor areas, some users can
ignore or suppress .black trails and limited numbers of single point blemishes. Cooling of
sensors which have dark signal nonuniformity patterns exceeding tolerable levels in particu-
lar application is very prdctical, as is storage and subtraction of DSNU and PRNU blemishes
in many systems.

Summary

A 488 by 380 element buried channel CCD image sensor is now being reproducibly manu-
factured. The inter-line transfer structure used for the sensor provides broadcast quality
resolution in a 397 by 475 mil die. The sensor has a dynamic range of 1000:1, low light
level capability, a wide range of scanning rates, and an internal power consumption of about
50mW. Precision optical measurement systems can use the sensor because it is geometrically
precise and because sensor readout is controlled by digital clock signals. The video output
signal of the sensor is a sampled and held waveform for ease of use.
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Dramatic improvements have been made in the cosmetic quality level of the 488 by 380
element sensors, as can be seen in Figures 14 and 15. Fabrication process development and
sustaining engineering work is continuing in order to achieve higher yields of die with
lower blemish counts. The present sensor design has been firmly shown to be viable, and it
is anticipated that the CCAID488 will continue to be commercially available in various cos-
metic quality grades.
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CTF (CONTRAST TRANSFER FUNCTION)
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FIG. 11 A CCAID488 "WHITE CLOUD" BLEMISH

FIG. 12 "SWISS CHEESE" DARK CURRENT
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A SOLID STATE (CCD) COCKPIT
TELEVISION SYSTEM

ABSTRACT

The Cockpit Television Sensor (CTVS) System provides a monochrome video tape
record of aircraft displays and instruments, such as the Head Up Display (HUD) gunsight,
radar display, etc., and in addition records cockpit audio data. When used with the HUD,
the recording shows the outside world scene as viewed by the pilot together with the
HUD symbols. Two displays, such as HUD and radar, can be simultaneously recorded on
a single tape using a CTVS split-screen mode. This paper describes performance charac-
teristics and capabilities of the system, which is centered around a small versatile highly
reliable solid state Charge Coupled Device (CCD) TV camera, which has already been
flight proven on the F16, F15, F14 and F4, and qualified to full military specification for
flight equipment. (Appendix A provides tabulated summaries of environmental levels.)

The sensor head for the CTVS has a volume under 100 cubic centimeters, about the
same volume as a cigarette pack, and includes an /2.8 auto-iris lens having a 5,000 to
1 dynamic range, providing automatic hands-off dawn to dusk operation.

INTRODUCTION

Traditionally, tactical fighter aircraft have been equipped with film cameras to
record gunsight/HUD images for both training and combat missions. The Cockpit Tele-
vision Sensor (CTVS) system fulfills a similar function with the added feature of record-
ing cockpit audio together with the video and offering the option of real time display in
the rear cockpit. In addition, the use of an Airborne Video Cassette Tape Recorder
(AVTR) extends the recording capability to 30 minutes, and the use of a split screen
converter permits two video sources to be simultaneously recorded on the same video
cassette, i.e., HUD and radar, or HUD and EO weapon display. For post-flight playback
immediately after landing, a standard 3/4"" U-matic video cassette tape machine and TV
monitor are used. This same equipment is used for split screen playback, which requires
no additional special purpose components. The reason for this is that “'split screen’ is
recorded as a single EIA RS170 compatible frame, with only one half of the monitor
display used for each camera recording, so that the two camera pictures appear side by
side on the same screen. Each camera picture must be compressed horizontally, in order
that both pictures can be viewed on a single screen. The use of slow motion, and stop-
action, playback on the VTR permits side by side comparisons of the two images on a
frame by frame basis with no additional special equipment.

SYSTEM DESCRIPTION

A simplified CTVS block diagram is shown in Figure 1 together with a photograph
in Figure 2, The airborne system assemblies comprise the CCD television camera, the
Airborne Video Cassette Tape Recorder (AVTR) and the AVTR Remote Control Unit.
The TV camera is made up of two separable subassemblies. These are the Video Sensor
Head (VSH) and the Electronics Unit (EU). The VSH contains the CCD sensor module,
auto-iris lens and interface electronics, including line drivers, which allow the VSH to
operate over a maximum of 7 meters of cabling to the EU. The EU assembly contains
the clock generator, control logic, video processing, built-in-test (BIT) circuits, BIT
switches and indicators and the power supply.
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VIDEO CASSETTE TV
PLAYBACK UNIT MONITOR

FIGURE 1. CTVS BLOCK DIAGRAM

In aircraft which have provision for the KB26 series of film gun cameras, the CTVS
camera can be installed as a single assembly in the same location previously occupied by
the KB26 camera. |n these aircraft (such as the F16, A10, etc.) the VSH is plugged
directly into the EU, and the complete camera is installed as a single assembly using the
same configuration as the KB26. Figure 3 shows the CTVS camera in this mode, and
Figure 2 shows the camera used as a split assembly together with the remaining com-
ponents of the airborne system. The split mode of operation is used on aircraft such as
the F15 and F14 where there is no existing provision for a HUD camera. In these cases,
the small size of the VSH, (see Figure 6) makes it practical to mount it on the sun shield,
directly in front of the HUD combining glass, with minimum obscuration of the pilots
field-of-view. The maximum obscuration of 23mm due to the CCD sensor-lens, which
is centrally located in the pilots field-of-view, has been demonstrated to have no impact
on pilot performance.

The composite video output from the CTVS camera is wired directly to the AVTR
input (see Figure 1) with a maximum cable length of 150 meters. In most installations,
camera power comes on with aircraft power, and the camera is continuously operating
during flight, eliminating the need for the addition of cockpit switches and indicators.
This simplification is practical because of the demonstrated reliability of the camera.
Video from the camera can be recorded by switching the AVTR control box switch from
Stand-by to Record. The AVTR control box typically has a three position control
switch. These positions are Power-Off, Stand-by and Record. In the Stand-by mode, the
AV TR cassette is fully threaded or *‘loaded’’ and recording can be started instantaneausly
by closing the Record switch. In the Power-Off position, the cassette is unthreaded, as
when installing or removing the cassette. It takes approximately five seconds to complete
the tape threading cycle when going from Power-Off to Stand-by.
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FIGURE 3. COCKPIT TV SENSOR — F16 CONFIGURATION (EU & VSH COMBINED)

An expanded system configuration which uses two cameras is shown in the block
diagram of Figure 4 and the photograph of Figure 5. In order to record two video inputs
to the AVTR, a Split Screen Control Unit must be added to the system, between the
outputs of the 2 Cameras and the AVTR. If the two sources of video are CTVS cameras,
the Split Screen Control Unit routes a gen-lock signal from camera #1 to camera #2 so
that the two camera video signals are synchronized. Each picture occupies only one half
of the TV monitor display, camera #1 appearing on the left half of the screen and camera
#2 on the right half. The resulting picture from each camera suffers some loss of resolu-
tion horizontally, primarily because of attenuation in the AVTR which has negligible
response above 4 MHz. In addition, since the picture in each half of the display is com-
pressed by 2 to 1, symbols and scenes will appear correspondingly compressed. Many
CCTV displays have sufficient adjustment range using the “’picture height”” control to
permit full compensation.

When only one CTVS camera is in use, and the second source of video is a radar
display or EO weapon display, an expanded capability split screen control unit permits
similar recording and display as described above for two CTVS cameras.

A separate video output is also available from each camera for real time display
on a monitor in the rear cockpit of two seat aircraft. (See Figure 4, which includes an
airborne TV monitor as part of the system.)
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CTVS CAMERA DETAILS

A summary of performance parameters is given in Table 1, and outline dimensions
in Figure 6. The versatility of the camera resides largely in the unique VSH design. This
contains the CCD detector and a miniature auto-iris lens, which is coupled via a flexible
printed harness to a small electronics assembly in the pedestal. The VSH electronics are
necessary to drive up to seven meters of cable to a potentially remotely located Elec-
tronics Unit assembly containing power supplies, logic and video processors. The VSH
assembly is shown in Figure 7. This view of the VSH illustrates the flexible coupling
between the CCD-lens assembly and the pedestal electronics. This flexible coupling
allows the height and line of sight of the CCD-lens assembly to be adapted to most
practical situations by simply changing the hollow stem which holds the CCD-lens to the
pedestal. Three typical configurations of the VSH, having different stem heights, are
illustrated in Figure 8. The lens is a custom auto-iris design, 30mm long and 22mm in
diameter, including a high speed auto-iris drive torquer, in the form of a toroid with an
outside diameter of 20mm, which is integral with the lens elements. The focal length of
31mm provides a camera field-of-view of 16° vertically and 20° horizontally. This
field-of-view has been selected by the USAF as an optimum compromise for most HUD

TABLE 1

SPECIFICATIONS COCKPIT TELEVISION SENSOR

GENERAL

SENSOR Fairchild CCD Array (488 lines X 380 pixels/line)

SPECTRAL RESPONSE 450 to 1060 nanometers (without filters)

LENS Custom 31mm /2.8 Auto-Iris ("’C’'" mount option)

SENSITIVITY Scene luminance 5 ft. Lamberts with S/N of 20 dB

ALC DYNAMIC RANGE Greater than 5,000:1 (response time less than one
second)

GEOMETRY No distortion

FRAME RATE 30 frames/sec.

LINE RATE 15,750 lines/sec.

FORMAT 488 lines, 380 picture elements/line

SYNC 2:1 standard interlace

VIDEO LINE OUTPUT 150 Meters, 75 Ohm

POWER SOURCE 115V, 400 Hz, 3¢ (or 28V DC option), 20 watts

WEIGHT 1.1 Kilograms :

REMOTE SENSOR HEAD Variable Sensor Height and Angle
OUTPUTS — INPUTS

VIDEO 1 1V to 3V p-p, composite video (RS170 compatible)
VIDEO 2 1V to 3V p-p, composite video (RS170 compatible)
VERTICAL SYNC OUT . .

VERTICAL SYNC OUT } Differential TTL

HORIZONTAL SYNC OUT} . )
HORIZONTAL SYNC ouTf| Differential TTL

GEN-LOCK — INPUT RS170 Comp. Sync 2V p-p
EVENT MARK — INPUT | 28V DC (unregulated) 4V DC

SPLIT SCREEN — INPUT TTL Logic Low
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FIGURE 7. CTVS VIDEO SENSOR HEAD — SHOWING FLEXIBLE COUPLING BETWEEN CCD-LENS
AND PEDESTAL WITH MECHANICAL STEM REMOVED

applications, where the field-of-view ideally should be narrow in order to record targets
at maximum range yet wide enough to include all pertinent HUD symbols. A “black-
spot” auto-iris extends the range of the f/2.8 lens to an equivalent minimum aperture
ratio of f/256.

Camera operation can be tested by the built-in-test (BIT) circuits by depressing the
BIT switch. The BIT circuits perform a dynamic end-to-end test of the camera from
auto-iris lens to video out, starting with a pulsing light emitting diode illuminating the
CCD sensor and proceeding through the video processor and sync circuits to a BIT
comparator. A green ‘go”’ light indicates correct operation and a yellow '‘no-go”’ indi-
cates a malfunction.

Two independent 75 Ohm video outputs are available from the camera. Each video
is independently adjustable over the range 1V to 3V peak-to-peak. This permits the
camera to be easily operated with a rear seat cockpit display, for instance, without the
complication of a double termination on the 75 Ohm video line to the AVTR. In addi-
tion, some systems, such as the F16B rear cockpit display, require independent vertical
and horizontal sync signals. These are also supplied by the CTVS.

In order to identify key frames or events, an ‘‘event mark’’ is generated by the
camera, as a black rectangle in the top left hand corner of the picture, simultaneously
with the application of a 28V DC signal to the event mark input pin. Typically, this is
used to indicate the second gun trigger detent, or a weapon release.

Other features of the CTVS camera include a theoretical MTBF close to 5,000
hours, no scheduled maintenance or periodic adjustments, (other than to keep the lens
clean!). Additionally, the CCD sensor is impervious to damage from sun, if the camera is
pointed directly into the sun, without recourse to any special safety shutters or circuits.

The CCD sensor spectral response extends from 450 nanometers to beyond 1060
nanometers. However, for HUD recording applications, carefully selected filters are
critical for optimum performance. This is because most HUD displays are green, with a
narrow peak in the response curve at around 550 nanometers. Typically, the pilot can
discern the HUD symbols against a much brighter background because of color discrimi-
nation. The monochrome CTVS camera, however, may not reproduce the scene with
sufficient contrast for the HUD symbols to be visible, since the bright background may
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wash out the relatively much lower intensity HUD. Therefore, in most HUD applications,
a combination of infrared blocking and green pass filters is used. The result of the latter
is that overall camera sensitivity is traded off for selectivity. Some HUD displays have
both green and orange, or even red, symbols or reticles, and these cases must be treated
individually. In all cases, the CTVS has provision for the addition of filters, and lens
hood, which screw directly into the CTVS lens barrel.

AIRBORNE VILEO-CASSETTE TAPE RECORDER
Table 2 provides a summary of key performance specifications of the AVTR, and
Figure 9 shows the mechanical outline. The tape recorder uses the standard 3/4 inch

U-Matic video-cassette, for easy loading and unloading in the aircraft. The maximum

TABLE 2

TEAC V-1000AB-R

AIRBORNE VIDEO—CASSETTE RECORDER
(Record Only)

SPECIFICATIONS

GENERAL

Recording Systems Rotary two-head helical scan system

Maximum Recording Time: 30 Minutes

Tape Format: U-Matic 'S"" standard cassette (3/4 inch)

Power Source: 28V DC aircraft power (MIL-STD-704 B )

Power Consumption: 30 Watts

Dimensions: 15.2cm (h) X 33cm (d) X 24.4cm (w), excluding the
handle.

Weight: 10.4 kilograms

VIDEO

Signal System: EIA b/w standard. (525 lines/frame, 60 fields/sec.)

Bandwidth: 3.5 MHz -4.0 dB when referenced to the response
at 1 MHz.

S/N Ratio: More than 40 dB

Resolution: More than 340 lines

Linearity: 10 gray scales minimum

Input: 1V p-p +2.0, -0.5: 75 Ohms unbalanced. AGC.

Output: E to E at 1.0V p-p, 75 Ohms.

AUDIO

Number of channels: 2

Input: 0.5V p-p nominal, 0.1 to 10V p-p with AGC.
Selectable input impedance.

Bandwidth: 80 Hz to 15,000 Hz +3 dB

S/N Ratio: More than 40 dB

Distortion: Less than 2.5%

Event Mark: 1,000 Hz tone on audio track #1.
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recording time is currently 30 minutes, with automatic rewind at the end of tape.
Although longer running tapes are available from some manufactures, these are not yet
recommended for airborne use.

The recorder can be mounted in any vertical axis, or horizontally, using shock
isolator mounts, but installation upside down is not recommended.

In addition to the video recording, two independent audio channels are available for
direct recording of cockpit audio, and for tone cuing such as for an event mark.

Typically, the AVTR Control Unit is switched to stand-by immediately prior to
flight or shortly after take off. In this mode, the recording heads are rotating at full
recording speed, and the video tape has been automatically loaded and wrapped around
the recording head. This permits the AVTR to be instantaneously switched to the
““Record’” mode with no delay or start up time. However, it is not ideal to operate in
this mode indefinitely, without recording, since the tape heads are in continuous contact
with the tape and this can eventually lead to clogging up the recording head, or to tape
damage, or both. When the AVTR control switch is turned to OFF, the tape cassette
automatically unwinds from the capstan and recording head, and is then ready for manual
removal at the end of flight. If aircraft power (28V DC) is removed prior to switching to
the OFF position, the tape will remain loaded and it will not be possible to remove the
cassette.

SPLIT SCREEN CONTROL UNIT

The split screen control unit is required where the video outputs from two cameras
are to be simultaneously recorded on one video tape. Key specifications are given in
Table 3. The control unit is designed so that either Camera #1 or Camera #2 can be
selected and recorded normally, or both camera outputs can be combined, as described
previously.

The simplest configuration for the split screen control unit is if both video sources
are CTVS CCD cameras, since the latter have a built-in capability for split screen opera-
tion by application of a logic signal to the camera split screen control signal input pin,
which is in the aircraft interface connector.

For systems where one signal source isa CTVS CCD camera and the second is
another camera (EO weapon) or radar display, the split screen unit capability can be
expanded to modify and process the second camera, provided that the video is in EIA
RS170 format.

The full video (i.e., full camera field-of-view) of both cameras is recorded in all
cases. Thiswas found to be preferable to cropping portions of each image in order to
combine them, in spite of the penalty of horizontal distortion, since in most cases
valuable information is lost from cropping.

TABLE 3

SPLIT SCREEN CONTROL UNIT — SPECIFICATION SUMMARY

Video Inputs: Input 1 — CTVS
Input 2 — Other RS170 Source
Video Output: RS170 with left/right split, CTVS on left, RS170 source
on right, reproduction 100% of both sources
Output Format Modes: 1. Left/right split

2. Input (CTVS) — Full Screen
3. Input 2 — Full Screen

Power: 115V, 400 Hz, 3 Phase or 28V DC
Size: 6.35cm X 7.6cm X 15.24cm
Weight: Less than 1 Kilogram
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FIGURE 9. AVTR MECHANICAL OUTLINE
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SUPPORT EQUIPMENT

The CTVS Functional Test Set shown in Figure 10 is used for intermediate level
testing of the CTVS. It has been designed for functional testing of the complete CTVS
camera, or the VSH alone. A light box and collimator, shown along side the test con-
sole, is used for focusing the CTVS, and includes test targets with variable brightness up
to 500 ft. candles.

SUMMARY

The Cockpit Television Sensor System is a versatile and rugged one which can ex-
pand the effectiveness of operational and training missions by providing instant post
flight evaluation, plus the option of a real time display for two seat aircraft. The very
small size of the Video Sensor Head, and its versatile construction, make it a candidate
for many applications in addition to recording the HUD. The addition of a split screen
control unit effectively doubles the capability of the AVTR with a modest trade off in
horizontal resolution. The CTVS camera and AVTR have been flight tested, and are
currently in use, on a variety of USAF and USN aircraft.
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APPENDIX A — CTVS QUALIFICATION TEST LEVELS

TEST

Explosive Atmosphere
Shock (Crash Safety)
Humidity

Solar Radiation

Explosive Decompression

Sun Exposure to Sensor

Salt Fog
Rain

Fungus
Dust (fine sand)

Temperature/Altitude

Sine Vibration
Radiation Vibration

Gunfire Vibration

SPECIFICATION/
PARAGRAPH

MIL-STD-810C
Method 511.1 Proc. |

MIL-STD-810C
Method 516.2 Proc. |11

MIL-STD-810C
Method 507.1 Proc |

MIL-STD-810C
Method 505.1 Proc |
& Item Specification

ASD/ENAM-77-23

ASD/ENAM-77-23

MIL-STD-810C
Method 509.1 Proc |

MIL-STD-810C
Certification

MIL-STD-810C
Method 510.1 Proc |

MIiL-STD-810C
Method 504.1 Cat 4
ASD/ENAM-77-23
ASD/ENAM-77-23

ASD/ENAM-77-23

TEST LIMITS

Sea Level to 30,000 ft. at temperatures up to

71°C with CTVS operating

40 g, 11ms duration, 1/2 Sine

2 shocks in each direction (12)

71° at 95% RH for 6 hours, decreasing to 30°C

at > 85% RH in the next 16 hours 240 hours total
1135 Watts/m2 at an ambient of 71°C for six (6),
eight (8) hour cycles.

Air pressure change from 11.1 psia to 0.65 psia

in less than .035 seconds

1135 Watts/m2 for 50 seconds with camera operational
1135 Watts/m2 for periods> 1 hour with camera
operational

96 hoursat 35°C 5% Salt Solution

2-5 inches per hour with 40 mph winds for four (4)
30 minute periods.

Parts selection review for fungus non:nutrient

Dust concentration of .3 grams per cubic ft. with
air velocity up to 1,750 fpm for 22 hours

-62°C to 95°C storage

-54°C to 55°C operating to 30,000 ft.

71°C intermittent operation

7 g endurance level 1 hours/axis

6 g performance level 1 hour/axis

9.5 g rms endurance level 1/2 hour/axis

5.14 g rms performance level 2 hours/axis

Up to 3 g sine vibration with random vibration
background of 4.17 grms for 1 hour/axis
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APPENDIX A — CTVS QUALIFICATION TEST LEVELS (CONTINUED)

TEST

Gunfire Vibration

Reliability Demonstration

Conducted Emissions,
Power Leads

Conducted Emissions,
Control & Signal Leads

Conducted Susceptibility
Power Leads

Radiated Emissions

Radiated Susceptibility

Electromagnetic
Compatibility Systems

SPECIFICATION/
PARAGRAPH

ASD/ENAM-77-23

MIL-STD-781C
TEST PLAN XIVC
for fighter aircraft

MIL-STD-462, Notice 2
Test Method CEO3
MIL-STD-462, Notice 2
Test Method CE04
MIL-STD-462, Notice 2
Test Methods CSO01,
CS02 and CS06

MIL-STD-462, Notice 2
Test Method REO2

MIL-STD-462, Notice 2
Test Methods RS02 and
RS03

MIL-E-6051D

TEST LIMITS

Up to 5 g sine vibration with random vibration
background of 4.86 grms for 1 hour/axis

Combined environment cycle of thermal, vibration
humidity, and input voltage designed to simulate

a typical aircraft mission. Eight cameras were

tested for a total of 3902.4 hours

MIL-STD-461A, Notice 3, Paragraph 6.2, 20 kHz to
50 MHz, narrowband and broadband emissions.
MIL-STD-461, Notice 3, Paragraph 6.2, 20 kHz to

50 MHz, narrowband and broadband emissions.
MIL-STD-461, Notice 3, Paragraphs:

6.4 — 30 Hz to 50 kHz, narrowband susceptibility
6.5 — 50 kHz to 400 MHz, narrowband susceptibility
6.6 — 1 to 10 PPS, Spike susceptibility
MIL-STD-461, Notice 3, Paragraph 6.12, 14 kHz to 1 GHz,
Broadband emissions and 14 kHz to 10 GHz, Narrowband
emissions.

MIL-STD-461, Notice 3, Paragraph 3:

6.18a — Twenty Amperes 400 Hz susceptibility
6.18b — 100 PPS, Spike susceptibility

6.19 — 14 kHz to 10 GHz Narrowband susceptibility
Aircraft installed Electromagnetic Compatibility
A10 Aircraft, F4 Aircraft, F15 Aircraft, F16 Aircraft
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Fairchild Sales Representatives United States and Canada

United States

ALABAMA
Cartwright & Bean, Inc
Huntsville
(205) 533-3509
CALIFORNIA
Celtec Company
San Diego
(714) 279-7961
Magna Sales, Inc.
Santa Clara
(408) 727-8753
COLORADO
Simpson Associates, Inc
Littleton
(303) 794-8381
CONNECTICUT
Phoenix Sales Company
Ridgefield
(203) 438-9644
FLORIDA
Lectromech, Inc
Altamonte Springs
(305) 831-1577
Clearwater
(813) 726-0541
Melbourne
(305) 725-1950

Pompano Beach
(305) 974-6780
GEORGIA
Cartwright & Bean, Inc
Atlanta
(404) 255-5262
ILLINOIS
Micro Sales, Inc
Elk Grove Village
(312) 956-1000
MARYLAND
Delta Ill Associates
Columbia
(301) 730-4700
MASSACHUSETTS
Spectrum Associates. Inc
Needham
(617) 444-8600
MINNESOTA
PSI Company
Edina
(612) 835-1777
MISSISSIPPI
Cartwright & Bean, Inc
Jackson
(601) 981-1368
MISSOURI
Micro Sales, Inc.
Earth City
(314) 739-7446

NEVADA

Magna Sales, Inc
Carson City
(702) 883-1471

NEW JERSEY
Lorac Sales, Inc
Butler
(201) 696-8875
NEW YORK
Lorac Sales, Inc
Hicksville
(516) 681-8746
Tri-Tech Electronics, Inc
Endwell
(607) 754-1094
Fairport
(716) 223-5720
Fayetteville
(315) 446-2881
Poughkeepsie
(914) 473-3880
NORTH CAROLINA
Cartwright & Bean, Inc
Charlotte
(704) 377-5673
Raleigh
(919) 781-6560
OHIO
The Lyons Corporation
Dayton
(513) 278-0714

Richfield
(216) 659-9224

OKLAHOMA
Technical Marketing
Tulsa
(918) 622-5984
OREGON
Magna Sales, Inc
Beaverton
(503) 641-7045
PENNSYLVANIA
BGR Associates
Willow Grove
(215) 657-3301
The Lyons Corporation
Pittsburgh
(412) 931-7751
TENNESSEE
Cartwright & Bean, Inc
Memphis
(901) 276-4442
Knoxville
(615) 693-7450
TEXAS
Technical Marketing
Carrollton
(214) 387-3601

Fairchild Sales Offices United States, Canada and International

United States
ALABAMA
Huntsville
(205) 837-8960
ARIZONA
Phoenix

(602) 864-1000
CALIFORNIA
Encino

(213) 990-9800
Santa Ana

(714) 557-7350
Santa Clara
(408) 987-9530
FLORIDA

Ft. Lauderdale
(305) 771-0320
Altamonte Springs
(305) 834-7000
GEORGIA
Atlanta

(404) 939-7683
ILLINOIS
Rolling Meadows
(312) 640-1000
INDIANA

Ft. Wayne

(219) 483-6453
Indianapolis
(317) 849-5412
KANSAS
Overland Park
(913) 649-3974
MARYLAND
Columbia

(301) 730-1510

MASSACHUSETTS
Wellesley Hills
(617) 237-3400

MICHIGAN
Farmington Hills
(313) 478-7400
MINNESOTA
Minneapolis
(612) 835-3322
NEW JERSEY
Wayne

(201) 696-7070
NEW MEXICO
Albuquerque
(505) 884-5601
NEW YORK
Melville

(516) 293-2900
Poughkeepsie
(914) 473-5730
Fairport

(716) 223-7700
NORTH CAROLINA
Raleigh

(919) 876-9643
OHIO

Dayton

(513) 278-8278
OKLAHOMA

Tulsa

(918) 627-1591
OREGON
Beaverton
(503) 641-7871
PENNSYLVANIA
Willow Grove
(215) 657-2711
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A Schlumberger Company

TENNESSEE
Knoxville
(615) 691-4011

TEXAS

Austin

(512) 837-8931
Dallas

(214) 234-3391
Houston

(713) 771-3547
CANADA
Toronto

(416) 625-7070

International
AUSTRALIA
Fairchild Australia
Pty. Ltd

New South Wales
(02) 439-5911
AUSTRIA AND
EASTERN EUROPE
Fairchild Electronics
Schwedenplatz
0222 635821
BRAZIL

Fairchild Semicon-
dutores Ltda

Sao Paulo

66-9092

FRANCE

Fairchild Camera and
Instrument S A

Paris

331-584-55 66
GERMANY

Fairchild Camera and
Instrument

(Deutschland)
Munich

(089) 320031
Fairchild Camera and
Instrument
(Deutschland)
051117844
Fairchild Camera and
Instrument
(Deutschland)
Poststrasse

07152 41026
HONG KONG
Fairchild Semicon-
ductor (HK) Ltd
Kowloon

K-890271

ITALY

Fairchild Semicon-
duttori, S PA
Roma

06 327 4006
Fairchild Semicon-
duttori, SPA
Milano

02 6 88 74 51
JAPAN '

Fairchild Japan
Corporation

Tokyo

03 400 8351
Fairchild Japan
Corporation
Osaka
06-541-6138/9
KOREA

Fairchild Semikor Ltd.
Seoul

85-0067

464 Eilis Street, Mountain View, California 94042
(415) 962-5011/TWX 910-379-6435

Georgetown
(512) 863-4307
Houston

(713) 777-9228

UTAH
Simpson Associates, Inc
Midvale
(801) 566-3691
WASHINGTON
Magna Sales, Inc
Bellevue
(206) 455-3190
WISCONSIN
Larsen Associates
Wauwatosa
(414) 258-0529

Canada
ONTARIO
R.N. Longman Sales, Inc.
(L.S.1) Mississauga
(416) 677-8100
QUEBEC
R.N. Longman Sales, Inc.
(L.S.1) Kirkland
(514) 694-3911

MEXICO

Fairchild Mexicana,
SA

Mexico City
905-563-5411
SCANDINAVIA
Fairchild Semicon-
ductor AB

Stockholm, Sweden
8-449255
SINGAPORE

Fairchild Semicon-
ductor Pty. Ltd

Toa Payoh

Singapore

531-066

TAIWAN

Fairchild Semicon-
ductor (Taiwan) Ltd
Taipei

573205 thru 573207
BENELUX

Fairchild Semiconductor
Eindhoven, Holland
00-31-40-446909
UNITED KINGDOM
Fairchild Camera and
Instrument

(UK) Ltd
Semiconductor Division
Potters Bar
Hertfordshire

England

0707 51111

Fairchild Semicon-
ductor Ltd

Livingston

West Lothian, Scotland
Livingston 0506 32891




