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EVALUATION

The CO Signal Processing Study has investigated the applications ,

capabilities, and limitations of Charge Coupled Device (CCD) technology
- in long range radar signal processing systems. To be cost-effective,

a long range radar system must be highl y flexible in terms of power

budgeting and waveform generation and processing. New technologies are

L being investigated for use in flexible and adaptable signal processors

I. not only for new radar systems but also for cost-effective upgrading

of existing systems. This effort has shown that CO technology has

promise in this area and has evaluated the tradeoffs for various signal

processing applications and implementations. This work is in support of

TPO R1C, “Surveillance Sensor Technology”.

- 

~~~e~A~1 ~~ ~~~~WILLIAM L. SINKINS, Jr.
- Project Engineer/OCTS
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1.0 INTRODU CTION

Ihe rapidly evolving technology of charge coupled devices (CCD’ s) holds
promise for substantial reduction in the size , power consumption and ultimate
cost of radar signal processors . The CCD Signal Processor Study , Contract
F3O6O2-76-C—O280, had the overall objective of ascertaining the capabilities
and limi tations of CCD ’s to signal processors for long range satellite
detection radar systems. A radar system concept was developed which used a
two step detection process. Initial detection with coarse range and doppler
was determined on the fi rst step wi th hi gh resolution range and doppler
estimates being made on the second step . The radar system was used to develop
alternative CCD signal processor concepts from which a baseline, or preferred
approach was selected. These results are given in Section 3.0 of the report.

In the initial phases of the program it was apparent that a determi nation of
the state-of-the-art of CCD technology was necessary for identification of
realizable CCD parameters in specific applications. The results of this
study together wi th internal RCA measurements were used to characterize CCD
operating parameters which are discussed in Section 4.0. A detailed computer
simulation of CCD operation described in Section 5.0 was then constructed
which included all of the CCD noise sources in addition to the basic charge
transfer process. The CCD device was used as the building block for the
synthesis of more complex CCD structures such as on delay lines, storage
registers and transversal filters . The performance limitations of CCD ’s as
a function of operating parameters were then determi ned by iteration of the
computer simulation . The results of the parameter var;ations are provided
in Sect ion 6.0.

All of the program results are brought together in Section 7.0 which
summarizes specifi c applicat ion and projected performance of CCD processors.

1/2 
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2.0 PROGRAM SUMMARY
*2.1 STUDY GOALS AND APPROACH

2.1.1 Study Goals

2.1.1.1 Objective

The object ive of this study wa s to determine the capabilities and limitations
of Charge-Coupled Devices (CCD’s) as components of very long range pulsed
radar s ignal processing systems .

The effort on the program was to be primarily theoretical with the emphasis
placed on the analysis and simulation of device and processor characteristics.
Specific orientation was to be placed on the processing of waveforms suitable
for the very long ranges and Doppler frequencies involved in satellite detection
and tracking .

2.1.1.2 Background

To be cost-effective a long range radar system must be highly fl exible in
terms of power budgeting and waveform selection , among other things. Both of
these requirements imply flexible transmitters and sophisticated computer
hardware and software. They also imply flexible and/or adaptable signal
processing sc hemes .

Recent studies have indicated that the cost of building new radars wi th all
of the desired capabilities is probably prohibitive . A viable alternative is
to investigate ways and means for updating existing systems. This approach
will provide at least some of the needed capability , at reasonable cost. One
way to increase range capability is to improve the transmitter. Another way
is to improve receiver and/or signal processing components or subsystems .
CCDs appear to have promise in this area.

2.1.1.3 Specific Areas of Study

The investigation of the application of CCDs to signal processing for the long
range radar included virtually all of the basic signal processing functions
for the extraction of range , velocity and angle i nformation. These include :

o Components - tapped delay lines , integrators and filters.

o Functions - adaptive matched filtering , coherent and non-coherent
integration , correlation and convolution.

o CCD System Parameters - signal storage or integration time , signal-to --
noise ratio , dynamic range , instantaneous bandwidth , insertion and
processing losses , pattern noise and clock noise , stage isolation ,
waveform flexibility or adaptability , CCD imposed constraints.

o Cost/ Benefits Tradeoffs .

* The study goals as given here are contained in the CCD Signal Processor
Study statement of work , RADC PR No. A-6-l063 , October 22, 1975.3
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A basel i ne system specification was provided for the study which is given in
Table 17 in Section 3.0.

2.1.2 Study Approach

2.1 .2. 1 Study E lements

The study effort elements are shown in Figure 1. A review of the long range
satellite detection radar requirements was made and converted to alternative
signal processing system architectures . These were then broken down to
alternative CCD techniques for each functional subsystem such as pulse
compression and spectral fi l tering. Al so feeding into this effort was a
review of the CCD state-of-the-art and the development of a CCD model for
computer simulation. Key elements of the baseline CCD architecture were
selected for parametric performance tradeoffs with the CCD simulator , and the
results provide system performance levels as a function of the CCD parameters.

CCD STATE-~ CCD 
OF -THE - MODEL

- ART

~~
___

~~~
_ _y _ _ _ _ ._

~~
— CCD 1

~~CD : CCD SYSTEM -

- SIMULATION PARAMETRIC PERFORMANCE
SOFTWARE ~~ P ERF OR M ANC ~~~~~ L E V E L

-~~ 

- .

_

RADAR 1 CCD S I G N A L  B A S E L I N E
SYSTEM PROCESSING - CCD 

______

RE QU I R E M E N T ~~~~~ IMPLEMENT- ~ ~~A R C H I T E C T U R ~~ION -

FIGURE 1. CCD SIGNAL PROCESSOR STUDY ELEMENTS
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2.1.2.2 General CCD Signal Processing Applications

A broad spectrum of signal processing functions is shown in Figure 2 together
with an indication of which ones are felt to be potential CCD signal processing
applications. In general , CCD’ s are suitable for storage functions and
those which have fa irly high data rates and computational requirements such
as most types of filters . Figure 2 shows that the potential appl i cations of
CCD ’s are broad. Most of the given applications involve delay , storage and
transversal filtering. These functions are listed in Table 1 with the range
of performance parameters which can be encountered in current or developmental
radar systems. This parameter range is of course much larger than is required

— for a long range satellite detection radar. It is , however , useful to consider
CCD applications from a broader viewpoint. Many of the requirements which

-: have been derived for the long range radar do not stress the CCD technology.
The study has concentrated on the performance of CCD’ s in the basic functional
elements and these results can be applied to other specific applications in
addition to the long range radar.

2.2 BASELINE RADAR SIGNAL PROCESSOR

— 2.2 .1 Radar System Parameters

Representative parameters for a long range satellite detection radar are given
in Table 2. These parameters were derived from the characteristics of
existing long range radars and are thus achievable within todays technology .
To maximize detection performance at 25,000 NM , the system losses were
reduced by eliminating range and doppler sidelobe weighting on receive and
eliminating the GEA R function.

A general radar signal processing system is shown in Figure 3 for the long
range radar. A two step detection process was developed for the radar. An
uncoded 500 psec pulse was transmi tted on the first step wi th sixty to eighty
pulses integrated. On the second step , a 200 kHz linear FM pulse was employed
which increased the range resolution from 40 NM to les s than 1.0 NM. One
hundred twenty 250 ~sec pulses were coherently integrated in this case. These
parameters differ somewhat from the baseline radar parameters. The final
baseline parameters were revised and the system tradeoffs were completed
with the given two-step parameters . Any differences are not significant in
the consideration of the application of CCD technology .

2.2.2 Baseline CCD Signal Processor

The signal processing functions implemented in the baseline system included
input doppler filtering, corner turning memory , pulse compression (up to
10 ,000 to 1) and coherent integration. A number of CCD implementations for
these systems were considered and the following approaches were selected .

o Input Doppler Fi l ter ing - An approach is used which minimizes
the number of separate CCD doppler channel filter designs by
using a separate demodulating frequency source for each fi lter.

5
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TABLE 2. BASELINE RADAR PARAMETERS

Peak Power: 32 MW
Average Power: 300 kW
Maximum Energy/Pulse: 1 0000 Joules
Max i mum Pulse Len gt h : 500 u sec

_ _   _ _ _  - -  _ _ _ _ _

PULSES - TARGET INTE-
INTE- CROSS - SYSTEM GRATION PULSE

RANGE GRATED S E C T I O~ J~~D~~~~~~~ j~~E
_____ 

PRF LENGTH

3 ,440 NM 7 1.0 m2 11 dB .35 Sec 20 Hz 500 usec
Case I

7 ,000 NM 80 1.0 m2 11 dB 4 Sec 1 20 Hz 500 isec
Case C

25 ,000 NM 180 12 m2 7.5 dB 10 Sec 30 Hz 312 sec
Case I 

I

- _ _ _  _ _ _ _

o Bulk  Memory - The len gt h of the CCD memor i es (u p to 36,000
samples) rule d against a serpentine design and dictated an
approach which employs input and output multiplexing to
moderate len gth CCD memor i es. The stor age ti me req u i rement
of 6 seconds or more for these memories is a cr i t ical
requirement.

o Pulse Compression - For moderate length pulse compression
500:1 , a basi c quadrature tapped delay line fi l ter can be

used . However , for the alternate wideband requirement of
10,000:1 pulse compression the step transform algorithm was
most appropriate .

o Coherent Integration - The basic simplicity of the CCD trans-
versal fi l ter makes the ch irp-Z transform technique preferable
for implemen ting a coheren t integrat ion , or spec trum analys i s ,
func t ion .

The baseline subsystem parameters are given in Table 3 while the tradeoff
summaries for the input , bulk corner turning memory , pulse compression and
coherent integration alternatives are summarized in Tables 4-7.

2.3 CCD CHARACTERISTICS

The CCD physical and electrical characteristics interrelate to determine the
performance of the device in a signal processing application. In the analysis
and simulation , electrons per CCD storage wel l have been used as the common
measure of CCD performance. That is , the maximum signal level to which all
other measures can be normalized is the max imum capacity of a storage well in

8
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electrons. Similarly, noise sources are also given in terms of rms electrons
and the maximum dynamic range of a CCD , the peak signal to rms noise , can be
calculated by taking the ratio of the well capacity in electrons to the total
rms noise electrons. Other factors will act to reduce the operating dynamic
range of the CCD. These include charge transfer inefficiency , input sampling
non-linearities and dark current. Dark current effects are especially import-
ant in applications which require charge to be stored for extended periods of
time in a CCD or moved slowly through a CCD.

2.3.1 Signal Sample Storage

The storage capacity of a CCD is proporti onal to gate area and clock voltage.
This parameter1 which determines the maximum signal dynamic range , varies
from 105 to lO~ electrons for typical gate areas and clock voltages.

2.3.2 Transfer Inefficiency

The small percentage of charge which is left behind with each charge transfer
sets the CTI or charge transfer inefficiency level . This varies in the
general range from 3 x 1O-~ to 2 x lO- 5 with the buried channel CCD’s (BCCD)performing somewhat better than surface channel CCD’s (SCCD).

2.3.3 CCD Noise Sources

Table 8 lists typical values of rms electrons for the CCD noise sources
identified as being significant in CCD operation.

TABLE 8. TYPICAL VALUES FOR CCD NOISE SOURCES

RMS ELECTRONS

o TRANSFER NOISE (aCTI) SCCD 
- 100

BCC D 20

o THERMAL SHOT NOISE 1 - 13

o TRAP NOISE (cC TEMPERATURE AND AREA) 50

o INPUT NOISE (cz TEMPERATURE AND INPUT TECHNI QUE) 35

o OUTPUT NOISE (~ TEMPERATURE , BANDWIDTH ) 100 - 200

2.3.4 Dark Current

The dark current is primarily dependent on temperature and accumulates in a
given well to reduce wel l capacity . A typical well will fill due to dark
current in about 10 seconds at 25°C to 50°C.

2.3.5 CCD Input Samp liny

The sampling aperture requirements are not firmly established . If the CCD
input sampling structure acts as a true averager over the aperture time , the
aperture width can be larger than if a random noise is introduced as is

L 
_ _  
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assumed for A/D converter operation. The input structure is the main source
of non-linearity in CCD’s and can limit the dynamic range to as much as
20 dB less than a full wel l .

2.3.6 Dynamic Range

Using the definition of dynamic range as the ratio of peak signal to rms noise ,
the dynamic range of a typical CCD delay line is about 65 dB. Dynamic range
wil l  depend on temperature , bandwidth and clock rate .

2 .3.7 Signal  I so la t ion  Be tween Cells

Si gnal isolation between cells is controlled by potential charge barriers
used i n the physical cons truct ion of the CCD and is generall y not a prob lem .

2 .3.8 CCD Summary C h a r a c t e r i s t i c s

Table 9 summarized CCD characteristics which have been achieved with CCD
dev ice s  -

TABLE 9. SUMMARY OF REPORTED CCD CHARACTERISTICS

o Maximum Number of Stages 910

o M ini mum Transfer I n e f f i c i ency 1 * lO -
~

o Maximum Sample Rate 180 MHz

o Minimum Dark Current Density 1.5 
~~2 ~ 

25C C
CM

o Maximum Dynamic Range 75 dB

o Minimum Harmonic Distortion -45 dB

2.4 CCD SIMULATION

• The CCD simulation was written in FORTRAN IV using a modular programming
structure for a PDP- ll/40. The CCD noise , dark current and CTI are
introduced as the e lectron packets are transferred from one potential well
to the next. The CCD noise sources were mode led as Gaussian noise with
non-standard variances . The dark current e lectrons are added to each
potential we ll as an average with a Rayleigh distribution. The CCD functions
which were modeled are a de lay line , tapped delay line filter , storage
register and linear FM matched f i l ter. Tab le 10 summarizes the noise
parameters used in the simulation.

The CCD ’ s were varied in their operation as a function of clock rate ,
tem perature , CTI , tap weight error and number of stages .

_ - - - - - •— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE 10. CCD SIM ULATIO N NOI SE SOURCE S

NOISE SOURCE MEAN VARIA NCE DISTRIBUTION

Input/Output 0 2K3 K I C~/q
2 Gaussian

Shot 0 Jo A K2/q ~c 
Gaussian

Trap 0 .7 K I N55 A 
- 

Gaussian

Filter Tap Weights Weight Value (Percent Error)2 Gaussian

Transfer 0 2 e N5 Gaussian

Dark Current J=J 
~~ ~~ ~ 

J2/(-ir/2) Rayleighg g g 
~ gs term only)

* See Section 4.5 for expanded equation.

2.5 CCD SIMULATION

2.5.1 General Conclusions

Specific device characterization results are given in Section 4.0 and
simulation results are provided in Section 6.0 and excerpted in Section 7.0.
General conclusions of the program include the fol l owing points .

o The performance capability of CCD devices provides usable
dynamic ranges of from 50 to 70 dB which is satisfactory
for most appl i cations.

o The clock rate capability of up to 10 MHz for surface
channel CCD ’ s and over 100 MHz for buried channel CCD ’ s
provides wide application potential .

o The storage time of CCO’s should be held to less than 1
second unless cooling is used and can be extended well
beyond 10 seconds if the temperature is held to less than
0°C.

o The simulation program revealed unique results relative to
CCD performance in the presence of dark current. In the
operation of a linear FM matched filter , the dark current
build-up creates an output dynamic range floor which first
encompasses the region outside the matched filter response
followed by the sidelobes m d  f inally envelopes the main-
lobe as the dark current increases .

17 
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o Charge transfer inefficiency (CTI) will be stable and at levels
which do not degrade performance over the full clock rate of
CCD devices provided that the contro l an d clock levels  are
properly maintained . In the event that the CCD is operated at
a h igh  CT!, the bandwidth capability is reduced and amplitude
dispersion of signals will result.

o Programmab i l i ty i s a desira b le fea ture to be i ncor porate d i n
CCD ’s because it eliminates chip design costs for special
ap p l i cat ions  and can perm i t s igna l  pro cessor parame ter var i a tions .

o A di gi ta l  micro processor rather than a CCD i s most a pp ro priate
for the post detection processing functions which do not include
delay and storage and which do not operate with a 1 00% signal
sample duty factor.

o The external con trol an d am p l i f i ca t i on c i rcu i try in  a CCD system
in large measure limits the CCD performance and application .
The development of on-chip controls is therefore of primary
im portance and should be included in any new CCD chip develop-
ments .

2.5 .2 CCD Programmability

Table 11 l is ts the CCD programmability functions , the means for achieving
them an d the status of the technology . The most important feature is the
achievement of electrically programmable weights which can be held for
an extended length of time (seconds). Industry effort is being concentrated
on this area and some success has been reported .

2.5 .3 CCD Bandwi d th Lim i ta t ions

There is both a high and low frequency bandwidth limitation of CCD’ s. At
the high end they are limited by the clock rate at which the devices can
be operated . A useful rule of thumb is that surface channel CCD’s can be
operated at clock frequencies up to about 10 MHz while buried channel or
peristaltic CCD’s have usable clock frequencies beyond 100 MHz. No
discernible frequency dependent degradation in performance has been
measured below the maximum clock frequencies .

The low operating frequencies of CCD’s are limited by dark current which
increases with temperature . Assumi ng dark current filling 2O~ of the wel l
as be i ng the l i m i t ing  thres hold the maximum storage t ime versus temperature
is given in Table 12.

Another im portant factor in the operation of CCD’s at high frequencies is the
design of the peripheral circuits and packaging. The practical application of
CCD’s is probably limited more by these problems at very high frequencies
than by basic device capability .

18 

-— •---—- - -- 



---.-- --—_. -•-~~
_ 

_ _ _
~~~~~~~~~~~

._ _
~~~

_
~~~~~ _ ‘ ~~

_ _ , ,
~~~~~

_

-
~~~ In
W W In-
.C — CI—

C. .0 CU.
a ~- Li.

— In.— E 4.’ 4)
W >, — .0 E
> — l0~~i0 10

C+.’  S. E
C S.. Qj C)( n C) C. U..

-
~~~ 5-. 0. ~p~ U) 0 0 .~.‘ In
W W 0 In S. WI~~~~S.
4-’ E S. 4.’ — 4.’ C. 10 10 10

41 1 0  0 41 >, 0 > ~~. C 4.’
E — C > S. C S. ci 

~.. 
-
~~~ —

41 ‘0 0 C o.4 0 0. 4.’ C .~.‘ 41 Li.• Q )  C) 41 .0 0.
V~ In 0 . 4 .—  ~~ 4-’ ~~ 0 C > S.. . —

. 4 10  — ~ ~ 00. ‘0
5— In 10 C ~~ 0 -= U) .0 4.’
CC 10.0 O U C o S . -.-
I— E ‘0 .0 .0 Qi ‘4- -C 4.’ 0) .~i 0 C~In .

~~
. S.. C.!) .i~ U •.- 4.’ 4...,-

WI 5- ., - 
~~ ~~ 

)( ~~ C
C >- a.) — 10~~— 0.4 5-- In U) ~ 41
O C.!) 4 1—  C .0 S.. C 0. — U)
— 0 C) C.-’- so C).0 0 C) In In 1 0 . 0 1 0
5- —4 10~~~ 4-~ 4.’ 0 u — 0  41 n ci .0 .~0 5. 4.’ 10 In S. 41 41.— S.. 4-.’ S. 4)

C 0—  0 Lii 0.5- ‘0 . -— >) .
C 4.’ — 41 C ~~ C’ 10

C C.) 1/) C U. C CC ~~ C In U)
— LU 10 .0 4 1 4 )  10

5—. 0 0 0 .
~~~ 0 0 C. ~~ C. 0 0

C —

LU

>. S.F- 4)
., -.4 5.

— S. C.) U,

CC ‘0 C In.-
_ C O

4) -~~~ 01.E ~~ 0 0  0. •r- 44
In C) E C 5 . 4)  .,

1. C .0 ‘0 4)~~— .C 0 0
o 4) — S. 4 3  LI C C.)
C. ~~ 

4) C.)In U) 1/)
C. id) — .C 0 4-’ 0) 0 4- Li.. C

0.0. C) S.- .C 4-’ 4)> ,  0 U)
C 50 0. 0) ‘0 .0 4) U)
C.) ~~

. 
~~~ 4, .. (~ I)) C 4.’

LU 1~~~ 41 >) 0) 4-~~.0 0 so -C
41 C) — ~~ S. .C 4.’ -.-
4-’ C so U — U C) 0) 4.)
‘0 S. 4-’ ‘0 4-’ 4 -‘- C ‘0 — 3

‘0 U C  U) 0 ) 0 )  5.. ‘0
— 4) 4-) (!) 4) 4 4.’ ~~~In C) 4.’ In S. l0 C) .— 4)
U) LU C s0 4.’ 4 .’ ’0  S. C).- -—
-.4 CD . S. C) -.- U E I— n C 0 4- ..

~CC) 0’ 4-.’ C) 0 — 4) S. — S. C C 4)
CC — sO 4).— 0. — 0) 4- 0 ~-‘ 4.’ 0 E
5- C 0 4-’ ’0 WI Li) 0. 0 S. 4) C U U 10

= — C C 4.’ 0) 0 0) — —C.) La. — —. —~~ 
4) C In (U ~~ Ui C.

LU ‘0 .0 (n O  f o E
I— 0 0 0 — ~~ C.) 0 0 0 ~~ —

41
U) —
4.) .0 41 .C 4.’
.0 .0 0) 4.’ U
0) E C S .  C) 4) 0

E C ’ 0  C — -—
— w  ‘0 ‘0.0 U ci C)

S. LI .4 (I) 0U) sO C) 0) -..I
C >-  0 4)  0 C C )  4) C .C
0’ C. -— — S. in ~‘- — 0 — U
— 0 S. .0  C. 4) .0 -.- .0 ~‘- 5 0 1 0
C (.~ 4.’ 10 i . 0  U -4-~ 10 4’ 4-’ 0
= Lii U -.- -.- C) 4)4-  ., - U — S.
(45— 0) 5.. E -— ... . S. C 0) 0.
LU CC — sO 4) 4) 3 -C ‘0 -— C.
5—. C.) U)> ’  In ~~ In In >. U. C

19 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



TABLE 12. LOW FREQUENCY LIMITATIONS OF CCD DELAY LINES

( DARK CURRENT F I L L I N G  2O~ OF W E L L )

TEMPERATURE MAX STORAGE TIME (SECONDS )

- 55 C >12 Seconds
- 2 5 C  >12 Seconds
+ 5 C >12 Seconds
+ 35 C 6 Secon ds
+ 65’C 0.75 Seconds
+ 9 5 - C  < 0.1875 Secon ds
+125 C < 0.1875 Seconds

2.5.4 Post Processing Functions

T he post process i ng funct ions i n a ra dar si gnal processor general l y refer to
those following the basic matched filtering operation. Doppler processing
is generall y considered with the pulse compression system since it form s a
matched f i l ter for a target with a specific doppler . Post processing
functions include: thresholding , range and angle estimation , bulk fi ltering ,
constant false alarm rate (CFAR ) processing, interpolation , predictors and
various pattern recognition procedures . Many of the functions are identified
in Figure 2. The application of CCD ’ s is possible in those cases where
the computations can be pipelined . Implementation of many post p rocess i ng
functions with CCD ’ s is even more dependent on achieving programmability and
adaptabi l i ty than the pre-post processor functions. An important consideration
relat ive to the appropriateness of CCD process i ng is the processing rate
requirements of specific functions and whether digital microprocessor based
techniques wil l  ultimately be the best approach.

Table 13 summarizes the principle post processing functions and rates CCD ’ s
and microprocessors as to the most appropriate implementation.

2.5.5 On -Chip CCD Controls

The feasibil i ty of incorporating on-chip clocking and controls to CCD device s
has been demonstrated . Th is technology step is a key to the practical
implementation of CCD’ s in many appl icat ions. It is ex pec ted t hat develo p-
ment of on-chip peripheral c i rcu i t ry  w i l l  cont inue  and lead to CCD ’ s w i t h
stable performance characteristics which will permit their application in
the field. An important facet of this is CCD replaceability . CCD performance
must be characterized and predictable to permit f ield replacement without
read jus tment  of the operating timing or control values.

2.5.6 Sub-System Performance Levels

The expected performance levels of the key CCD elemen ts; delay lines ,
memories , and transversal filters is sumarized in Tables 14 - 16. These
results are based upon measurements ,the published literature and the
simulation . The simulation results in Section 6 provide a large number of
specific cases demonstrating the operation of the CCD functions. In the
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examples in Section 6 .0 exam ples were generally chosen which show performance
variation with a parameter such as temperature . Thus many exampl es involve
low clock rates and high temperatures which begin to show adverse CCD
performance. Many , if not most , applications of CCD’s will not see these
problems simply because dark current will not be significant.

Noise figure will depend upon the application of the CCD. We can consider
the delay line case for an example. The factor kTB yields an output voltage
level into a 1000 ohm resistance of about 6.3 x 10-7 vol ts for a bandwidth
of 100 kHz . A CCD peak output voltage with a full well measured at the
drain of 0.05 volts gives a maximum dynamic range of 98 dB re lat ive to thermal
no i se or a bout 92 dB rela ti ve to receive r noise . Thus the effec ti ve CCD
noise fi gure is about 1.5 dB in this case since the delay l i ne CCD sel f  no i se
is -95 dB relative to a full wel l .  On the other hand in those appl icat ion s
such as the storage mode the operat in g dynam i c ran ge of t he CCD i s severel y
reduced due to dark current build -up. Thus the noise figure is increased
accordingly. In these applications , the operating range of the system would
be set to minimize system losses while operating over the dynamic range.
Setting the receiver system noise 10 dB below the CCD noise level gives an
effective noise figure of 0.3 dB. In the CCD operation , generally the CCD
self noise is greater than the thermal noise level .

2.5.7 CCD Cost/Performance Tradeoffs

Genera l projections on CCD system costs relative to other technologies can
be made , but specific tradeoffs wi l l  depend on the appl icat ion and the
competing t.echnology . For low data rate applications , microprocessor
techniques will prevail as most cost-effective. As the data rates and
processing requirements increase to the hundreds of kilohertz up to 10 MHz ,
CCD ’ s will find increasing application. Buried channel CCD’s operate u p to
and beyond 100 MHz. Figure 4 indicates general speed performance categories
for various technologies . The line of demarcation between different
approaches will fluctuate depending on the specific application. Note that
every category of processor can be built with specia l purpose digital
hardware . This involves paralleling at the very high rates.

Costs can be expected to follow the basic pattern of Figure 5 . A stan dar d
implementation using MSI d igital technology will be relatively low in cost
but as the number of units to be constructed increases , the parts cost w i l l
become dominant. Thus initial investments in either LSI or CCD development
will produce substantial savings in the end. Since fewer chip designs are
required for CCD’s and fewer parts will be required in the system , the CCD
un it costs will be lowest for large volumes. The crossovers of “break-even ”
costs indicated in Figure 5 can not be assumed to hold in general . Each
app lication wil l  produce a different tradeoff .

2.6 RECOMMENDATIONS

2.6.1 Device Developments

On a dev ice level programmable features should be emphasized . A need exists
for improvemen t of the linearity of the input sampl i ng structure . CCD
c lock ing , control and amplification functions should be incorporated on the

_ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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CCD chip. Tests are necessary to more completel y characterize CCD’ s in term s
of rel iabi l i ty and temperature stabi l i ty .

2.6.2 Analysis

The CCD sampling process should be studied to determ ine the required aperture
ti me requ i remen ts versus per formance . Thi s shoul d be backed u p w i th a
measurement program. The CCD simulation effort on this program should be
exten ded to i n c l u de per ip heral controls  an d am p l if ier  c i rcu i ts.

2.6 .3  Subsystem -System Development

The state -of-the-art of CCD ’ s is presently suff ic ient ly advanced that
prototype or demonstration hardware can be constructed for se lected
appl icat ions.

I
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3.0 RADAR SYSTEM AND SIGNAL PROCESSING REQUIREMENTS

The stated objective of this program has been to determine the major
capabilities and limitations of CCD’s as components in very long range pulsed
radar signal processors . This obj ective has served as a base from which the
application of CCD’s to a broad range of signal processing functions can be
deri ved. It will be shown in this section that possible signal processor
subsystems for the long range radar applications comprise a representative
set of the subsystems of genera l interest for wider applications .

3.1 RADAR PARAMETERS

3.1.1 Long Range Radar System Requirements

The contract Statement of Work lists a set of radar characteristics for
meeting lon g range satellit e detection requirements . These are listed in
Table 17. The bounds on key radar parameters of severa l long range radars
currently in use is listed in Table 18.

TABLE 17. LONG RANGE RADAR REQUIREMENTS

Target Altitude 100 NM to 25,000 NM
Target Radial Velocity + 10 ,000 ft/sec to + 35 ,000 ft/ sec

for Elliptical Orbits
Transmission Frequency 435 MHz
Target Cross Section 1.0 Sq. Meter @ 435 MHz
Probability of Detection 50% to 90% @ 3440 NM

50% @ 7000 NM , Max. Range 25,000 NM
Range Resolution 1 NM for Two Targets with Up to

10 dB Differential Amplitude
Velocity Resolution < + 50 ft/sec
Angular Accuracy + 1/10 Beamwidth
False Alarm Probability 10-6 (Assumed)

TABLE 18. RADAR * PARAMETER BOUNDS

Peak Power 1.2 MW to 32 MW
Average Power 25 KW to 300 KW
Transmitted Energy Per Pulse 2400 to 10000 Joules
Transmission Frequency Around 435 MHz

One of the Systems at 1300 MHz
PRF 20 to 30 PPS
Pulse Lengths (Coded) 250 usec to 2000 usec
Waveform Bandwidths 500 Hz to 5 MHz
Range Resolution 200 Feet to + 1 NM

The foregoing radar requirements and radar parameter bounds can be combined
by use of the radar equation to define a baseline satellite detection radar.
The radar range equation can be expressed for the signal-to-noise ratio
(S/N) of a single pulse.

* 
Based on FPS-l7 , FPS-49, FPS-79 , FPS-80, FPS-85 and Cobra Dane .
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S/ N =  A 
—_________

NF R~ L

The equation is diagrammed in Table 19 to derive a set of appropriate radar
parameters . The table indicates that a 1.0 square meter target has a S/N of
4.7 1 dB for a single transmitted pulse 500 usec in length using a peak power
of 20 MW and antenna gains of about 42 dB. The S/N required for 

~d 
= 90%

and 
~fa = 10-6 is about 13 dB. Thus the coherent integration of 7 pulses is

required to meet the 3440 NM range requirement.

At 7000 NM the single pulse S/N is -7.69 dB. To achieve a Pd of 0.5 with a
false alarm probabil i ty of 10-6 requires a S/N of 11.2 dB. Thus a S/ N
enhancement of 18.83 dB is requi red , or the integration of 78 pulses. An
integration time of about 4 seconds provides the 78 pulses. The losses used
in the range equation are estimated , and probabl y on the hiah side. Thus
the 4 seconds of integration time specif ied is more than adequate for the
7000 NM detection range and 1 square meter target.

To reach a range of 25 ,000 NM requires 20.06 dB more gain than the 7000 NM case.
The duty factor for the 20 Hz PRF and a pulse length of 500 usec is 100 to 1.
Thus a peak power of 32 MW matches the 300 kW average power limitation. How-
ever , the energy per pulse in this case is 16 ,000 joules , or more than the
10,000 limit of the bounds in Table 18. In order to stay within the average
power limi tation of 300 kW and the maximum energy per pulse of 10 ,000 jou les
with a 32 MW peak power , the pulse length must be 312 ~isec and the PRF
increased to 30 Hz. The only variables left are the target size , losses and
the number of pulses integrated unless the basic radar parameters are improved.
The loss budget in the long range search mode can be altere d in the signal
processor. In the 11 dB total loss budget 1.3 dB is typically due to matched
filter weighting , 1.6 dB may be due to doppler (coherent integrator) fi lter
weighting and 0.6 dB may be due to a CFAR function loss. All of these losses
totall ing 3 5  dB can be e l imina te d in a mode change if the radar has
sufficient programmability , if a limit of 1Q seconds of integration time is
placed on the system due in part to dark current build up in a CCD storage or
integration device the maximum number of pulses per dwell at a PRF of 30 is
300. This represents a signal integration improvement over the 78 lower power
longer pu lses used in the 7000 NM mode of 5.8 dB. Under the foregoing
assumptions , the basel ine radar can detect a target with a cross section of
20.06 - (3.5 + 5.8) = 10.76 dB or 11.9 m2 .

In summary, the baseline radar parameters for the system incorporates the
radar parameter bounds of Tab le 18. The overall baseline parameters meet i ng
the minimum performance goals at 3440 NM and 7000 NM are summarized in
Tab le 20.

3. 1.2 Radar System Considerations

The base line CCD signal processor wil l be used for long range satellite
detection and tracking radar application s. A basic characteristic of these
radars is a very low PRF along with very high pulse energy . The satellites
of interest are often non-cooperative and in non-powered flight. Thus the
satellite path will follow predictable orbits.

A signal processor configuration for these satellite radars will have
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TABLE 19. RANGE EQUATION TABULATION

EQUATION (+) (-) OUTPUT
PARAMETER SYMBOL VALUE dB dB S/N dB

Transmi t P
~ 

A ,B:
Power 20xl 06 73.01
(Watts) C: 32xl06 75.05

Antenna GT - 42.10
Ga i n
(Trans mit)t I
Antenna GR — 4L70
Gain
(Receive )

Wave- A 2 69 36.7 7
length
(cm)

Target a
~ 

1.0 0
Cross
Section

System 2.37 1

f Noise
; Factor

! Pulse jA ,B:
Length 50OxlO~

6 33.01
(Sec) C:3l2xl0 6 35.05

Range R ~A: 3440 A: 141.4
(NM) B: 7000 B: 153.8

C: 25000 -C: 175.9

: Losses L 11

Constant 1.07 0.29

TOTALS 195.91 A: 189.16 4.71
IB : 201 .56 -7.69
C: 223.66 -27.75
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TABLE 20. BASELINE RADAR PARAMETERS

Peak Power : 32 MW
Average Power: 300 kW
Max i mum Ener gy/Pulse :  10000 Joul es
Max imum Pulse Length: 500 -sec

- TARGET
PULSES CROSS SYSTEM INTEGRATION PULSE

RANGE INTEGRATED SECTION LOSSES TIME PRF LENGTH

3,440 NM 7 1.0 m2 1 1 dB .35 Sec 20 Hz 500 usec
Case

7 ,000 NM 80 1.0 m2 11 dB 4 Sec 20 Hz 500 usec
Case

25,000 NM 300 12 m2 7 .5dB 10 Sec 30 Hz 312 usec
Case

cons traints imposed by the satellite environment. These constraints
i nclude:

1. Satellite Orbits
2. Satellite Velocity Limits
3. Radar Power Limits
4. Range Resolution Requ i rements

3.1.2.1 Satellite Orbits - Satellites in non-powered flight follow an orbit
that is a conic section with one focus at the earth 5 s center. A simplified
derivation of the equations of motion developed by C. S. Lerch [1) wil l be
used . Figure 6 shows a typical orbit and gives the applicable equations of
motion of this orbit. It can be shown that the maximum range rate at the
radar occurs when the radar is in the plane of the orbit and when 0 is plus
or minus  900 . It follows that:

RR = ~~ ~2 - RE
2

Sin ~
p = RE/c~

The maximu m range rate (V RM ) at the radar is:

VRM = VCOS ( 
~~ 

+ + 
~ ) = VSIN (~ 

+

3.1.2.2 Satellite Velocit y Limits - Satellites can have very elliptical
orbits parti cularly if the prevention of detection of the satellite is of
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primary concern . Thus a satellite that is to elude detection could have an
apogee that is well beyond the skin detection and tracking range of radars
and would speed past the earth with a very low perigee. There are practical
lim its to the apogee and perigee that can be obtained. If the satellite is
to maintain an orbit for a large number of revolutions , the perigee must be
at least 100 NM above the surface of the earth. A maximum value for the
apogee seems to be about 60,000 NM a bove t he ear th . The more e l l i p t i c a l  the
sa tel l it e orb i t , the higher will be the range rate at a given range. The
maximum range rate at the radar was computed as a function of range for a
satell ite with an apogee 60,000 NM and a perigee of 100 NM above the earth.
These resul ts are shown in Figure 7. This satellite has a period of 42.7
hours . -

To meet this worst case elliptical orbit , a satelli te radar must be able to
detect and track targets with range rates up to + 35,000 feet per second at
short ranges (100 NM). It must also be able to detect and track targets
w i th ran ge rates up to ÷ 10,000 feet per second at a range of 25,000 NM. A
less eccentr ic orbit would obviously provide less demanding requirements on
the radar.

3.1.2.3 Radar Power Management - A satellite surveillance radar must provide
detec ti on of targets from 100 to 25,000 NM . Exis t i ng sa te l l i t e  radars can
detecc one square meter targets at ranges between 2500 NM and 3000 NM . These
radars use PRF values between 20 and 30 pulse s per second which result in an
unam biguous range coverage of 2700 NM to 4050 NM. If these radars are
mod i f i ed us i ng a CCD s i gnal  p rocessor , the same average radar power must be
used to provide detection at longer ranges. To increase the detection range
of a fixed power radar , the scan rate must be reduced to increase the dwell
time at a given angle position. The returns during these extended dwells
mus t be coherently i ntegrated to provi de the max imum range increase .
Coherent integration over six seconds (at a PRF of 30) results in a detection
range increase of up to 3.31 to 1. This would result in a detection range of
about 7000 NM for a 1 square meter target. A 100 square meter satellite
could be detecte d at 25 ,000 NM using 6 seconds of coherent integration.

3.1.2.4 Range Walk - For very long integration times the range of a target
may move from one range cell to another. A satellite at 25,000 nmi would
move up to L 50 ,000 feet or about + 10 NM in 6 seconds . An analysis
was made of the loss in S/N with respect to the ideal integrator for the case
in which no correction is made for the range walk. For a transmission band-
width of 200 khz and a target velocity of 1 000 ft/sec. a 3 dB loss is
incurred for an integration time of .68 seconds. However , with range walk
correction , (matching the movement of the range cells to the target velocity )
a loss of less than .5 dB will occur if the error in the correction is 250
feet/sec or less. The range walk correction is accomplished by the two step
detection process described for the baseline signal processor in which the
doppler fr.equency obtained on the first step is used as a velocity
correction on the high range resolution second step .

3.1.2.5 Ionospheric Dispersion - Refraction of UHF frequencies through the
ionosphere are frequency dependent and vary as a funct ion of time . For
wi deband waveforms the effect is akin to passing the signal through a filter
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with a non-linear phase , thereby causing signal distortion and degradation
of the range est imat ion . A programmable pulse comp ression system has the
capabi l i ty  of modif ying the interna~ reference functions so as to synthesize
a non - l inear transfer phase. An approach for adjusting the reference function
constants is to use a known , well  behaved , space object as a reference , and
manipulate the constants until the best range resolution is obtained (the
narrowes t video envelope). The process must be performed periodically to
accommodate the changing dispersion characteristics.

3 .1 .2 .6  Faraday Rotation - At UHF , the Faraday rotation of the polarization
vector can be several revolut ions. Thus transmitting and receiving a single
polar izat ion can result in large echo signal loss.  It can be assumed that
linear polarizatio:i is transmitted and both vert ical  and horizontal
polarizations are received. Hence two reference channels are processed with
all the attendant doppler f i ltering and integration needed to detect long
range targets. After the signal -to-noise ratio is enhanced the signal levels
in  the two c han ne ls  are com pare d and t he la rges t use d for detec tion and ran ge
estimation.

3 . 1 .2 .7  Clutter Considerations - Earth surface and weather clutter are
problems predominately w hen the range of the target is beyond the unamb ig uous
ran ge as determined by the PRF. For a low angle search beam the significant
ground clutter can extend out to 30 NM an d for rain , whic h is normally below
10 ,000 feet , the return can extend out to 130 NM. Targets beyond the
unam biguous range of the radar may fall in the clutter region. A simple two
pulse canceller performs an adequate job of eliminating the ground clutter.
However , because of t he mot ion of ra in  c lu t te r  a c lu tter- locked cance l l a t ion
scheme is require d for attenuation of the clutter.

3.2 SIGNAL PROCESSING FUNCTIONS

The signal processing functions in a radar generally refer to those operations
requ i red to translate the received wide bandwidth , no i sy RF or IF si gnals
from the antenna to detected , measured , l abeled target signals of low data
rates suitable for handling by the control center . These functions which
were historically performed with an alog hardware have been increasingly
imp lemented with dig i ta l  techniques . The advent of CCD ’ s has combined the
sampled data nature of digital systems with the continuous amplitude structure
of analog hardware . This section summarizes the characteristics of sampled
data systems and the manner they are related to key signal processing
funct ions. The important qualitative and quantitative measures of signal
proce ss i ng systems are discussed .

3.2.1 Sampled Data Characteristics

3.2.1.1 Sampling of Real Low Pass Signals - In the implementation of
signal processing systems with CCD’s the analysis and design must first
consider the special requirements of sampled data systems . A brief overview
of sampled data systems is presented as background to the development of
performance characteristics for various CCD subsystem and systems
confi gurat i ons .

Figure 8 depicts the time waveform and spectrum of a number of sampled data
36

- -  ~~~~~~~~~ —--~~~—~~~ —-- .-——.- -~~ - - —-- -~~~~~~ --- 
-



- -~ - - - -~~~ -~~~~-_ - - -~~~~~~~~~ .~~~~~~~~ 

CASE TIME WAVEFORM SPECTRUM 

ANALOG sit)

a 
INPUT SIGNAL ~~~~~~~~~~~ 

____________

IDEAL SAMPLING 
~~~~ f~,-

.r 
— -

b 
FUNCTION 

II1Ji L L __

IDEAL SAMPLED REAL -L I - -

FINITE WIDTH ~~~~~ H k—T _ _ _

d SAMPLING APERTURE j
~ IffliflII __________

SAMPLED INPUT 
~~~ fl

W ITH FINITE (WIDE ) II
e APERTURE U 

U ________________

f RA~ E CA USZ N G 

il? __ .

FIGURE 8. BASIC SAMPLED DATA CHARACTERISTICS

situati ons. In Figure 8a , a simple low frequency video signal with its
low frequency signal is shown. A single impulse in the time domain produces
a flat frequency spectrum. However , a train of impulse functions representing
an i dealized sampling function creates a series of line spectra at
frequencies which are integral multiples of the sampl i ng frequency . In
order to sample a signal of low pass bandwidth B the sampling rate must be
greater than or equal to 2B. This is usually referred to as the Nyquist
sampling criterion . The spectrum of an ideal sampled real signal is shown
in Figure 8c. The sampling process creates sideband replica s of the
sampled signal about the harmonics of the samp ling frequency .

The sampling function will generally not be ideal but will have a finite
37
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• aperture . This finite aperture will limit the frequency content of the
sampled function. The line spectrum of the sampling frequency harmonics will
follow a sin x/x function in frequency as indicated in Figure 8d. When
this sampling function is applied to a real input signal the result will be
as in Figure 8e. The aperture size is a primary criterion on the
perfo rmance of analog to digita l converters and the same requirements should
be applied in the application of CCD’ s.

If a signal is sampled below the Nyqui st rate the effect will be aliasing
in the spectra l domain as indicat ed in Figure 8f. The aliasing of noise
is often a problem even when the signal spectrum itself is adequately covered.

3.2.1.2 Complex Signal Sampling - The a’4 asing effect is important when a
complex signal at IF is down-converted to its in-phase ~nd quadrature
components prior to sampling . The process is i l lustrated in Figure 9. In
the baseband conversion process, if the input bandpass function is S(t)=A(t) cos
(~~t + ~( t ) ) ,  then the in-phase component can be recovered by mixing with the
IF f requency as fo l lows .

Let 1(t ) = S( t )  cos

= [cos 
~~~ 

+ ~(t) + 
~c t)  + cos (

~~
t + ~(t) 

-

I ( t) LOWPASS FILTERED 
— 2 cos ~(t)

Similarl y,

Q (t )  = ~~
-
~~

-
~~~~

- sin ~(t)

If S ( t ) is band l imited , 
~c - < f + then 1(t)  and Q(t) are band

limited , 0 < f <

2

If the amplitude of the bandpass function A(t) is a Gaussian random variable
and 0(t) is uniformly distributed (0 - 2ii) then 1(t) and Q ( t )  wil l  be
independent wi t h a normal amp litude distribution.

Erro r sources can occur in  the base band demodula tor wh i ch can degrade system
performance. Quadrature errors are caused by the two mixing IF signals not
being precisely shifted in phase relative to each other by 90 degrees.
Am plitude and phase tracking errors and low pass filter distortion can also
degra de performance .

One can calculate the noise increase from aliasing due to the low pass fi l ter
characterist ics. An example is shown i n Figure 10 for Butterworth and
elliptic filters employed with sampl i ng rates close to Nyquist. The noise
increase varied up to 0.4 dB for Nyquist sampling and 0.1 dB for a sampling
rate 1.1 times Nyquist. This example also assumed the signal spectrum was
Haming weighted in the signal processor. In this example a limit was placed
on the phase distortion so that the higher pole filters which have higher phase
distor tion are used only at the higher sampling rates. The curve indicates the
regions where the filters can be used without compensation while supporting
sidelobes greater than 40 dB down . It should be noted that appropriate phase
compensa tion will eliminate this limi tation.
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3.2.2 Signal Processing Functions

A generalized block diagram of a radar signal processing system is shown in
Figure 11. Virtua lly all of the functions listed can be implemented with
CCD ’ s as indicated by the dotted items. If one extends the CCD applications
to digital logic impleme ntat ion , CCD’ s can be used for all functions. The
functions in Figure 11 can be implemented with a basic set of signal
processing elements. These are:

0 Delay Elements
0 Storage Elements
0 Integrators
0 Arithmetic Functions (Add , Subtract , Mult iply, Divide )
0 Tapped Delay Lines
o Transversal Filters
0 Recursive Filters
0 Switches

These elements can either be implemented as part of a CCD or implemented in
an analog technique on a CCD integrated circuit. The primary effort relative
to CCD performance evaluation for this study has been to identify the key
functional elements which are implemented as CCD’s and determine thei r
performance as a function of the CCD parameters themselves. The performance
level of a full CCD signal processin g system can be extrapolated from the
constituent elements .

3.2.3 Parameter Ranges of Key Signal Processing Elements

Depend ing on the radar application , the signal processing func tions listed
in Figure 11 wi l l  have widely varying requirements. The requirements imposed
on a s ignal  processor by the long range sa te l l it e search radar w i l l  no t
cover the full gamut of potential CCD hardware specifications. Table 21
l ists the parameter variations which may be encountered in a large variety
of radar systems. Regardless of the level of achievement in a technology
toward the implementation of radar signal processing, there will be new
applications which cannot be practically met. Thus , the bounds given in
Table 21 represent typical requirements rather than extreme . The application
of CCD ’ s therefore can best be assessed on an individual case basis. The
performance level of CCD’s as a funct ion of basic operational parameters as
given in Section 6.0 will provide a useful tool in this assessment.

3.3 CCD SIGNAL PROCESSING IMPLEMENTATIONS

F igure 12 shows a typi cal ra dar sig n a l process i ng system wi th  the elements
wh ich are candidates for CCD implementation in dark outlin e. From a hardware
viewpoint in typical radar systems , these elemen ts const i tute a major part
of the si gnal processor size and cost. This section describes alternative
CCD implementation techniques for the principal hardware function of pulse
compress i on , storage and spectral analysis. Details of the CCD structure
itself in relation to developing a model for simulati on are developed in
Section 4.0.
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3.3.1 Pulse Compression

3.3 .1.1 Tapped Delay Line Pulse Compression Filters - T he output y ( t ) of a
matched filter implemented via convolution of an input signal s( t )  with the
impulse response of the matched filter h(t) = x(-t) where x(t) is the
transmitted waveform ;

y(t) = j
~~ s(~ ) ~~~t - t )  dt

The signa l and fi l ter functions are generally represented as complex in-
phase and quadrature samples for sample data operations. Thus a physical
realization of the filter function must accommodate the complex multiplication
operation , which , for a matched f i l ter is

(a + jb) (c - jd) = ac + bd + j(bc - ad)

A tapped delay line matched filter , therefore , takes the form of Figure 13.
CCD’s are i deally suited for implementing this function because of their
serial structure . The variable weight tapped delay line can be implemented
on a CCD using the well known electrode weighting technique [2] shown in
Figure 14. In this method , the filter wei ghts are built into the basic
physical structure of the CCD gates.

An alternate method for constructing a CCD transversal filter is to place a
weight on a CCD floating gate tap output. This latter technique is more
amenable to the development of programmable transversal filters .
Programability is a desirable feature in a radar pulse compression system
since it permits the tailoring of a transmitted waveform to a specific
operational requirement.

TAPPED DELAY L I NE
CONVOLVERS

1— —41.1 1REF CONVOLVER

IN 
~~~~~~~~~~~~~~

•

~~f I 
~~~~~~~~~~~~~~~~~~~~~ 1OUT

~REF CONVO LVER

r ”~l ~REF

QIN—f ___________________  

—

‘REF CONVOLVER

FIGURE 13 . TAPPED DELAY LINE MATCHED FILTER
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FIGURE 14. SPLIT GATE CCD WEIGHTING TECHNI QUE WITH 3-PHASE CLOCKING

The perfo rmance level of CCD transversal f i l ters wi l l  depend on the transfer
efficiency and noise ass ociated with the charge transfer process and on the
realiza ble tap weight accuracy .

3.3.1.2 Matched Filtering Using Spectral Multiplication - If a convenient
method is ava ilable for transformi ng a signal to the frequency domain ,
the use of the Borel convolut ion theorem becomes practical. That
is , the product of the Fourier transform of two functions is the Fourier
transform of the convolution of the two functions. Stated mathematicall y,

F 1 [S(f) H(f)]  f~ x (T )  h( t- t )  di = y ( t )

where S(f) = F[s( t ) ]  and H(f)  = F [ h ( t )] .

The operation with samp led data functions and the discrete Fourier transform
is i l lustrated in Figure 15. Sampled input and fi lter reference data are
periodic at the interval of the sequence length. Thus if a convolution of
N sample signal points and N filter points is desired , the transform aperture
must be greater than N to the extent of the number of convolution points.
For N convolut ion points , transform apertures of length 2N are necessary .
The convolution of sampled data in this manner is often referred to as
circular convolution .

The fast Fourier transform (FFT) algori thm has provided an efficient method
for calculat ing the discrete Fourier transform (DEl ) of a set of samp l ed data
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using digital techniques. The sorial structure of CCDt s does not
lend i tself  to the use of the FF1 algorithm. However , the chirp-Z transform
[3) technique for OFT computation does lend itself to the use of CCD’ s . The
chirp-Z algorithm is discussed in Section 3.3.3. Figure 16 shows a CCD
implementation of a matched filter using the spectra l multiplication technique.
A particularly des i ra b le fea ture of th i s metho d i s that the fi lte r can be
changed simp ly by changing the spectra l reference function.

[SPECTRAL
REFEREN CE
AND
WEIGHTING

I CCD ~~jC O MPLEX ______ CCD _.L~~..
CHIRP - Z ~~]MULT IPLICA - CHIRP-Z

s ( t)  TRANSFORM S ( f )  1110N TRA NSFORM y( t )

—ø

S( f )  H( f )

FIGURE 16. CCD SPECTRAL MULTIPLICATION MATCHED FILTER

3.3.2 Corner Turning Bulk Memory Storage

Many of the very large memory storage requirements in signal processing
systems involve what is called a corner-turning requirement. That is
while data is received as a sequence of range samples for each pulse
transniittea the output must be a sequence consisting of the same range
sample from 10 to more than 500 pulses. The largest memory requirements
can be found in some synthetic aperture radar systems where over 106
samples must be stored to moving target detector (MID ) processors where
the storage requirement may be of the order of 104 samples . The baseline
lon g range search radar has a storage requirement of 60 pulses of 600 range
samples each for a total of 36,000 . This  example w i l l  be used i n the
discussion of alternative CCD storage options.

3.3.2.1 Serpentine Bulk Memory - The serpentine CCD storage technique is
illustrated in Figure 17. This method may be the simplest from the point
of v iew of CCD structure , but it has one serious diff iculty . The data is
loade d in one long serial shift register in the device. With 36,000 samples
to be loaded in sequence any transfe r inefficiency will seriously degrade
the samples passed through the entire device. A 10- transfer loss which is
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typical for surface channel CCD w i l l  result in the loss of 97.2 percent of
the leading edge sample of a step function loaded into the CCD. A buried
c h annel  CCD w il l have a trans fer i ne ffi c i en cy of l O-~ and would result in
th.e loss of 30.2 percent of the leading edge sample. The amplitude
distribution across the 60 output points would be skewed with the most
recent samples having close to their exact value.

3 . 3 . 2 . 2  M ul t~p1exed CCD Memo ry Cells - Either an input or output multiplexing
method carl be used to eliminate the very lon g serial registers . The two
approa che s ar~ shown in Figure 18. In the input multiplexing approach , the
i ’iput is sequentially switched into 600 separate CCO reqisters , one for each
rc ri~~e cell. The data is then read out serially from one 60 sample register at
a ti n e. This arrangei~ent is similar to the 32K CCD di gi ta l memory design of
Fairchild in which the memory dimensions are 256 by 128. Performing a
ini ult iplexing operation at the output simpl y reverses the size and number
o~ CCD register elements. The result is 60 registers of 600 samples each .

T he pri nci pal p ro b lem of lon g term stor age i n CCD ’ s is the dark current
build up and neither of the multiplexing approaches nor the bulk memory
us ing multiple line addressable random access memories (LARAM ’ s) as
indicated in Figure 19 solves it. LARAW s have been developed for use as
digital storage mechanisms and a design such as the 64 x 256 Intel 2416
has the required functional operations to perform corner turning . However ,
these un its are currently only viable for digital storage. The Intel design
has a very high 2800 pf caoacitive load on the chip for the clock input . Th i s
h i g h cloc k ca paci tance  should  be avo i ded if poss ib le in  the CCD des ig n as
it greatly increases the amount of clock driver power. In this instance ,
the peak clock power required to operate it using 75365 TTL-CMOS clock
drivers is 12.5 watts if the chip is operated at 10 volts and 10 MHz.

3.3.3 Spectral Analysis

3.3.3.1 Chirp-Z Transform - In concept , the CZT [ 3] performs spectral
analys is with sampled data identically to an old standard method used with
analo g di spersive del ay lines. The received si gnal whose spectra is to be
analyze d consists of a number of sinusoidal s ignals.  If a received CW
signal is mixed wi th a linear FM ramp , a linear FM resultant w i l l  be
produced which is offset in frequency in proportion to the input signal
frequency . If this resultant signal is passed through a dispersive line
(or linear FM convolver) with a frequency coverage equal to the sum of the
frequenc y an al ysis ran ge and the l inea r  FM ramp ra nge , a pulse wi l l  be
outputted at a time proportional to the frequency of the input CW signal
Figure 20 i l lustrates the principle with sampled data.

The input bandwidth has a range , ~f, whic h is also the bandwidth
of the LFM function in this case. The total frequency band of a dispersive
line must be 2sf. The relative time outputs of the line with frequency
inputs of -Af/2 , 0, and ÷~f/2 are indicated . If the convoluti on is done via
a sam p le d func t ion , a circular convolution will accomplish the task. Recall
that a sequence of N samples is periodic in N and in the frequency domain
at the sampling frequency. Thu s , extension of a linear FM waveform occurs
in both time and frequency and a circular convolution over 2N sam ples wi l l
provide the desired spectral output.
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- N  —.

2N

N = TIME SPAN OF LFM FUNCTION
2N = SUM OF N PLUS RELATED TIME SPAN OF FREQUENCY BAND , ~f

FIGURE 20. CHIRP-Z OFT CONCEPT

The CCD is ideally suited for the computation of the discrete Fourier transform
( OFT ) v ia  the chirp -Z transform (CZT) because the implementation of the CZT
makes use of l inear FM convolvers . The basic processing steps of the CZT are
shown in Figure 21. The complex input signal (X v ) is mixed with the chir p
s ig nal A P B P 2/2 wh i ch pro~uces an offset chirp signal output. This signal
(Y~) is convo l ved with B-P /2 in the convolution filter. The convolution
peak at the output of the fi l ter occurs at a time corresponding to the frequency
of the in put signal. The complex multip l ication after convolution c9rrects
the phase bias by multiplication with the reference chirp signal (Bk /2). If
the phase information is not required , then the out i-~t of the convolut ion can
give the power spectrum. Figure 22 shows the CZT process in more detail. The
complex CZT requires real and imaginary baseband processing (I and Q).

The c i r cu la r  convo lu t ion  can be per formed i n the CZT us in g a ta pp ed CCD delay
l i ne of 2N stages , where N is the number of samples for which the z-transform
is evalua ted . Therefore , to increase the number of points that the CZT
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FIGURE 21. PROCESSING STEPS OF THE CHIRP Z-TRANSFORM

ev a lua tes , the CCD delay line must be increased by a fact or of 2. RCA has
develo ped ano ther appr oach to rircular convolut ion shown in Figure 23. This
natented technique performs tr ~ circular convolution using an N stage tapped
CCD and an N stage CCD delay line. The full CZT imp lementation using the
technique is shown in Figure 24.

3.3.3.2 Delay Line Time Compressor (DELTIC) Spectrum Analyzer - A CCD can ,
in principle , be used to imp l ement the standard delay line time compressor
spectrum anal yzer shown in F ig ur e 25. In this system , all of the signal
sam p les are reci rcula ted i n the de lay l i ne dur i n g each inpu t  sam p le in terval .
Thus , as in the example of Figure 25, if 60 spectral coefficients are
analyzed with a 60 time sample interval , the clock rate of the system is 60
times the input sample rate. This technique will be limited with CCD ’ s to
small num bers of samples (N) because the number of CCD transfers is N2. For
wide bandwidth applications , the clock rate becomes prohibitively high.

3.3.3.3 Stored Coefficient CCD Spectrum Analyzer - Another approach to
spectrum anal ys i s w i th CCD ’s which avoids the high clock rates of the DELTIC
is given in Figure 26. In this case , the sam p les to be analyze d are loa ded
i n to the ta pped de lay l i ne an d hel d. All  of the spec tra l reference
coe ffi cien ts can be s tored on the CCD i n a manner s i m i lar to a spl i t gate
corr elato r and the coeff i cien ts can be rea d out by impuls i ng the li ne . Th i s
general method has the advantages of providing any arbitrary transform of
the i n pu t and opera tion at clock speeds equal to the sam p le rate . However ,
the storage requirement is proportional to N2 thus limiting the size of the
transform .

3.3.4 Extended Time Bandwidth Applications

It was i nd i ca ted i n Sect i on 3.2 that time bandwidths at least as high as
25,000 might be encoun tered for some radar requirements. In fact , the long
range searc h radar app l i ca t i on could  i nc lude  a pulse len g th of up to 2 msec
w ith a 5.0 MHz bandwidth. With a samp le rate of 6.0 MHz , the result i ng
samples required to define the wavefo rm is 12 ,000. If the spectral mul tipl i-
cation technique were used for matched filtering, DFT ’s as lar ge as 24 ,000
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could be required . This section discussed some alternative techniques for
processi ng these large TW products with shorter CCD f i lters .

3.3.4.1 Step Transform (Sub-Aperture) Technique - The step transfo rm
algorithm [4 J effectively breaks up a linear FM waveform into sub-apertures
which can be more adequately processed w ith CCD ’ s.

A conceptual diagram of the step transform process is given in Figure 27 . The
upper portion of the figure indicates the principal functional elements in the
processor while a representation of the function itself is given below . The
received signal is a linear FM waveform of length I and bandwidth W. This is
sampled , A/D converted and multiplied by a linear FM sawtooth whose time band-
width product of a single ‘tooth” is approximately equal to T1V. The
resultant from this operation is a segmented CW waveform of /Tt1 segments
whose overall slope is equal to the slope of the original waveform. Each
individual segment is then passed into a OFT spectrum analyzer to obtain its
exact spectral characteristics . The number of sample points in the deramping
sawtooth is equal to the number of sample points in thn input OFT aperture .

Successive DFT analysis windows are stored in the data reordering memory
forming a time-frequency matrix. Spectral data from a single received linear
FM pulse wi l l  have amplitude peaks across the matrix beginning at a point
corresponding to the range of the target. Fine range resolution is obtained
by processing successive diagonals of the data in the time frequency matrix
through the second OFT . The output of the second OFT gives the compressed
pulse output with a resolution determi ned by the bandwidth of the waveform.
Weighting is applied prior to entering the seco nd DFT to reduce range side-
lobes .

The implementation of the OFT in the step transform process can be done with
a CCD-CZT. Many of the CZT and step transform functions can be combined so
that a functional diag ram wil l  be similar to that shown in Figure 28 .

The reorder memory function in the step transform algorithm requires that data
received on a column by column basis be read out along a diagonal throu gh
successive columns. Th is process is normally accomplished using random access
memories in a digital system . However , a techn ique for accomplishing the
diagonal ization using serial shift registers has been developed , and i ts
implementation with CCO ’s is shown in Figure 29. The total register length
is approximately equal to the number of samples in the waveform.

3.3.4.2 Extended TW-CZT - A method can be used as indicated in Figure 30
to synthesize a large CZT with smaller CZT segments. In this case , the
objective was to synthesize a 24,000 point transform. It is done by combining
24-1000 point CZT ’ s in a sub-aperture approach somewhat akin to the step
transform . An inherent problem with any large TW product signal processor is
the requirement for sto rage of the full TW samp les . This is exemplif ied in
the sub-aperture CZT by the size of the delay lines. The maximum length in
the example i s 23 ,000 sta ges .

3.3.4.3 Sub-Aperture Convolution - A sub-aperture convolver can be used to
• reduce the size of the CCD memories in extended time-bandwidth convolvers if
not the number of transfers. The concept is shown in Figure 31 where 12 ,000
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sample code and signal samples are to be convolved. If the number of
convolution samples desired is limited to 1 000 points , the reference code
can be broken up into 1000 point samples each of which can be correlated
with the appropriate segmen t of the signal. The resultant is a set of
impulses separated by 1000 points which can be summed by the delay line
network of Figure 31 . An alternative implementati on might take the form of
Figure 32. In this approach , the input is alternately steered to two
programable CCD convolver s and each 1000 point output -is integra ted in the
rec irculating integrator. Here again , the performance l imitation due to a
larg e number of transfers in the CCD delay line in the integ rator wi l l  be a
factor.

3.4 BASELINE CCD SIGNAL PROCESSOR

A baseline radar signal processing system was developed from the requiremen ts
out lined in Section 3.1. The basel ine system features a two step detection
process to achieve long coherent integration times for high radial velocity
targets. A low range resolution waveform is used on the first step to obtain
coarse range and doppler , followed by a high range resolution waveform on
the second step with programed velocity gates for coherent integ ration with
high range resolution.

3.4.1 Baseline System Approach

To achieve coherent integration the target must remain within the range cell
durin g the integration time . For a radial target velocity of 10,000 f t /sec ,
and a range resolution of greater than 6,070 ft (1NM) the target will pass
through the range cell in less than 1 second . In this situation , coherent
integration of more than 1 second is not e f fec t ive .  A two step detection
process will overcome this range walk problem .

On the f irst step a low range reso lution waveform is transmitted such that
the tar get w i l l  not walk  through the range cel l  dur i ng the i ntegra t i on
interval. A coarse range resolution (< 40 NM) and radial velocity resolution
(250 f t/ sec ) wi l l  be obtained. In the event of a detection on the f i r s t
step the second step process is ir itiated in which a high range resolution
waveform (< 1 NM) is transmitted.

By using the coarse velocity estimate from the f i rst ste p, a lar ge part of
the target radial velocity can be removed to permit the full coherent
integration wi th the high range resolution. In essence the position of the
range cells can be programmed versus time to approximately match the target
radial motion and thus reduce the range walk to an acceptable value. The
second step provides the desired range and doppler resolution as well as
the angle estimates .

The attract iveness of the two step detection approach is that it is not
wasteful of radar resources since the second step is not used until a
detection is obtained on the fir st step. Furthermore , since the number
of targets beyond 2000 MM is sma ll an d n o r m a l l y  closel y spaced , the second
step process is not often repeated as would be the case of widely separated
m u l t i p l e  tar gets . 
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3.4.2 Waveform s for the Baseline System

Fi gure 33 provides a summa ry of the waveform s proposed in the two step
approach. The range resolution of the firs t step waveform , Figure 33a, is
low enough so that the target remains su bstant i all y i n the range cel l for the
entire integration interval. In addit ion the waveform p rov i des a coarse
doppler estimation which is used on the second step process to program the
ran ge cell  such tha t the tar get rema i ns in  the h ig h ran ge resolu t ion  cel l
over the integration interval.

The h ighe r  range re so lu t ion  on the secon d step is ach i eve d w ith a l i n e a r  FM
waveform , Figure 33b , having a bandwidth of 200 KHz. This bandwidth provides
a resolution of 1 NM between two targets with an amplitude differential of
1 0 dB . Resolution in doppler is a function of the coherent integration
interval which for a 6 second integration interval is 1/6 Hz. This doppler
resolut i on perm it s separat i on of targets w i th i n the same ran ge cell  but  w ith
different velocities.

FIRST STEP D ETECT I O~I ~-~A :~ FOP M

Uncoded
Waveform

etc.
a)

Jc-.500 us —~~

_ _ _ _ _ _  
.l sec

_ _ _ _ _

Dut y Cycle = 5 x lO~~Unamb ig uous Ran ge =

8100 NM
Doppler Resolution =

SECOND STEP DETE CT IO~ ~-~~IEFORM 
250 Hz w i th  interpolat ion

Range Resolut ion =

Linear Freq . 40.5 NM
Modul ation

200 KHz Deviation

b)
k.25O us_a 3

.05 sec—~~~ 
Duty Cycle = 5 x lO~- Unam bi g uous Ran ge =

4050 NM
Ran ge Resolu ti on =

l .O N M
Doopler Resolution =

. 16 Hz
FIGURE 33. SUMMARY OF BASELINE WAVEFORMS
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3.4.2.1 First Step Waveform - The f i r s t step wave fo rm was establ ished on the
basi c of using a low bandw idth waveform so that a target moving at 10 ,000 ft /
sc~ would remain within a range resolution cel l over a 6 second integration
interval . The low bandwidth waveform is provided by using an uncoded pulse
of 500 usec . The resolution of this waveform is determi ned by the auto
correlat i on fu ncti on shown in Figure 34a . A 10 ,000 ft/sec target over a 6 second
integration interval will have an average loss in sensitivity due to the target
motion of approx imately 1. 1 dB. A smaller loss can be realized by making
the wave fo n~ longer. However , the range accuracy would s uffe r thus requiring
processing of a larger range wind ow on thr second step detection process.

The spectrum of the waveform is shown in Figur e 34b. At the -3.9 dB response
the spectral width is 2 KHz. For taruet velociti es of + 10 ,000 ft /sec the
dopp ler frequency is -4- 8840 Hz. Thus to optimally process a single pulse a
doppler filter bank (or equivalen t) is used ha y ing approximatel y 10 fi l ters ,
2 KHz bandwidth each , covering the + 8840 Hz band.

3.4.2.2 Second Step Waveform - ~ft~ ’- a de tec t ion  on the first step process
the second step waveform is transmitted. This waveform has a LFM with a
frequency deviation of 200 KHz , hence the range resolution is no longer
determined by the pulse length. To minimize the effect of eclinsing of long
range targets , the pulse length should be as narrow as possible but not so
narrow as to result in a low time bandwidth. Low time bandwidth products
result  in poor time side lobe performance. A 250 usec pulse length provides
the nec essary pe rfo rma nce .

Doppler filter bank processing on a single pulse basis is not necessary with
this wavefo rm since the pulse spectrum is significantly wider than the

— expected dopp ler shift. The final doppler resolution is obtained after
coherent integration. Figure 35 shows the line spect ruir; for a train of 120
pulses (6 seconds of integration ). For a stable target , with low acceler at~on
during the integrat ion interval , the width of each line spectrun is 1/6 Hz.
Thus multiple taryets within a range cell can be resolved if their velocities
are different. It should be noted that alth ough they are reso ’ able the
dopplers are generally ambiguc us .

3 .4.3 First Step Process

Figure 36 shows the functions involved in the first step process. Tnc
c o n f i g u r a t i o n  is a representa t ion of e i ther  th e ver tica l  or ho ri zo nt a l l y
pol arized receive channels. Two of the cdanne ls mu st be carried up to the
output of the integration function after which the channel having the greatest
amplitude is selected for detection and range estimati on.

At the input the ta 1-get echo , at IF , is hetrodyned to a low frequency carrier
such that the signal for a positive doppler frequency of 8840 Hz will be
located somewhat above 1 7680 Hz and for a negative dopp ler of 8840 Hz the
si gnal will be above zero. The signals in the low frequency band are samp led
at 1.5 times the Nyquist sampling rate and the resultant sam p les a ppl i ed to a
bank of 10 fi lters. Each filter has a 2 KHz bandwidt h and a different center
frequency to form a filter bank covering a 1 7680 Hz band. The overlap between
success ive filters is within the -3 dB pulse response to minimize the cross-
ove r loss. Each filter is a matched filter to the 500 usec pulse.
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The entire group of samples at the filter outputs representing the range
sweep is placed in storage. Although the input samp le rate with each filter
is 55 KHz the sample rate at the outpu t of each filter can be reduced to
approximately 6 KHz. The output of each filter is stored over the coherent
integration interval , which can be as much as 6 seconds. For a .05 sec
range sweep interval the number of samples per range sweep is 600.

After the full 6 seconds of data is accumulated , the memory is rapidly read
out , on a range cel l bas i s , an d the pulses are integrated on a range cell
basis .

A high speed read out rate is perfo rmed on the memory so that a single
integrator can be used to sequentiall y integrate all range samoles
from one filter memory followed by the sequential processing of the data from
the other filter memories. In addition , the high speed operation minimizes
the total storage ti me necessar y i n the CCD memo r ie s an d thus  red uc es dark
current build —up.

In general a single target will occupy more than one range cell.

To obtain an accurate estimation of the target range and amplitude an
interpolation is performed. Severa l interpolation techniques are possible
which can be implemented with a CCD. All involve a short transversal filter
as the key proc essing element.

Fol lowing the interpolator the peak sign als between the vertical and
hor izontal polarization channels are compared and the greater of the two
applied to the detection threshold. The same process as described above is
performed on ea ch of the fi lter channels .

In geieral , the frequency of the echo will occupy more than one of the filters
in the doppler filter bank. A doppler interpolation , s imi lar to that used i n
the range d imens i on , is used to obtain a more accurate estimate of the doppler
frequency. It is expetted that interpolation will provide an 8 to 1
improvem en t i n doppler  estima ti on ra ther  tha n by s imp ly considering the filter
with the largest output. Based on the 2 KHz doppler filters the interpolation
w ill provide an accuracy of 250 Hz provided the S/N is sufficiently high.

Thus the output of the fi r -t step process is a range estimate and a coarse
dopp ler estimate. These estimates are used to establish the range window and
range wa lk  correction for t he second step, high range resolution , detecti on
process.

3.4.4 Secon d Ste p Detec t ion Process

On the f i rs t  step detection the range of the satel l i te complex is determined
to wi th in 6 NM (based on a 10 dB SNR ) and the doppler frequency determined to
within 250 Hz (: 283 ft/sec ). In order to resolve closely spaced targets the
second step detection process uses a linear FM waveform with a 200 KHz band-
wi dth. Based on the range estimates made on the first step process a reduced
range window (: 10 NM) is processed on the second step. Since the same
detection sensit iv i ty is required on the second step as was used on the fi rs t
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step, the integration time on the second step is the same as on the first step.
To minimize the effects of the range walk due to the high er range resolu tion
the coarse doppler estimate obtained from the f i rst  step is used to prog ram
the movement of the range samp les. In effect the range samples , over the 10
NM range window , are moved in range to match the target velocity such that
the target remains within the range cell over the 6 seconds of integration
time . If the uncertainty in tar get veloc i ty i s 250 ft/sec then i n 6 secon ds
the differential motion between the moving range gate and the target will be
1500 feet. For a linear frequency modulated transmission , with Hamming
weighting on reception , the average signal -to-noise loss due to the velocity
mismatch is less than 1 dB.

The loss can be reduce d by obta in i ng a f i ner est ima te of doppler  on the f i rs t
step; this , however , is accomplished at the expense of using a lower bandwidth
transmission on the f irst step and thereby requiring processing of a lar ger
range window on the second step.

Figure 37 shows the functional flow diagram of the second step process.
Identical channels are carried for the vertical and horizontal polar izat ion
channels. The target echo at IF is connected to its in-phase (I) and
quadrature (Q ) components. Each baseband channel I and Q has a ban dwidth
of approximately 100 KHz. The channels are sampled and applied to a pulse
compress ion process.

Over a 6 second interval 120 range sweeps will be obtained from the pulse
compression process. The 120 samples for each range cell are read out of
memory and integrated in the spectrum analyzer. A range interpolation and
selection of the greater of the horizontal and vert ical channels is performed
and the output applied to the detection threshold circuit.

The 1/6 Hz reso lution of the spectrum analyzer is used for doppler resolution
and the interpolated range is used as the range estimates. These estimates
are used to initiate the tracking mode .

3.4.5 Baseline Processor Requirements and Imp lementati on

Table 22 summarizes the processing requirements for the baseline system . The
pr incipal subsystem CCD implementation which is identified is: the input
dopp ler fi ltering and I,Q demodulation in the f i rst step processor , the corner
turning or bulk f i l ter requirements in f i rst and second step, pulse compression
and the coherent integrator or spectrum analyzer. These functions can be
considered for both the narrow band and wideband cases and for handling the
+ 10 ,000 f t/ sec or + 35 ,000 ft/ sec dopp ler cases .

3.4 .5 .1  Input Doppler Filtering - The input signal handling In the f irst
step process illustrates the Option of processing signals at a low IF
frequency or at baseband. Fi gure 38 is an imp lementation of the input doppler
f i l ter in g with  a low IF frequency sampled directly. Each doppler fi l ter  in
this case consists of a pair of I and Q CCD correlators and a total of 10
f i l ters are required . Figure 38 is an implementation requiring 20 distinct
CCD filter de5igns. The number can be reduced to two by employing a system
whereby separate mixers and reference frequency sources are used for each
f il ter and all of the ten doppler f i l ters are id ent ical .

73



‘~~~~~~~~~~~~~~~~~
_

~~1*
1

—
LU LU L..~ ... J C _. C = k— U

I.--- U. C C U. C)
_ J C C

U.) — C U.) U— LU - U-- N~ LU
CU-)  U)

__ J C )  ,<
L~J~~~~ Ut)
5_).z -~~U C. C- 5— CD

LU LU ) —LU C C) C) Cr) N C)
(U.~~~~~ NJ LC ) L~~LU =C C <~~~ N. -.) ~~~~~— ).~ C) LU U)
C) C) LU C ~ I C 5— LUU.) C) N) LU C) - CC LU C
- - - C r c  ~~.. C ) . ._: O ) N ) C .

U U) C LU. U) ~t CC) Li_i
CD

C C..
NJ U_i
C. ~) LU F-
C C C )

—~~~V t < L U  CDVt
C LU C CD
LU Vt 0. LU U)

—~~~~ ~~
. wC ~) C C ) C )

Vt 0.L)~~~~~4.) Vt >-
LU 5--

LtJ U —
5—N.  U.)

C)
C . C C U

C!’ C)

LU
U J~~—~~~~~ Lt) C.
N.
E
C C ) C U C<
U-) 5~fl Vt U’) ~~ I— 5-_•

LU.
C)

Vt
C. C.
C) C)5-.. 5—U.) C
LU U

C’S— UU

C- ))..
C) U- -
U C)

U
LU

UI..)
C U
L) UU W ( L U ) ..!’ C)

I’— LU~~~~ ~~~~UJ V4 NJ
C. Lt~ C C. LU CI
LU LU C) LU LU. ~~>‘ C. L)

74

— — -—— —.——. --- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -— ~~~~

.--—
~~~~

..
~ ~~~~~~~ 

-
~~~~~



—

C.. -

F-U) -~ —

CD L U . N
2: ..J Z
c.’J ~~_- — —

CD CD N D N

C’) Lt) CD N
F- 2: - Li_i
2: II —
LU II CD CD — CD 2:

~~~ C’4 CD CD CD I.Q

LU F- C’) ,- C\J ~~ C.
C. - - —-- - ----- -- ---- -

CD~LU
C.

U) U_i
F-

U) U)

P--
U) 1/) U. —

- F-
LU
2: Cl- N C.

N 2: LU
-J = — N LU.J
U) LtJ
C’) 2: CD (%J 2: Cl.

CD CD U) C) C) . < C D
2: ~D Co (\J ~~ p... C. C)

LU

LU LU F- LU J
-J F- CD

2: >- < CD F-
< C) ..J C. U) ~~ U) U)
F- — F- J La_i

~~ U) 2: LU C. CD 0
LU U) LU 2: LU I— U) 2:

- I— LU C. — 2: F- —
~ CD

C. U_i ...J rZ -~~ C’) U_i
CD ~~ — _J F- C. F-

CD U_i U) U. -J <C  —.
CD U) F- < LU C. F- C.
U) U) C. C. C-) <U_ i  CD

LI) C. U_i U_i U_i C. NJ C..
LU LU C!) F- -_i -~ LU ~ J ç!) >- C.
U) U) U_i :D Cl- Cl- C!) 3... Li_i J LU
-J —I F- Cl- 3... Ci. 2: . F— ~Z I—

) ~ ) 2: 2: CD C) < 2: 2:
C.. C.. ~

-. s-— CD CD C. U) .--. < a—i

75

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
A



~~~~~~~~~~ -~~~~~~~~~~~~~~~~ -~—-~~~~~—-—  ~
-- - -  -

~~~~~~~~

LU
C.
C CD C

r r- F- .
-‘ LI) -•

A
4 1  1 1

CD
F-

I I
I I

:~
- 

C.

C. 2: C. (1) - . 2: C) l.L
CD C — C .

~- I I C C~~ 
- — C — I —

~~~~~~~~~~~~ 
L~~ T .~!

HI-

~~~~~ 2

:- — -- 

L _ 
~~

F—

/
-

~

--

~

-•.—

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



An I/Q baseband equivalent of the input processing is shown in Figure 39. In
this case , four CCD lines are required for each doppler f i lte - unit. However ,
if the ten filters are identical in shape and are symmetrically situated
around the sample rate , a sec ond filter can be realized with each unit by
changing the signs of the Q summation.

Table 23 suni~arizes the choices for the f irst step input and doppler f i l tering.
The second one was selected as the baseline approach since i t  offered the
fewest distinct CCD designs.

3.4 .5 .2  Corner Turnin9 - Bu lk  Memory - The requirements imposed on the bulk -
corner turnin g memory by the various system options are listed in Table 24 .
Althou gh the maximum storage time listed is 6 seconds , as noted in Section 3.2,
system requirements for very long range detect ion could impose times of 12
seconds or more. The length of storage time is the most crit ical requirement
from the point of view of the basic CCD physic s and as shown in  Sect i on 6.0 ,
it can only be achieved if the devices are cooled . Either input or output
multiplex ing as described in Section 3.3 is a satisfactory approach for the
corner turning memory.

3.4. 5.3 Pulse Compression - The low bandwidth pulse compression requirement
with a time-bandwidth product of 200 can be met with a straightforward
implementat ion of a transversal matched filter with four elements as discussed
in Section 3.3. However , for the long TW pro ducts three al ternat es are
possible; the step transform , a sub-aper ture CZT approach giving a large DFT-
OFT-1 matched filter and a sub-aperture convolver with minimum range. The
CCD hardware impact of these alternatives are tabulated in Table 25 . T he
step transform approach is most attractive in this case because it minimizes
the size and number of the CCU’s relative to the sub-aperture CZT and avoids
the requirement for programabi lity as in the case of the sub-aperture
convolver. Full range search is an additional advantage.

3.4.5.4 Coherent Integration - The coherent integration alternatives are
listed in Table 26. A chirp-Z transform implementation is optimum at this
point because of the well developed split-gate tap weight technique. As the
methods of parallel data transfer and switching control on CCO’s are im p rov ed ,
further performance advances in CZT 1 s and stored coefficient analyzers will
ensue.
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4.0. CCD CHARACTERISTICS

4. 1 CCD OPERATING PRINCIPLES*

4.1.1 Background

In 1970, W. S. Boyle and G. E. Smith of Bell Laboratories , reported the
concept of semiconductor charge coupled devices (CCD s).[5 ] Since that
time , progress in CCD development has been rapid. The technology has
advanced from laboratory demonstration of eight-stage CCD delay lines , which
lost 1-2 percent of the stored charge with every transfer [6 ], to 500-800
stage CCD delay line/transversal filters, which lose •Ol- .02 percent with
every trans fer. [ 7 ,8 ] As CCD performance has increased , so a l so hav e
device design variations.

The characteristics by which CCD’s are characterized include :

0 Surface or Buried Channel .
o The Number of Cloc k Phases (Three , Two , and One-Phase).
° Vari ous Input/Output Techniques.
0 Clock Swing Voltages .
o Gate Areas.

All of the above characteristics directly affect device performance. In
addition , any CCD can be operated with different parameters that alter
device performance. An example is the percent of input background charge
which directly affects the charge transfer efficiency . The large variation
in CCD operating conditions have made many performance reports in the
literature di fficult to correlate , usually due to the lack of complete
experimental descriptions. rt is apparent , however , that certain CCD designs
and operating conditions are becoming typical of good operation.

In order to realistically describe CCD performance , the theoretical
considerations will be presented along with typical operating conditions .
The CCD as a delay line and as a tapped delay line has been modeled and a
computer simulation described in Section 5.0 has been developed . A
substantial amount of literature has been generated describing CCD operation
and performance, with much of it containing sophisticated analyses. These
analyses lead to CCD performance predictions with first , second , and higher
order effects. The scope of the computer simulation of this program
incorporates fi rst and second order effects of the predominate CCD variables .
Higher order effects were not included since their impact on CCD performance
was minimal .

Many references were consulted in the development and verification of the
CCD model . Internal RCA l aboratory measurements were also used as a
validation of the model and the computer simulation. Limitations of the
model and simulation will be noted where they apply.

4.1.2 Basic CCD Operation

An analog signal connected to the CCD input is sampled and a charge packet is
generated by the input structure . The magnitude of this charge packet is

* A glossary of CCD terms Is provided at the end of this section.
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proportional to the analog signal sample. The charge packet is attracted to
the region with the minimum potential energy . This region , called potential
well , occurs under an MOS gate when a voltage is applied to the gate. A
linear array of closely spaced MOS gates with properly controlled adjacent
gate voltages allows the charge packet to be transferred down the gate array.
When the charge packet has been transferred through the entire gate array ,
its magnitude is sensed by the output structure .

Referring to Figure 40, when two adjacent transfer gates have the same
voltage applied , the charge packet will be equally distributed under the two
(Time 1). When the voltage is removed from one gate , the charge packet will
be distributed under the second transfer gate (Time 2). The process is
repeated (Time 3 and 4) until the charge packet resides under the desired
transfer gate. In this example , three gates are used to provide direction
to the transfer. This shows that a three or higher-phase clock system can
be used to control charge transfer. A two-phase clock system can be used
if direction is built into the clock structure . This is shown in Figure
41 with the aid of a potential profile line.

The first and second gates are connected to the same phase clock with the
first-gate voltage reduced by AV. Gates three and four are connected in a
like manner. The ~V bias gives di rection to the charge transfer. One
stage of a three-phase clock CCD consists of three gates which involves
three transfers. One stage of a two-phase clock CCD consists of four gates
with two transfers. Charge is not stored under the first or third gates ,
but under the second and fourth. The clock frequency and the number of
stages determines the time delay of the CCD.

There are many CCD input and output techniques that have been published. [9
1Oj A given input structure can be operated in different ways to inject charge
into the CCD , but each method operates by generating charge and forming
charge packets. Some input structures are more linear than others, while
some allow larger charge packets to be formed , or are less noisy . CCD
output techniques operate by detecting the change of charge present in the
output structure. As in the input, linearity , signal amplitude and noise
are factors that must be considered.[9 ]
4.1.3 Physical Description

CCD’s are solid-state devices usually constructed on silicon substrates .
They can be fabricated using standard MOS processing . A cross-section of a
surface-channel CCD is shown in Figure 42. The charge transferred down the
CCD physically resides at the S~-S-jO~ interface. A buried-channel CCD is
shown in Figure 43.

A buried-channel CCD uses an epitaxia l or ion-implanted silicon l ayer (N-
l ayer) of polari ty opposite to that of the substrate (P-substrate). This
l ayer shifts the transferred charge away from the S1-S-j02 interface into
the bulk of the N-layer material .

The charge packets are contained under specific transfer gates by the
appropriate gate voltages. The charge packets are prevented from being
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FIGURE 42. CROSS SECTION OF SURFACE CHANNEL CCD
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FIGURE 43. CROSS SECTION OF BURIED CHANNEL CCD

laterally dispersed by channel stops shown in Figure 44 which define the CCD
channel. In addition to confining the charge packets , the channel stops
also keep the charge packets physically separated from the clock bus lines .

The input structure consists of the input diffusion and gates 1 and 2 of
Figures 42 and 43. Input structures can also be constructed with an input
diffusion and only gate 1 or , as an additional variation , it can contain an
additional gate (Gate 3). The output structure shown in Figures 42 and 43
consists simply of the output diffusion. A variety of output structures
exist , however , the split-gate structure is described since it is an
important technique in the fabrication of a tapped CCD delay line .

The transfer gates can be used to sense the charge passing beneath them as
well as causing the charge to transfer. In order to implement a weighted
tapped delay line , transfer gates can be split as shown in Figure 45.

The phase three (03) gates are shown split into 03~ and 03- . The amount of
charge detected by a given split gate depends directly on its area. The
charge packet proportional to the input signal sample is equally distributed
across the CCD channel . Therefore, the charge packet under the split gate is
weighted by the relative area of the 03~ gate to the 03 gate. The 03 clock
bus lines act here as summers for the plus contributions and for the minus
contributions. The plus and minus buses are then applied to the appropriate
inputs of a differential amplifier. If the split of a particular gate occurs
at the middle , the corresponding weight at that gate is zero. If the split
occurs closer to the minus side of the CCD channel , the weight will be positive
for that gate. An analog weight from +1 to -l can thus be obtained.
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4.2 SIGNAL SAMPLE STORAGE

4.2.1 Description

A CCD stores an analog signal sample as minority charge in the potential wells
formed by pulsing MOS capacitors (transfer gates) into deep depletion. The
maximum signal sample that can be stored by a CCD is determined by the size
of the MOS capacitors . A first order approximation of the charge stores (Q5 )
measured in electrons is determined by:

= A . C0~ 
. V~ 

. K~ (1

where: A = Active Area of the Potential Well (mu 2),

Cox = MOS Gate Oxide Capacitance per Unit Area (farad/mu 2),

V = Pulse Potential Applied to the Gate with Respect to thep Adjacent Gates (Volts), and

K1 = Electrons per Coulomb (6.284 * 10 18).

Equation ( 1) can be used to deri ve a range of upper and l ower charge handling
capabilities for surface channel CCD’s (SCCD) with symmetrical MOS gates.
Minimum pulse amplitudes of 1-2 volts [11] are required to overcome anomalies in
the potential distribution at the edges of the gates or threshold voltage
differences between adjacent gates. The maximum pulse amplitude is determined
by the breakdown potential of the gate oxide (about 5 * i~6 V/cm) [1l] becausethe main potential drop occurs at the gate oxi de when the minority charge
contained in the potential well is maximum. For an oxide thickness of 1000
(100 nm ) the breakdown voltage would be about 50 V. Oxide capacitance (C0x)
l evels for MOS capacitors wi th oxide thickness of 1000 A range between .225
and .3 pf/mil2 [12]. For an active area of 2 m11 2 the maximum number of
electrons is about 1.65 * 108.

Buried channel CCD’s (BCCD) have reduced signal handling capabilities since
the minori ty charges are stored further from the CCD gates. The ratio of
maximum charge stored in a SCCD to that stored in a BCCD with the same gate
geometry and clock swing is given by: [10]

Q5 (5~~~ — ~ox dch
Q5 (BCCD) - 1 + 2

~~.i d0~ 
( 2)

where : Cox = Permitivity of Silicon Dioxide ,

= Permitivity of Silicon ,

dch = Effective Thickness of Channel Implant, and

d0~ 
= Oxide Thickness.
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For a device with dox = .1 ~m and dch = .6 ~m the ratio Q5 (SCCD) /Q s (BCCD)
is about 2. Thus a BCCD has approximately one-half the number of electrons
in a full well as a similar SCCD.

4.2 .2 Typical Parameters

Although the charge storage per potential well increases as the voltage applied
to the transfer gate , most CCD ’ s are not driven with the maximum level of 50
volts , but with voltages between 9-15 volts. This is primarily due to power
dissipation limitations in the CCD clock drivers . The CCD gates appear as
large capacitances ; therefore, the power to dri ve the clock gates is mainly
reactive. The power -is dissipated in the driver according to:

P = f c~~~
C • V p

2 (3) —

where : 
~c 

= Clock Frequency ,

C = Gate Capacitance , and

~ = Pulse Potential Applied to the Gate.

The power increases with the square of the drive voltage and for high frequency
operation (>1 MHz) commercial switch—transistor integrated circuits reach
their power dissipation limit at drive vo l tages around 10-15 volts.

Typical SCCD full potential wells hold a maximum of 3.29 * lO~ electrons at9 vol ts to 4.95 * lO~ electrons at 15 vo l ts for a 2 mi l 2 gate area. Tyoical
BCCD potential wells would hold about half that number of electrons (1.64 *
107 - 2 . 4 7  * lO~ electrons).

Gate area is the product of the gate length and the channel width. Most CCD’ s
have been built with gate areas between .32 and 3.2 mi l 2. However , j,t is
feasible to construct dense CCD’s, with gate areas as low as .02 mil’; and
future predictions of .01 mi l2 have been made.[l4] Gate areas larger than
4 m u 2  can be built for applications requiring large charge storage capabili ,ty -

such as accumulators .

Oxide capacitance per unit area depends on the thickness and permitivity of the
oxide as follows: [12]

C0~~= 8.85 *1O O
~~
2.
~
. 2.~ (4)

ox ;j

where is between 2.7 and 4.2.

Oxide Thickness d0~ 
(A) Oxide Capacitance , Cox (pf/mi l 2)

1000 .225 - .30
1500 .150 - .20
2000 .112 - .15
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According to Equation ( 1), the amount of stored charge increases as the
oxide capacitance per unit area and the oxide thickness should therefore be
minimized for maximum charge storage. For oxide thickness less than 1000 A
pinh ole failure modes begin to reduce the yie of fully operational CCD s.

4.2.3 SimulatIon - Model

Electrons are the con~non variabl e for all the CCD factors considered. The
maximum number of electrons a potential well can hold (a full well) sets the
largest signal sample amplitude that can be input to the CCD. The ful l well
electrons (Q5) determined by Equation (1) and the following parameters :

A = Simulation Parameter Input (mil 2)

Cox = .262 (pf/mil 2) for 1000 Thick Oxide

= Simulation Parameter Input (Vo lts)

K1 
= 6.28 * io 18

SCCD or BCCD = Simulation Parameter Input (Q5 (BCCD) = 1/2 Q 5 (SCCD))

Shown below are the number of electrons for a full well as calculated by the
simulation .

GATE AREA CLOCK VOLTAGE FULL WELL
TYPE (mil2) (Vo lt s)  ELECTR ONS

SCCD 2 10 3.29 * l0~
SCCD 2 15 4.94 * lO~
SCCD 4 10 6.59 * lO~
SCCD 4 15 9.89 * l0~
SCCD .3 10 4.95 * 106

SCCD .02 10 3.29 *

~CCD .01 10 1.65 * lO~
BCCD 2 10 1.64 * l0~
BCCD 2 15 2.47 * lO~
BCCD 4 10 3.29 * l0~
BCCD 4 15 4.94 * lO~
BCCD .3 10 2.47 * io6
BCCD .02 10 1.65 *

BCCD .01 10 8.24 *

92

~ 



-~~—— ~~~~ —--——--~~~-— -_----. •~ -~ ‘fl ~~~~!-- ~~~~~~~~~~~~ - —~~~ ~~~~~

4.3 TRANSFER EFFICIENCY AND BACKGROUND CHARGE

4.3. 1 Description

When the charge packet is transferred from one potential well to the next , a
small fraction of the charge packet is left behind. Two mechanisms contribute
to this charge transfer inefficiency (CII), free charg e transfer and signal
charge interaction with traps . The trapping is due to interface state and
bulk traps in SCCD ’s and bulk traps only in BCCD ’s.

Free charge transfer is the process that describes the movement of charge
from one potential well to the next. The amount of charge transferred is time
dependent. If the time allowed for charge transfer is too short , not all of
the charge will be transferred. The trapped charge will either be forced
backward or into the substrate where it is lost. The speed and amount of
charg e transferred strongly depends upon the CCD gate length and substrate
doping. Keeping the substrate doping less than 101 5 cm-3 and gate length less
than 10 microns gives a charge transfer efficiency (CTE) of 99.99% for clock
frequencies greater than 10 MHz considering the effects of free charge
transfer only.[l5] Therefore , keeping these design considerations in mind ,
CII can be considered independent of frequency for most CCD applications.

The effect of traps (interface state and bulk) is independent of frequency .
SCCD’s are primarily affected by interface state traps as most of the signal
charge resides in about 10 nm of the interface. In BCCD’s, the signal charge
resides entirely in the bulk. Empty traps capture signal charge as it comes
in contact with them in less than 1 ns. Full traps release this signal
charge at a much slower rite. This results in a smearing of the input signal .
BCCD’ s experience less CTI from traps than SCCD’s because the bulk traps are
less dense than the interface state traps.

In order to reduce the CTI , it is common practice to continuou sly input an
amount of charge which will fill up the traps. This allows the signal charge
to transfer down the CCD and not encounter any empty traps . This background
bias charge is referred to as “fat zero ” in SCCD’s and “slim zero” in BCCD’ s.
The amount of fat or slim zero is given in % of the full well electrons.

The use of fat or slim zero reduces the number of full well electrons that
can be used for signal charge. To obtain the best CTE from a CCD some
reduction in the input signal sample range must be made.

4.3.2 Typical Parameters

SCCD’s t~pic al1y require about 10-15% fat zero to fill the interface state
traps. The number of electrons required to fill the bulk traps is less and
therefore the slim zero level for BCCD ’s is usually between 5% and 10%. The
relationship of fat or slim zero to CTE depends on the device . The range of
fat (10-15%) and slim (5- 10% ) zero given above was obtained from the published
literature . The corresponding levels given for CTE are 0.9999 for SCCD ’ s and
0.99999 for BCCD ’ s.

Since charge transfer efficiency is a function of background charge , it is
desira ble to obtain a functional relationship between the two . The fraction
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of signal lost in passing through a CCD as a function of background charge
for SCC D’ s and BCCD’ s has been measured.~l6] The fraction of signal lost is
related to charge transfer inefficiency (CII ) as follows :

CII = Fraction of Signal Lost in CCD ( 5)Number of Transfers

For Tompsett’s results , the number of transfers is 256 stages x 3 phases per
stage or 768. Figure 46 shows the measured results and the linear piecewise
approximation made. The expressions used for the linear approximation are
shown below.

S CCD

Section Background Signal Fraction
of Curve Charge (%) Lost (%) CII

A 0-4 ) 28 3.6 * l0~
B 4-5 -21x + 112 -2.7 * lO~~ + 1 . 4  * l0~
C s~l o ( ’ X  -.8x + 1 1  ~l .0 * l 0 5 + l.4 * l O 4

D 10 -+J 3 3.9 *

BCCD

Section Back ground Signal Frac tion
of Curve Charge (%) Lost (%) CII

E 0-4 -l.25x + 8.9 -1.6 * l0~ + 1.1 *
— F 4-13.5 - .l6x + 4.5 -2.1 * io 6 

+ 5.8 * lO~~
G 13.5 2.2 2.8 * lO~~

Tompsett ’ s results give a good indication of the GIl/background charge
relationship. However , his results are not definitive. A fat zero of 10%
for a SCCD gave the same GTE as a slim zero of 7% for a BCCD; CTE = .999961 .
These results are good for a SCCD , but poor for a BCCD.

4.3.3 Simulation - Model

The simulated device is a two-phase CCD , as shown in Figure 41. The second
and fourth gates in each stage function are the storage gates. The first
and third gates act as barriers to prevent the backward flow of charge. Due
to the gate functions , only the second and fourth gates need to be simulated
as long as the charge transfer direction is correct. The simulation has
the device type specified (SCCD or BCCD) as indicated in Section 4.2.3. The
simulation gives the option of either specifyi ng the CTI as a parameter or
by specifying a percent of background bias charge which then computes the
CTI. Typical values for CII as a function of background charge percentage
derived from the linear approximation in Figure 46 are given in Table 27.
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TABLE 27 . TYPICAL VALUES OF CT!

CCD TYPE % OF BACKGROUND CHARG E CT!

SCCD 2.0 3.60 *

SCCD 4.5 1.85 * l0~~
SCCD 7.5 6.50 * l0~~
SCC D 11.0 3.89 * l0~~
BCCD 2.0 7.80 * lO~~
BCCD 7.0 4.33 *

BCCD 9.0 3.91 * l0~~
BCCD 14.0 2 .80 *

4.4 NOISE SOURCES

4 .4. 1 Transfer Noise

When a charge packet is transferred from one potential well to the next a
small amount of charge is left behind , as discussed in Section 4.3. On the
average , this amount is the CII (e) times the number of carriers in the
charge packet (N5) .  Each charge packet is subj ect to two fluctuations
about this average at each transfer. One fluctuation is associated with the
charge left behind by the previous packet and the other is associated with
the charge lost to the subsequent packet. The two fluctuations combine for
each cha rge packet into a single fluctuation with a variance of 2eN5.[l7]

This transfer noise is primarily due to variations in the channel conductance
dnd the statistical emission of electrons across a barrier. These variations
are due to fabrication anomalies , clock voltage variations , and clock timing
fluctuations The variance of transfer noise is dependent upon the number of
electrons in a potential well; therefore , DC and low frequency signals wil l
have a transfer noise variance distribution which is narrow compared to that

U of a high frequency signal. T he frequency content of transfer noise wil l  be
high for high frequency signals.

The RMS level of the transfer noise (CT ) is given by:

aIR = (2eN 5 )L’2

Typical values of transfer noise are given below for maximum signal electrons
(Na ).

TYPE e CTR (ELECTRO NS )
U 

SCCD 1*10-4 4 .95* 107 99.4
SCCD 1*10 -4 3.29*1 81.1
BCCD l* l0 5 2.47* 1 07 22.2
BCCD l*10 5 1.64*10 7 18.1
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4.4.2 Thermal Shot Noise

• Since a CCD is normally operated in deep depletion , there is a thermal
generation of electrons which will re-establish an equilibrium condition.
These electrons generated as a function of time are referred to as “dark
current” . There is an average dark current with spatial variations described
in 5ectlon 4.5. Associated with this is a thermal shot noise with a variance ,
a5~~~ , of:[l8]

2 JD A K 2CSN = 
q f~ (6)

where : = Dark Current Density (A/cm2)
A = Area of Potential Well (cm 2)
q = Electron Charge (Faraday)

= Clock Frequency (Ha)

• K2 = (l.0363*10 5)

Thermal shot noise is completely uncorrelated from charge packet to charge
packet and this results in a white frequency spectrum. The therma l shot
noise variance increases as temperature due to the dark current density (CD)
increase with temperature. Substituting the following parameters in
Equation (6):

= 2*10-9 A/cm2

A = l.29*l0 5 cm2 (2 mil 2)
K2 = 1.0363*10 5

q = l.64* lO _24 Faraday

we obtain the following values for 
~~~~ 

in electrons.

~ 
(Hz) °SN (EL ECTRONS)

1,000 12.7
10 ,000 4 .0
100,000 1.3

4.4.3 Trap Noise

SCCD interface state traps and BCCD bulk traps capture signal charge and then
release the captured charge back into the CCD channel as described in Section
4.3. There wil l be fluctuations in the total number of carriers (signal
charge) trapped at any instant of time . These fluctuations cause a SCCD trap
noise with variance CTP [17] of:

= .7 k I 
~~ 

A ( 7)
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where : k = Bo ltzmann ’ s constant (eV /° K)
I = Temperature (°K)
N

55 
= Density of Fast States (cm2 - eV Y~

A = Area of Potential Well (cm 2 )

The variance of the trap noise for BCCD is about 1/5 the variance described
by equation ( 7) . [ l9]  This is due to the lesser density of bulk traps
compared to interface state trap.

A typical trap noise level can be obtained by letting ,

k = 8 .617 *10 -5 eV /° K
1 = 300 °K

~~ 
= 1*10 10 (cm 2 

- eVY 1

A = 1.29* 10 5 cm2

to give a1p = 48.3 electrons.

4.4 .4 Input Noise

The amount of noise introduced at the input strongly depends on the input
technique. Noise results from fluctuations in the associated voltage levels ,
the pulse width that determines the amount of charge injected , the dynamic
setting of charge , the distr ibution of signal charge , and capacitive pick-up
from clock pulses . The l owest-noise input technique has produced noise
variance a1N2 approaching :[9]

a IM
2 

= ~~~~~ ( 
~~

- K3 k IC.) (8
q 1

where : q = Electron Charge (Coulomb )
K3 = eV -* Coulomb-Volt (l.602* lO _ 19 )

k = Boltzmann ’ s Constant (eV /° K)
I = Temperature (°K)
C
~ 

= Input Capacitance (Farad)

The input noise RMS electrons CIN are typically 33 for the following
parameters .
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where: q = l.602*10~
19 Coulomb

K3 = l.602*lO~~

k = 8.617*10 5 eV/°K
T = 300 °K
C = 1*10

_ 14 Farad

4.4.5 Output Noise

Ihe noise at the output depends directly upon the output technique. Al though
floating gate and MOSFET outputs can theoretically be expected to be the
least noisy , most CCD outputs have noise measured at the level predicted for
floating diffusion and RC-bandwidth limited outputs.[lO] This noise level is
thermal RC noise whose variance is the same as that given for the input noise
variance. Typical RMS electrons are about 100 to 180, which is higher due to
higher capacitance.

4.4.6 Miscellaneous Noise

Clock noise is not clock feedthrough at the fundamenta l clock frequency , but
is essentially white noise in the signal frequency spectrum. This noise
source is suspected to be due to feed—through capacitance of the clock
voltage to floating diffusions . There has been little discussion in the

- - literature of this noise and no quantitative measurements.[20]

1/f noise has been predicted to be absent in CCD’ s [17] and has not been
observed. 1/f noise is present in MOSFEI’s and will contribute to the
overall noise if they are used at the output of CCD ’s. U

4.4.7 Simulation - Model

Iransfer , thermal shot, trap, input , and output noise is incorporated in the
simulation . The standard deviation (RMS electrons) for the noise sources
are those descri bed in the respective sections. Rather than adding the noise
effects in at the output , they are i ncorporated where they would occur in an
actual device. The transfer , thermal shot , and trap noise -is added in at each
transfer. The noise is Gaussian with standard deviation determined separately
for each noise source.

Ihe transfer noise standard deviation depends upon the CTI(e) which is
i ncorporated in the simulation as described in Section 4.3.3. The number 0-f
carriers in a charge packet (Ns) changes at each transfer , therefore , the
variance is changed at each transfer in the simulation .

The thermal shot noise standard deviation is a function of dark current
density (J0) whose average value is determined in the simulation and described
in Section 4.5. Potential well area (A) and clock frequency are simulation
inputs.

Trap noise standard deviation depends upon potential well area (A) and
- 
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temperature (I) which are simulation inputs. Ihe dens ity of fas t states
- (N ss) is incorporated in the simulation.

Input and output noise standard deviat ion requires temperature (I) as a
simulation input. The input capacitance (.01 pF) and output capacitance
(.1 pF) are incorporated in the simulation.

4 .5 DARK CURRENT

4.5.1 Descri ption

- 
Since a CCD is normally operated in deep dep letion there is a thermal
generation of electrons which , with time , wi l l  reestablish an equilibrium
condition (dark current). Therma l generation of electrons originate

- p r i n c i p a l l y  from three sources ; the bu l k  deple ti on regi on , the neutral bulk ,
and the 5i 5i02 interface. U

The dark current density in amp/cm 2 due to generation in the bulk depletion
region (J 9d) is given by:

q n. X d3g d =  ( 9 )
d

where : q = Electro n Charge ‘Faraday F )

- n .~ Intrinsic Carrier Concentration (cm 3
~

X d Depletion Width (cm) U

td 
= Carrier Lifetime (sec.)

The dark current density due to generation in the neutral bulk (J b~ 
is given

by: g

q n . 2 L
Jgfl = 

NR td 
(10)

where : = Carrier Diffusion Length (cm)

N R= Density of Recombination -Regeneration Centers in the Bul k (cnr 3)

Ihe dark current density due to generation at the S -j -S -j O2 interface (
~gs ) Is

given by:

— 

q r~ aT ~~ 
N5t (11)gs 2

U where : a1 = Trap Capture Cross Section (cm2)
v th 

= Carrier (Electron) Thermal Velocit y ( cm/s)
N = Concentration ~f Recombination -Regeneration Centers at the
~ interface (cm ’)
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The total dark current density (
~D) 

is: 
U

= 

~gd + Jgfl + 

~gs (12)

The dark current density is temperature dependent due to the temperature
dependence of the intrinsic carrier concentration (n,). The functional
relationship between nj and temperature has been empirically determined to
be: [21]

= 1 . 5  * l0~~ T 3 exp ( 1 .2l ) (13)

where : I = Temperature (°K) U

k = Boltzniann ’ s Constant (eV / ° K)

U Th is expression is val id down to 250 °K.[22] Below this temperature , the
carrier concentration reaches a fixed level (exhaustion region ).[23]

Spatial variation in dark current generation is primarily due to spatial
variation of interface recombinat~on-regeneration centers (N st ) .  Nst can
range between 1*109 to 1*10 11 cm ’. Good control over device processing
variables leads to a Rayleigh distribution of Nst s kewed towa rd values of
1*109 (cm 2). This leads to a reduction in average dark current gener ati on
and to a minimization of dark current variations.

The dark current leads to a collection of electrons in a potential well
according to:

J 0 A# of Electrons =

where : A = Area of Potential Well (cm2 )
= Clock Frequency (Hz)

Typical values for dark current calcula tions are :

q = 1.64 * l0 24 F aT = 1 * lO~~ cm2

n1 = 1.6 * 1010 cm~
3 Vth = 8 * l0~ cm/s

Xd = * iü~ cm N5t = 1 * 1010 cm 2

td 1 * 10 S A = 1.29 * lO~~ cm2

= 5 . 6  * l0 2 cm c 
= 1 * lO~ Hz

N = 5 * 1014 cm 3
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T hese values gi ve:

3gd = 1.27 nA/cm 2

~gn 
= .046 nA/cm2 U

~gs 
= 10.18 nA/cm2

T he total dark current dens i ty i s:

= 11.496 nA/cm 2

and the number of elections in the potential well is 81.8.

4.5 .2  Simulation - Mcdel

The dark current calculat ions require as inputs ; temperature , potential well
area , and clock frequency . All other variables are contained in the simulation.

Figure 47 shows experimental , calculated , and simulation dark current density
as a function of temperature .[24]

T( C)
20 0 -20 -40 -60

V I

UNI T 1000-W3-I0 -~~

f0 .50QKH~
\\  ~~~ • 200mV 

•

\\
E* .O57eV

- \ \  U\ -.\
~
‘
~~%~~ 1*pedmen to I

Colcu loted \ . 
‘.—

\ ~~~~~~~ - ooi~
\ .  ~~

, .
~\Simulat ion

I i I I ~3.5 40 45
t000/T (°x ’)

__________________ 
Calculated [24]

x x Measured t24]

• Simulation Characteristics

FIGURE 47 . DARK CURRENT DENSITY AS A FUNCTION OF TEMPERATURE
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As Figure 47 indicates the dark current density , as simulate d , closely 
U

follows experimental measurements down to -20°C (250°K). At lower temperatures
the simulation start to deviate as discussed in Section 4.5.1 (Equation 13).
For temperatures below -40°C the dark current density in the simulation is
constant.

The number of electrons that fill the potential wells due to dark current is
a function of time (clock frequency ). Figure 48 is the result of simulation
runs showing the effects of temperature and clock frequency on dark current
density (Jg ) and number of electrons per well .

4.5.3 Reduction of Dark Current

Cooling can be used to drastically reduce the dark current density. Section
4 .5.2 shows that cooling the CCD to -20°C from room temperature results in
two orders of magnitude reduction in dark current density . CCD ’ s as IR
detectors and CCD’ s for signal processing from IR detectors are under U

development by many companies. Cooling containers developed for IR systems
are commercially avail 3ble [25] and could be used for cooling CCD signal
processing sub-systems to desired temperatures.

Dark current density can also be reduced by adequately controlling the
fabrication process . In particular , the lar gest contr i butor to the tot~ Udark current density is the interface dark current density . This source c- U

~~i i

be reduced by reducing the number of recombination -regeneration centers aL
the interface. This is accomp lished by choosing the optimum type of si l icon
and the type of oxidation , and using the proper annealing procedures.

Another method of reducing the effects of dark current is to subtract the
accumulated background charge from the charge packets. This technique should
be made adaptable to changes that increase in temperature and clock period
and be sensitive to differences in dark current densities from device to U

device.

4.5.4 Radiation Effects

The most serious limi tation on CCD perfo rmance is the increased dark current
density levels which are observed in the neutron environment. Ind ications
are that BCCD’ s are superior to SCCD’ s in an ionizing radiation environment.
Transfer efficiency is also worse for SCCD ’ s at l ower radiation levels.[26]
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4.6 CCD INPUT SAMPLING

The input sampl i ng technique used in CCD’s is critical to their performance.
An important problem is attaining a charge packet in the CCD which is a linear
function of the input signal amplitude. In addition , the sampling process in
CCD ’ s will have the same general specifications applicabl e to analog-to-
digital converters .

4.6.1 input Structure and Lineari ty

Figure 49 shows a typical CCD input structure . It is characterized by a
diffusion source of electrons and perhaps two inp ut sampling gates which
transfer the desired charge to the potential well formed by cloc k vo l tage

~~ 
If a signal is applied directly to the source and is strobed into the

CCD by pulsing the gates , the resul t is inherently non-linear. Although
there are other variations , the technique which has provided the best
linearity , of up to 50 percent of the full potential well , is called the

U ‘1fill and spill ” method.[8-20] In this technique , the signal is applied to
the first gate Gl, and a DC level or the signal is placed on the second
gate G2. A sampling pulse appl ied to the source will inject an excess of
charge into the device. As the clock voltage and pulse is removed , the
excess charge is extracted from the CCD , limited by the signal gate potential .

A method has been suggested [27] which uses a feedback approach to achieve a
linear input to a CCD. In this method , a tap is placed after the input gates
which senses the magnitude of the sampled charge. The tap output is fed
back to a differential amplifier which subtracts the tap value from the
input. The resultant is fed to the signal gate of the CCD. During a sample
interval , the sampled charge is thus forced to be proportional to the input
sample value. Although this method greatly increases the linear range of
the full potential well , its bandwidth capability for wideband applications
is limi ted.

G
l i ~ ~l 

_ _ _  ~2L__ J E1~~II~ U 1 =____

N~ 

— _ _ _  —

SOURCE
DIFFUSION

FIGURE 49.

4.6.2 Sampling Aperture

As discussed generall y in Section 3, the input sampling aperture will
affect the bandwidth performance of the CCD. This is analogous to the
sam pling aperture-resolution requirements of A/D converters . The accuracy
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of the sampling process w ill be determined to a large extent by the width
of the samp ling aperture . In specifying sampling aperture in an A/D
conver ter , a conventional approach is to limi t the signal excursion to less
than one-hal f the least significant bit during the sampling aperture . This
spec ific at i on sets the aperture size li mi t , ~s , to approximately (TD/2N~~)where T~ is the period of the highest frequency to be sampled and N is the
num ber of quantization bits. U

If we consider only the bandwidth capabili ties of the sampling aperture , the U

3 dB bandwidth can be determined by the frequency response:

2iióS in
S = = .70 7f 2~~s

Ip

This yields S /T o = .22 . It is thus apparent that the bandwidth cri terion is
much less rest r ic t ive of the sampling aperture than the conventional samplin g
noise criterion for A/ D converters . The key issue is the magnitude of the
uncertainty in the sample amplitude created by the sampling aperture . If
the aperture acts as a pure signal average , no noise is introduced. However ,
if the charge injection varies depending upon , -for example , w hether the slope
of the signal is posi t ive or negative , then a sampling erro r signal wi l l
occur. This error signal w i l l  act as a noise added to the signal and if
high enough could degrade the signal -to-noise ratio of the processor. No
sampling erro r signal was deri ved dur ing the study and none was included in
the CCD simulation.

4 .6.3 CCD Input Model

The CCD input model used for the simu lation included the effect of non—
l inear i t ies and sampling aperture. A piecewise linear approxim ation to the
input , based upon measured values , is shown in Figure ~o . Harmonic analysis
of signals passed through the input wi th the two distort ion conditions gave
the following resul ts.

INPUT RANGE SECOND HARMONIC U THIRD HARMONIC

A,B ,C -13 dB -18 dB
A ,B —13 dB -24 dB

These distortion leve ls were too high to consider anything other than the
U linear operating range , A. With the linear region covering only 4/28 = 14%

of the full well , the total dynamic range is limited . For the simulations , a
2.0 percent background bias charge was used , further reducing the signal
range.
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4. 7 DYNAMIC RANGE

The dynamic range of a device can be defined as the ratio of the peak to
peak signal before saturation to noise. In a CCD processor one can define
two dynamic ranges , the dynamic range of the signal into the CCD and the
dynamic range at the output of the CCD after signal integ ration. Thus the
out pu t c i rcu i try must  gen e r a l l y han d le a h ig her dynamic  ran ge than the
input.

The dynamic range of the signal at the input to the CCD will be limited by
the background bias charge and the linear operating range of the input
technique on the high side and thermal or CCD device self noise on the low
side.

The linear range of the CCD modeled in the simulation is 14 percent of the
total number of full-well electrons or 4.57 x 106 electrons. The maximum
peak-to-peak signal is , therefore , 2.28 x 106 electrons. The rms total
number of electrons identified for typical CCD noise sources from Section 4.4
is about 160 electrons including those due to the ou~put amplifier noise.
Under this condition the nominal dynamic range at t~e output is 83 dB for a

U tapped delay line case and 103 dB for a filter with a 20 dB gain. These
valu es w i ll va ry w it h tempera ture , bandwidth , c lock  ra te and the ga in  of the

U filter. It should be noted that the model of the CCD does not include the
effect of increasing thermal noise in the output amplifier as signal band-
width is increased. An analysis of the bandwidth related therma l noise [8-17]
shows that at a 5 MHz bandwidth , th i s no i se source w ill ty pi cally be onl y 6

U electrons. It wiT l , therefore , not bec ome a fac tor i n the ove ra l l  CCD
noise until the bandwidth is above 100 MHz.

U 

It will be shown in the results of the operation of the CCD at low clock
ra tes ,creating storage times of the order of one second or above ,that the
effective dynamic range will be greatly reduced by the build up of dark
curren t. Some reduction in CCD operation will also be due to the background
bias charge introduced to increase the transfer efficiency .

4 .8 TAP WEIGHT ACCURACY

The per fo rmance level of a CCD transversal f i lter w i ll depend i n lar ge
measure on the achievable accuracy of the tap weights . Tap weight errors
will increase the achievable sidelobe levels in generally the same ratio of
the fractional errors. That is , errors of one percent can be expected to
have an rms side lobe noise contribution of about -50 dB. The peaks w i l l  be
a t a  level of about —40 dB. Thus , tap errors of one percent are generally

U associated wi th -40 dB side lobe levels.

U Tap weight errors in CCD ’ s wi l l  be caused by the basic mask resolution , mask
misalignment , charge transfer efficiency an d non-uniform charge distribution.
Non-uniform char ge dist ribution is due to the non-ideal nature of a split-
gate tap. That is , the computation of gate dimension assumes a square gate
s ize , but edge effects on the gates ef fect ively rounds the edges creating a
slight error in gate capac itance. The latter three causes are not generally
cons idered to be of major importance. However, measurements of tap weight
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errors on a split-gate transversal fi l ter at RCA showed tap weight errors
U 

which ranged up to a maximum of 6 percent with a standard deviation of
1.75 percent. The simulation has included consideration of tap weight errors
from .1 to 10 percent.

4.9 SIGNAL ISOLAT ION

4.9.1 Potential Wel l Isolation

It is important that the charge stored in a potential well is infl uenced
only by its own and neighbori ng control gates to prevent crosstalk and
undesirable losses. This is assured by surrounding the CCD channel with a
potential barrier preventing the leaking of charge from the well in the
transverse direction as shown in Figure 51. This barrier also prevents
clock busses from interferring with the signals in the wells. Wel l to well
isolation along the CCD channel is controlled by the gate clock signals.

CLOCK BUS

— - -

1 
~~~~CCD CHANNEL

~~~
_I “~~~~~~~~~

CLOCK BUS POTENTIA L
CHARGE
BARRIERS

FIGURE 51. CCD CHANNEL ISOLATION

4.9.2 Input-Output Feedthrough

CCD delay lines often exhibit direct coupling from the input signal to the
output. This can be due to two causes. If the clock signals and input
sampling pulse are not timed properly, it may allow the input charge to
propagate directly through the CCD. This is an unusual condition and will
only be observed with a control/clock timing dri ft or failure. Parasitic

U capacitance on the CCD package , wire bonds or external circuitry can
provide a di rect coupling from the input to the output. This problem can be
aggravated by the use of dual -in- line packages which have parallel closely
spaced leads .

4.9.3 Clock Feedthrough

The CCD output structure whether a signal is developed from the drain or a
floating gate is such that clock feedthrough is inherent in the process. No
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ou tput technique has been reported which eliminates feedthrough. The clock
s i g n a l  must , therefore , be cancelled or filtered. These processes may be
ai ded by the incorporation of clock drivers and controls on the CCD chip.

The problem of clock filtering is relatively straightforward in applications
where the sample rate is much greater than the signal bandwidth. However ,

U 

in applications such as binary coded correlators the clock signal may be
identical to the code rate. In these cases , the clock can only be removed
by cancel la t ion.  Experiments have been performed [28] usinq sine wave clock s
for operation of CCD’ s at frequencies as high as 100 MHz . The sine wave
clocks may not provide maximum transfer eff iciency but since they contain no
significant spectral components beyond the fundamental they are relatively
easy to cancel . On-chip cancel lat ion can also improve performance since the
on -off chip driving creates slight mismatches in the clock signals which lead
to high clock spikes. A sa i ple-and-hold operation after clock cancellation
can be used to remove the spikes.

4 .10 PATTERN NOISE

Pattern noise is defined as the stationary or repr oducible i rregularities
encountered in the operation of a CCD. This noise will vary within a given
CCD as a functi on of temperature and time and among devices of the same type.

4.10.1 Dark Current Variation With i n CCD

A l arge source of pattern noise is t ie variation of dark current among the
CCD stages. This variation can b~ nore than two orde rs of magni tude from
stage to stage. The CCD simulation is programmed to give a variation which
is Rayleigh distributed. This variation will be amplified with increasing
temperature and CCD storage time. Values range from 2 to as high as 100 na/cm 2

U which typical values around 10 na/cm2.

4.10.2 Pattern Noise From Device to Device

Va riations in characteristics from device to device can adversely affect the
per formance of a sys tem where mult ip le CCD ’ s are used o r when dev i ces are
replaced due to failures. CCD parameters which can be expected to vary from
device to device include the input structure l inearity , tap weight errors ,
charge transfer efficiency and temperature coeff ic ients.

4. 11 CCD CHARACTERISTICS - SUMMARY

Tables 28 and 30 l ist a summary of key CCD developments reported in the
l iterature. A short summary of extremes is listed in Table 28, and a more
complete listing is given in Table 30. The CCD simulation program results
have been correlated with these general results to assure confo rmi ty .
Table 29 sumarizes the no ise sources with their mean , variance and
distribution as incorporated in the CCD simulation.
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TABLE 28. SUMMARY OF REPORTED CCD CHARACTERISTICS
o MaxImum Number of Stages 910

o Minimum Transfer InefficIency 1 * 1O~
o Maximum Sample Rate 180 MHz

o Minimum Dark Current Density 1.5 @ 25°C
U CM2

o Maximum Dynamic Range 75 dB

U ° Minimum Harmonic Distortion -45 dB

U TABLE 29. CCD NOISE SOURCES IN SIMULATION

No ise Source Mean Var iance D i s tr i bu tion

Input/Output 0 2K3 K TC~/g2 Gaussian

Shot 0 A K2/g ~ 
Gaussian

Trap 0 .7 K T N
~s 

A Gauss ian

Filter Tap Weights Weight Value (Percent Error)2 Gaussian

- Transfer 0 2 e N
~ 

Gaussian

Dark Current* 
~~~~~~~~~~ 

J /(-IT/2) Rayleigh
- 

~ gs Term
Onl y )

U 
* See Section 4.5 for Expanded Equation.
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GLOSSARY OF CCD TERMS

a1 trap capture cross section
A active area of potential well (niil 2)
A° angstrom (10 b0 meter)
BCCD buried channel CCD
C gate capacitance

CCD input capacitance
C0,~ MOS gate oxide capacitance per unit area
CCD charg e coupled device
CTE charge t ransfer  e f f ic iency

CTI charg e transfer inefficiency
dch ef f ec t ive  thickness of channe l im p l a n t
d0~ 

oxide thickness
U 

~tV two phase clock voltage bias
e charge transfer i nefficiency CTI
eV electron volt

pennitivity of silicon dioxide

~~~ 
permitivity of silicon

clock frequency
F Faraday

dark current density (amperes/cm2)

~gd 
dark current density from bulk depletion

3
gn 

da rk current  density from neutra l bul k

~gs 
dark current density from S~-S~O2 interface

k Boltzmans constant (8.61 7 x lO~ eV/°K)
K1 electrons per coulomb (6.28 x 10 18 )
K2 Faraday ’ s per coulomb (1.036 x io~~)
K3 coulombs per electron (1.602 x lo _ 19 )
L~ carrier diffusion length
MOS metal oxide semiconductor

mi cron
intrinsic carrier concentration

nm nanometer
NR density of recombination — regeneration centers

Ns number of carriers in a charge packet
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Nss density of fast states
N5t concentration of recombination - regeneration cen ters at u~ 

U

interface
pf picofarad 

- -

q electron charge (1.602 x l0~~ coulomb , 1.64 x ic124 F)
Qs charge stored in CCD potentia l well (electrons)
S~—S~02 silicon—silicon dioxide

SCCD surface channel CCD
rms input noise U

°SN rms shot no i se

rms tra p no i se

~TR rms transfer no i se
td carrier lifet i me
I temperature (°K)

V th carrier thermal velocity
V volts

V~ pulse potential applied to CCD gate with respect to adjacent ‘ u t L

xd carrier lifetime
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5. SIMULATION DEVELOPMENT

5.1 SIMULATION SOFTWARE ORGANIZATION
U The simulation software was written in modu lar fo rm with over 21 subroutines

for each device simulation. The reason for a large number of subroutines
is that the program was designed to be run on a mini-computer wi th at most
28K of memory. This modularity allows for extensive overl ayi ng as well as
ease of debugging and changing of the program. Figure 52 is the block
diagram of the overl ay structure (I.e., the subroutines residing in an
overl ay) for the delay line and tapped delay line. The main program is
responsible for calling in the overl ays and maintaining the integrity of
common areas. Table 31 is a brief description of each subroutine referenced
in Figure 52

Figure 53 is a block diagram of a linear FM matched filter which was
simulated . Figure 54 is the corresponding block diagram of the overlay
structure for Figure 53 . Table 32 is the brief descriptions of each
subroutine referenced in Figure 54.

The random variables used by the program were generated off line onto a mass
storage device (magnetic tape). Only standard normal random variates were U

generated using the direct approach [29]. The random variates used by the
program were read from the device and transformed to the appropriate
distributions.

Table 33 is a listing of the program questions to the user for the delay
line and Table 34 is the corresponding prompting for the linear FM matched
fi l ter. Appendix A and B are the listings of the programs for each device.

The devices that can be simulated by the two programs are a delay line , a
tapped delay line , and a matched filter. The delay line represents a trans-
formation of the form:

g(nT) = af(nT-NT)

where NT is the delay (time spent in the device), I the samDling rate and a
the perturbation due to the device (a=l correspondence to a lossless device).
The tapped delay line (the number of stages is equal to number of taps)
represents the samples of a signal being weighted and summed ,

N
g ( n T )  = z a

~ 
f(nT-iT)

i=1

where aj ’s are the weights , iT the ith sample of the signal and g(nT) the nth
output of a summer. The matched filter (convolver) is made up of four tapped
delay lines whose weights have been chosen to be samples of the expected
receive signal (weights are correlated/matched in some manner with the
expected signal samples). Examples of weights are + 1 for derivative phase
and binary phase waveforms ,and linear FM weights (samples of sin/cos).
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TABLE 31 . A BRIEF DESCRIPTION OF THE SUBROUTINES REFERENCED IN FIGURE 52

BINSTR — Is responsible for interrogating the user as to the structure of the
CCD (area, len gth, temperature , etc.), the input waveform (duration , ampl i tu de ,
pu l se / s i n u s o i d s , etc.), and the outputs desired for each run. Table 33 gives
the questions asked by the subroutine.

COEFFS - Either computes the tap weights for a CW signal or reads in the tap
weights from .DAT slot +4 For an arbitrary transversal fi l ter. Appendix C
gives the listin g of a design program developed in [30].

CII - Computes the Charge Transfer Inefficiency (CII) for either buried or
surface devices. The CII is a function of background charge.

EPLOT - Is a general plot routine which plots an array of values on a scale
of 0 to 1 00 dB normalized to the maximum value of the array .

FILTER - Computes the filte r response by summing the weighted outputs of each
cell on the second clock pulse .

FINDER - Performs bookkeeping needed for multiple runs. That is , the p rog ram
has the ability to alter two of six variables .

FRXFM - Performs a dec imation in frequency FFT.

INITL - Initializes the CCD before the device sees the input signal.

INPUT - Forms the input waveform. The user has the option of no signal , pulse
of given length and amplitu de , sinusoidal of given len gth and amplitude. The
subroutine changes the formed input from voltage to electrons with either a
linear transformat ion or a non-linear transform .

OUTP - Converts the output of the device from electrons to voltage storing
the results on .DAT Slot +2. The ~ibrcu tine is also responsible for the
addi tion of the output noise.

PLOT - Is a genera l plot routine which plots out linearly a given array of
on a 132 column line printer . It is used in the program to plot the

input and output responses versus time .

PLCT1 - Is a bookkeeping routine which calculates the sampled mean , variance ,
m4nimum and maximum for a specified array of data.

PRTVAL - Calculates the means ~~ stan dard deviations for the CCD noise
so u rces .

REPEAT - Performs bookkeepinq fc1 r- m ultip le runs. See subroutine FINDER.

SD - Calculates the cumulative means and standard deviations for the norma l
noise sources.

SETUP - Is responsible for putting the data in proper form so that different
outputs maybe obtained ( i .e. , FF1 , weighting, etc. ) .

121 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_ U - U U 
- 

~~~U-UU ~U~4~ --U~_

- TABLE 31. CONTINUED

WGHT - Performs either Hamming or Hanning weighting on a specified array of
data. The weighting is in the time domain to allow suppression of the
si delobes in the frequency domain.

XRUN - Performs the bookkeeping of transferring the electrons from well to
well an d stage to stage. The bookkeeping includes the addition of the

- different noise sources and dark current.
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TABLE 32. A BRIEF DESCRIPTION OF THE SUBROUTINE REFERENCED IN FIGURE 54

BINSTR - Is responsible for interrogating the user as to the structure of the
CCD (area, length , temperature , etc.), the Input waveform (bandwidth , dura ti on
phase , amplitude , etc.), and the outputs desired for each run. Table 34
gives the questions asked by the subroutine.

COEFFS - Computes the tap weights to match a linear FM signal .

U CII - Computes the Charge Iransfer Inefficiency (CII) for either surface or
buried devices . The CII is a function of background charge.

EPLOT - Is a general plot routine which plots out an array of va l ues on a
scale of 0 to 100 dB normalized to the maximum value of the array .

FILTER - Computes the filter response by summing the weighted outputs of each
U cell on the second clock pulse.

FINDER - Performs bookkeeping needed for multiple runs. That is, the program
has the ability to alter two of six variables of the CCD.

FRXFM - Performs a dec i mation in frequency FFT.

INITL - Initializes the CCD before the device sees the input signal.

INPUT - Form s the input waveform. The user has the options of signal-to-
noise , bandwidth , pulse length , phase of the return , noise only and target
only . The subroutine changes the formed input to electrons from vo l tage
with either a linear or non-linear transformation.

OUTP - Convert the output to voltage from electrons. The subroutine also
combines the four separate signals from the four match fi lters , squares the
Inphase and Quadrature channels .

PLOT - Is a general plot routine which prints out linearly a giv~’n array of
data on a 132 column line printer. It is used in the program to plot the
input and output responses versus time .

PLOT1 - Is a bookkeeping routine which calculates the sam ples mean and
variance , and also finds the minimum and maximum values for a specified
array of data.

POW2 - Computes the power of 2 which is greater than or equal to a specified
number. Is a utility program for the FF1 program.

PRTVAL - Calculates the means and standard deviations for the CCD noise
sources.

REPEAT - Performs bookkeeping for multiple runs. See subroutine FINDER.

SD - Calculates the cumulative mean and standa rd deviations for the normal
noise sources. U
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TABLE 32. CONTINUED

SETUP - Is responsible for putting the data in proper form so that different
outputs may be obtained ( i .e. , FF1 , weighting, etc .).

TIMEHM - Performs Hamming weigh ting on a specified array of data. The
weighting is done on the frequency domain to suppre ss the time response

U sidelobes .

XRUN - Performs the bookkeeping of transferring the electrons from wel l to
well an d sta ge to sta ge. The bookkeep i ng i nclu des the additi on of the
different noise sources and dark current.
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TABLE 33. QUESTIONS ASKED BY THE DELAY LINE AND TAPPED DELAY LINE S IMJ LAT IO N

CREATE NEW FILE ON DAT SLOT +2 Y = 0 N =

If user wants the output saved for later use , response should b~ a 0.
If not , then 1. The data w i l l  be stored on f i le TEMP U2.DAT f u r  .-t

response of 1.

NAME OF FILE XXXXXX .DAT

If response to above was a 0, then user must give the name of thu r i le .
Only restr ict ions are that the ‘ile ra ne cannot begin with ~ nJ~

U
~ c U r i c

and all spaces must be filled i’ - ~- i t ~ -
~ character or a blank.

THE NUMBER OF STAGES IN THE CCD (FlO 0)

User speci~ ies the number of stages fr3m 1 to 600. The upper limi t
is only restr icted by core size.

SD OF THE INITIAL STATE (F 1O.O)
IF < ~~ , THEN NO BAC KGROUND VOLTAGE ADDED

U 

The user spec ifi es the number of elec trons for the standa rd dev iati on
of the initial state of the CCD. If a negative number is given , the
system will not add in background charge to the input signal.

SURFACE OR BURIED DEVICE (0 OR 1)

U 

The user specifies a 0 for surface device and a I for buried device.

ARE A OF THE WELL IN MIL**2

The user specif ies the area of each gate.

% OF BACKGROUND CHARGE
< U ,  THEN SPECIFY TRANSFER LOST

The user specif ies the % of backgroun d charge which determines thu
charge transfer inefficiency . If the number specified is ~~, the
the next question will ask for the lost.

FRACTION LOST EACH TIME .XXXX

If the response to the above questio n was negative , then user s pe c if ies
the fracti on lost on each transfer .

CL OCK SA VING VOLTAGE

U Self explanatory .
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TABLE 33. CONTINUED

PLOT OF INPUT AND OUTPUT Y=O N=l

If user wants a plot of input and output signals,  response is a zero .
If not , then a 1.

FFT OF OUTPUT Y=I N=0

U If user specifies a 1 , then an FFT of the output signal iE plotted. If
he specifies a 0 , then no FFT is performed.

U CLOCK FREQUENCY (Flo)

User responds with the sampling frequency of the de u ce.

THE LEN GTH OF TIME OF THE RUN < 1201

U The num ber of samples from the inout sional that are processed by the
U CCD.

PRINT OUT INTERMEDIATE VALUE S NO = 0 YES =

For debugging purposes , the user has the op tion of examining the
con tents of the wel ls .

FEEDTHROUGH VOLTAGE ADDED TO OUTPUT N = 0 Y =

A DC component corres ponding to feedthrough voltage is added if
res ponse is a 1. If a 0 , none i s adde d.

DURATION OF THE SIGNAL MIN = 0 MAX = 1200

The number of samples of the input which will contain a signal versus
noise only.

TYPE OF SIGNAL PULSE = 0 SIN = 1

User has option of two types of si gnals: a pulse (response 0) or
sinusoidals (response 1).

** If response to above i s 0 , then next quest-ion is:

INPUT LEVEL OF SIGNAL MAX = VALUE VOLTS

User specifies the amplitude of the pulse in volts.

** If response to above is 1 , then the next question is:

# OF SINUSOIDALS FlO < 5

User can spec ify up to 5 sinusoldals input.
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FREQUENCY OF THE i SIGNAL (HERTZ )

User specif ies in hertz the frequency of the 1 th s i nuso id al.

AMPLITUDE (% OF WELL) OF THE i SIGNAL

User speci fies in terms of % of full well the amplitude of the 1 th

sinusoidal.

DC BIAS (% OF WELL) TERM ADDED TO INPUT #10

User responds with a DC bias added to input signal in term s of %
of a full well.

NON-LINEAR INPUT WARPING Y=O N=l

User has option of using a linear input structure (1) or a non-linear
input response to the CCD.

FILTER RESPONSE COMPUTED N=O Y=l

User has option of obtaining the output of a delay line (0) or the
output from a tapped delay line (1). (Coefficients read in from DAT
Slot +4 in El5.8 format.)

DARK CURRENT ADDED Y=O N=l

Dark current added Yes = 0 No = 1.

** If response to above is 0, then next 4 ques tions below are asked .
If a 1 , then next 4 questions are omitted.

AMBIENT TEMPERATURE IN DEGREES °C

Self explanatory .

DO YOU WANT TO HOLD THE SIGNAL FOR ANY TIME Y=O N=l

- U User has option of obtaining the response when the signal has been
put in storage mode.

U ** If response to above question is 0, then the next 2 questions
are asked . If not , then they are shipped.

TIME (SEC) LEFT IN DELAY LINE

Number of seconds left in delay line.

FREQUENCY CLOCK SIGNAL OUT

Output clock frequency after the storage time has been completed.

127

-U- - U — ,  —~~ U~ ~U 
~~~~~~~~~~~ - — - - U



—— -U--U --U - U--,- —-U—- --- -
U ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~

TABLE 33. CONT INIJED

MULTIPLE RUN Y=# OF CHANGE S N=O

User ias option of changing a parameter between runs. If response is
> 0, then number of runs with this variable changed. If 0, then none .

U ** If response to above is = U, then the next 5 questions are omitted .

WHICH INPUT IS TO BE CHANGED
NUMBER OF STAGES , 2 = SURFACE/BURIED

3 AREA OF WELL , 4 = STORAGE TIME (SEC)
5 CLOCK FRE QUENCY , 6 = AMBIENT TEMPERATURE

Response is the variable to be changed .

INPUT THE i VALUE

Response is to input the value for the 1th run.

SECOND VARIABLE CHANGING Y = NUMBER N = 0

Response is the number of times the second var iable is to be changed.
If 0, then none .

** If response to above 0 , then skip next 2 questions.

U 
WHICH INPUT

The variable num ber to be changed.

INPUT THE i VALUE

The value for the ~th chan ge of second variable.

RUN WITH NOISE Y=O N=l

Run with the noise sources or not. Yes = 0 No = 1.

** If response to above is 1 , then the program begi ns a run.

SELECT THE PARTICULAR NOISE INPUTS N=O Y=l

User has option of keeping all noise sources in the program (0) or U

selecting which noise sources are to be input (1).

** If response to above is 0, then the program begins a run.

ADD IN INPUT N O I S E Y = O N = l

Yes = 0, No = 1.
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TABLE 33. CONTIN UED

ADD IN SHOT NOI SE V = O N  = 1

U Self explanatory .

ADD IN TRANSFER NOISE V = 0 N = 1

Self explanatory .

ADD IN THE OUTP UT NOISE V = U N = 1

Self explanatory .

ADD IN THE FILTER NOISE V = 0 N = 1

Self explanatory.

ADD IN THE TRA P NOISE V = O N  = 1

Self explanatory .

** Program begins a run .

129

- -U-—--— -U -—U- U-- — —— - - . 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

.U-.~~~~~~~~—~~~-- — — - -—~~ U- UU-~~~~~~ _4 - U _ U-_~~~~~~~~~~ -U ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -U——



-~~ — ~~~~
_--,-

~~~~~ 
.
~- - r’ —-U - -U, —

TABLE 34. QUESTIONS ASKED BY THE LINEAR FM FILTEP SIMULAT ION

CREATE NEW FILE ON DAT SLOT +2 Y = 0 N = 1

If user wants the output save d for la ter use , response should be a
0. If not, then a 1. The data wi l l  be stored on f i le TEMP Ø2 .DAT
for a res ponse of 1.

NAME OF FILE XXXXXX.DAT

If response to above was a 0, then user must give the name of the
file. Only restrictions are that the file cannot begin with a
numer ic and all spaces must be filled in with a character or a blank.

THE NUMBER OF STAGES IN CCD (nO.0)

User specif ies the number of stages from 1 to 600 . The upper limi t
is only restricted by core s ize.

SD OF THE INITIAL STATE (Fl0.O)
IF < 0, THEN NO BACKGROUND VO LTAGE ADDED

The user spec ifies the number of electrons b r  the standard deviati on
of the initial state of the CCD . If a negative nuniber is given , the
system will not add in background charge to the input signal. 

U

NOISE + TARGET ~NOISE 1
TARGET 2 U

The user response with the input conf i guration ,.A = U, the user
wishes a target and no ise as an input. If response is a ~~, only
noise injected at input and finally, if response is a 2, then
only a target with no noise at input to CCD.

SURFACE OR BURIED (0 OR 1) U

The user specifies a 0 for surface device and a 1 for bur ied device.

AREA OF THE WE LL IN MIL**2

The user specifies the area of each gate.

% OF BACKGROUND CHARGE
< U ,  THEN SPECIFY TRANSFER LOSS

The user specifies the % of bac kground charge whic h determi nes the
charge transfer iiefficiency . If the number specifies is less than
0, then the next question will ask for the loss.
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TABLE 34. CONTINUED

FRACTION LOSS EACH TIME .XXXX

If the response to the above question was negative , then the user
specifies the fraction loss on each transfer.

CLOCK SW ING VOLTAGE

The user specifies the clock swing voltage of the device.

PLOT OF INPUT AND OUTPUT V=O N=l

If user wants a plot of input and output signal s , response is a
zero. If not, then a 1.

HAMMING WEIGHTING TO OUTPUT Y=O N=l

If user wants Hamming weighting applied such that the time sidelobes
are suppressed , then a 0 is response. If not , then a 1.

FFT OF OUTPUT Y=l N=O

User responses with a 0 if no FFT of output is wanted and with a 1 U

if it is wanted.

CLOCK FREQUENCY (Flo.o)

User responds with the sampling frequency of the dev i ce.

THE LENGTH OF TIME OF THE RUN < 1201

The number of samples from the input signal that are processed by
the CCD.

PRINT OUT INTERMEDIATE VALUES NO=O YES=l

For debugging purposes , the user has the option of examining the
contents of the wells.

FEEDTHROUGH VOLTAGE ADDED TO OUTPUT N=0 Y=l

A DC component corresponding to feedthrough volta ge is added if
response is a 1. If a U, none is added.

DURATION OF THE SIGNAL MIN=O MAX=1200

The number of samp les of the input which will contain a signal versus
number of samp l es with no signal . The signal samp l es are centered
about the middle of the sampling window .
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BANDWIDTH OF THE LINEAR FM (HERTZ)

The bandwidth of the li near FM signal i s spec i fied by the user in
hertz (< samp ling frequency bandwidth ).

SIGNAL TO NOISE RATIO AT IF (dB )

The user specif ies the signal to noise ratio of the target at input
to the device.

PHASE ANGLE OF TARGET DEGREES

The user specif ies the phase angle of the target in degrees (0-360).

DC BIAS (% OF WELL) TERM ADDED TO INPUT FlO

User responds with a DC bias added to input signal in terms of %
of a full well .

MEAN ERROR IN TAP WEIGHTS

User specifies the rr2an tap weight accuracy .

SD OF THE TAP ERROR

User specifies the standard deviation about the above mean va l ue.

AMBIENT TEMPERATURE IN DEGREES °C

User specifies the ambient temperature that the device wi l l  operate
at.

DARK CURRENT ADDED Y=0 N=l

Dark current added Yes = 0 No = 1 .

MULTIPLE RUN Y= # OF CHANGES N=O

User has option of changing a parameter between runs . If response
is > 

~~ , 
then number of runs with this variable changed. If U~then none.

** If response to above is U~ then the next 5 questions are omitted .

WHICH INPUT IS TO BE CHANGED
1 = NUMBER OF STAGES , 2 = SD OF THE TAP WEIGHTS U

3 = AREA OF WELL , 4 = MEAN OF THE TAP WEIGHTS
5 = CLOCK FREQUENCY , 6 = AMBIENT TEMPERATURE

User response is the variable to be changed.
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TABLE 34 . CONTINUED

INPUT THE i VALUE

Response is to input the value for the ~
th run.

SECOND VARIABLE CHANGING V = NUMBER N = 0

Response is the number of times the second variable is to be changed.
If 0~ then none.

** If response to above 0, then skip next 2 questions.

WHICH INPUT

The variable number to be changed.

INPUT THE i VALUE

The value for the 1 th change of second variable.

RUN WITH NOISE Y=0 N=l

Run with the noise sources or not . Yes = 0 No = 1.

** If response to above is 1 , then the program begins a run.

SELECT THE PARTICULAR NOISE INPUTS N=O Y= 1

User has option of keeping all noise sources in the program (0) or
selecting which noise sources are to be input (1).

** It response to above is 0, then the program begins a run.

ADD u~ :‘!PUT NOISE V = 0 N =

Ye_ = 0, No = 1.

ADD IN SHOT NOISE V = O N  =

Self explanatory .

ADD IN TRANSFER NOISE ‘1 = 0 N =

Self explanatory .

ADD IN THE OUTPUT NOISE V = 0 N =

Self explanator y . U

ADD IN THE FILTER NOISE V = 0 N = 1

Self explanatory .
133

-U -U -U U- ~~~
U-

~~~
- UU U U — —~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ UU~~ U~~~~ ~~~~~~~~~



TABLE 34. CONTINUED

ADD IN THE TRAP NOISE V = 0 N =

Self explanat ory .

** Prog ram begi ns a run.
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5.2 SIMULATION OPERATIONAL CAPABILITIES

The simulation was designed to model the transfer of electrons from stage to
stage in a CCD delay line. The simulation accomplishes this by transforming
an input voltage to an electron packet. The packet is then moved through
the various stages of the dev ice with the appropriat e noise perturbations
added to the packet of charge at each clock pulse. The noise sources that
have been incorporated in the model are the input, output, trap, s hot ,transfer and
filter coefficient inaccuracies. Dark current has also been incorporated
in the model . The noise sources have been made functions of device (surface
or buried) , area , clock voltage , clock frequency , temperature.

The simulation has the capab ilities of operating in two modes: delay line
and tapped delay line. The delay line can be operated in either a con-
tinuous mode or a storage mode . The continuous mode corresponds to clocking
the data through the device at one clock rate. The storage mode correspond s U

to clocking the data into the device , storing for a given length of time
and then clocking the data out.

These modes enabl e a user to simulate a single device , such as a delay line,
FIR filter or more complex devices such as chirp fi l ters or dopp ler filter banks
by interconnecting the simple devices by relatively minor programming
connections of the in dividual modules of the computer programs . This would
thus enable the user to test the critical parameters of a CCD in a system U

with relative ease.
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6.0 SIMULATION RESULTS

6.1 DELAY LINE TESTS - STORAGE AND CONTINUOUS MODES

6.1.1 Effects of Charge Transfer Inefficiencies on Device Non -Linearities

The Charge Transfer Ine fficiency (CTI) leaves behind at each transfer a
packet of cha rge which is s~gnal dependent. In the simulation model th is CCD
character istic was modeled as a percentage of the charge being subtracted off
from the charg e packet which is being transferred from well to wel l .
Transferred electrons = electrons to be transferred - the percent of the
electrons being transferred , and the electrons left beh ind (residue) = the
percent of the electrons being transferred. The possible non -linear distortions
of the CTI on a signal were exam ined by inputting a 1500 Hz sine wave wi th a
1.3 volt amplitude riding on a 1.4 vol t bias. A full well of the CCD has a
corresponding voltage of 2.8 vo l Ls.  The peak value of the input signal is
approximately 97% of a ful l wel l .  T he lengt h of the CCD l i n e  was 31 0 s tages
with operating characteristics of 6 KHz clock , a gate area of 2 mil 2, a c lock
swing volta ge of 10 volts , and a temperature of 27°C. The dark current and
the other noise sources were not added. Figure 55 is a plot of the Haniiiing
weighted power spectrum of the CCD ’ s output An extreme va lue of the CII
(1 x 10-3) was used. As can be seen in Figure 55, the harmonics generated
are more than 100 dB down from the peak representing 1.5 KHz . (In all the
following figures , the curves on the power spectrums were normalized to the
pea k of that curve.) The sharp spike in Figure 55 is caused by the Hamming
weighting which spreads the DC term thus not allowing complete cancellation
w hen the mean is  subtracted before finding the power spectrum . (In Figures
55 and 56 , the 128 frequency sample corresponds to the sampl ing rate.)
In conclus i on , since the level of non—linear distortion observed in Figure 55
is so low for even an extreme value of the CTI , the CTI can be ruled out in
the model as a possible contributor to non-linear distortions.

6.1.2 Non-Linear Effects of Dark Current

Having observed that the CII does not contribute to the non-lineari ty ~f the
device , the remaining possible contributor in the model is the dark current.
T he dar k current distortion would arise when the signal is clipped due to the
potential we lls fil l ing up with dark current. The effect of cl ipping should
be analogous to amp litude clipping in a limite~’ . To examine the ~ossib ie
distortions , a 7 Hz sine wave with a 1.3 volt ~implitude riding n i  a 1 .4 volt
bias (full well corresponds to 2.8 volts) was inputted into a 600 stage CCD
de 1 ay line . The operating characteristics of the device were a cloc k s~iingvolta ge of 10 volts , a temperature of 27°C , and a gate area of 2 m u 2 . The

U CTI was set equal to zero (no loss due to charge transfer inefficiency ) and
the no ise sources were not added in. The sampling rate of the device was
30 Hz whicn corresponds to each sample of the i nput being i n the device for
20 seconds. Figure 56 is a plot of the pcwer spect rum of th e output wi th
Hamming weighting. As can be seen from Figure 56 , the sec ond harmonics were
approximately only 13 dB down from the peak spectrum component at 7 Hz.
(As in Figure 55, the Hammin g weighting spread the DC term thus not
allowin g full cancellation; and the spike near DC is the result). Thus, the
distortions due to dark current can become severe if clipping is allowed to
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occur. The degree of clipping and its frequency is related to the operating
parameters of the device and the input signal. In the discuss ion below , the
operating parameters are examined.

U 

6.1.3 Delay Line In Storage Mode

To examine the effects of noise and dark current build-up in a CCD delay line
i n the storage mode , a 600 stage CCD ’ s output was col lected to obtain a sample
mean an d samp le var i ance* for different operating temperatures and storage
times. The operating characterist ics of the device were chosen to be typical.
The CTI was 3.6 x 10-4, the gate area was 2 mu 2 and the clock swing voltaCe
was 10 volts. The clock rate of the device was set to 1 Megahertz for
inputting and outputting. A fast clocking of a signal in and out of the
device in the storage mode minimizes the dark current and other noise sourc’s.
A zero volt i nput was clocke d into the dev i ce , stored b r  a variable amount
of t ime , and clocked out. Any output was therefore due to the internal noise
sources of the device and is not signal dependent. Therefo re, the measure
of the noise at the output gives the range available to an input signal for
different amounts of signal distortions.

Figure 57 is a graph of the samp le mean and Figure 58 is the graph of the
sam ple variance (both normalized to a full well) versus storage t i n e in

U 
seconds an d operating temperature . As can be seen from Figure 57, the dark
current builds up rapidly for operating temperatures greater than 35°C.
Therefore , for operating temperatures greater tha n 35°C the maxi mum usable
amplitude (peak) of the input voltage becomes smaller and smaller in order to
avoid clipping. In Figure 58, the var iance of the noise about the mean tends
to zero for the higher operating temperatures because of saturatio n of
poten ti al wel ls . There fore , the noise power about the mean goes zero since

U 
the range available to any fluctuations tends to zero .

6.1.4 Delay Line In Continuous Mode

To exam ine the noise and dark current build-up in a CCD delay line operating
in the continuous mode, a 128 stage CCD’s output was collected to obtain a
sam ple mean and sample variance for different operating temperatures and
clock frequencies. The operating characteristics of the device were a CTI
of 3.6 x iü~~, an area of 2 mi l2 , and a clock swin g voltage of 10 volts. As
in the storage mode the input voltage was set to zero (zero volts added at
each sampling interval to the input stage). Figures 59 and 60 are plots of
the sample means and sample variances normalized to a full well for ten-pera~ures
in the range of -55°C to +125°C and clock frequencies of 5 to 5 x 105 Hz. As

*
N

Samp le Mean = z x
~
/N where x .~ are the data samples and N is the number

i°l to be averaged.

N
Samp le Var iance = E (x~ - ~)~/ (N- l )  where x .~ and N are same as for sample

1= 1 mean and ~ is the sample
mean de fi ne d abov e.
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observed in the storage mode , the dark current and noise builds up to occupy
the full well which causes the variance to go to zero . For a given set of
parameters , the variances for the continuous mode are not as larg e as the
storage mode. This is due to the dark current contributions in the continuous
mode being averaged over a large number of independent wel l s while in the
storage mode each output sample contains the dark current build -up of a
different well.

6.1.5 Number of Stages, Temperature and Clock Rate

To examine the noise and dark current build-up in a CCD delay line operating
in  the cont inuous  mode for different number of stages and clock rates , the
output was collected and the sample mean and variance were computed for a CCD
operating at a temperature of 27 °C , CTI of 3.6 x 10-4 , an area of 2 mil 2 , and
a clock swing voltage of 10 volts. As in the discussion above , zero input
voltage was added to the input structure . Figures 61 and 62 are plots of
the sample mean and variance normalized to a ful l wel l for delay lines of
l ength 16 to 512 and clock frequencies from 50 to 50 ,000 Hz.

As can be seen from Figure 61 , at low clock frequencies , the clock rate must
be increased in order to maintain a given noise level for the same number of
stages. This effect holds up to a clock rate of about 1500 Hz for the CCD
parameters used.

6.2 LINEAR FM MATCHED F ILTER SIMULATION S

The foregoing simulations have examined the CCD operation as a delay line
e i ther  in the storage mode or the continuous mode. In order to evaluate
the CCD operating as a tapped delay line , the device was configured in a
linear FM matched filter system. This called for the simulation of four
different tapped delay lines (Figure 63) for the complex I and Q channels
of the filter. The coefficients of the delay line were modified with
Hammi ng weighting to reduce the time sidelobes of the output.

In Figures 64 through 108, the number of input samples was 512 with the
length of the individual CCD tapped delay lines set at 129. The matched
weights on each tapped delay line were modified by Haming weighting to
reduce the time sidelobes. The T ime*Bandwidth product was a constant 64.5
in all the figures. That is , the argument of the sine or cosine waveform
at each tapped delay line was Bandwidth * Time 2/2 * Length of the signal
where the length of the signa l was 129/clock frequency which gives a Time *

Bandwidth product of Bandwidth * 129/c lock frequency (Figure 63) . The
ratio of Bandwidth to clock frequency was fixed in order to keep the desired
product of 64.5. The operating cha racteristics of the devices were 2 mi l 2
for gate area and a clock swing voltage of 10 volts.

In Figures 66 - 108, the plots are no rmalized to the peak time response.
The reason for including the actual time plots is that in comparing different
operating temperatures , clock frequencies , and Cli’ s on the outputs, the
actual data better reflects the degree of spreading and sidelobe levels than
a tabular summary .
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Figure 64 is a p lot of the sidelobe level of the output of the mdtched filter
versus temperature in the ranges of -55°c to 125°C and clock rates from 50 to
1 50 KHz. The sidelobe level for temperatures less 5°C is fairl y constant.
However as the temperature is increased , the clock frequency must be increased
in order to keep the sidelobe levels down. As can also be observed in the
actual time plots , t he no i se level ri ses an d falls w ith temperatu re an d
frequency . (In Figure 66, the noise is -90 dB from the peak while for

U Figure 69 it is only -30 dB.)

Figure 65 is a graph of the sidelobe level of the output of the matched
filter for coefficient inaccuracies in range of 0 to 10%. The tap weights
were allowed to have an error with zero mean and standard deviation of a
given percent for a norma l distribution. Figure 65 shows that out to 6%
there is no system degradation due to tap weight inaccuracy.

Figures 66 through 99 are the outputs from the matched filter for different
sampling frequencies and temperatures. The specific case is gi-’en in the
box on each figure . The plots are normaliz ed to the peak of the time function.

Figures 100 - 108 are plots of the response of linear FM mat hed
filter as Charge Transfer Inefficiency is varied with frequency f~ ; CCD
operating at 0°C. (In our model , due to the lack  of theore t ical  an d
experimental data , we were no t able to incorporate CTI as a function of
temperature.) Figures 100,ll3 ,and 106 show to a marked ex tent the
broadening of the mainlobe and sidelobes of the return. Also observed is
th e ra i s i ng of the si delo be lev els and a t ime s h ift of the mainlo be when the
cloc k rate i s cons tant w hi le the CTI is va ri ed . These effects are cause d
by the signal being smeared as it is shifted through the delay line.
Finally, as the frequency is increased , no appreciable difference can be
observed with regard to width and level of the sidelobes and main lobe.
That is, as fre q uenc y i s i ncrease d , the dark current level decreases , but
the effects due to CII are not diminished .
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7.0 CCD COST/PERFORMANCE IMPLEMENTATION PROJECTIONS

7.1 PROGRAMMABILITY - ADAPTIVE , FLEXIBLE WAVEF ORM PROCESSING

7.1.1 Objectives of Programmability

The desirability of programability in radar signal processing functions stems
from two basic desires . First for a given radar , the system operating
parameters are generally developed analytically and their appropriateness to
specific situations may be limited . The ability to change the waveform to
match the radar task would provide the capability to use the basic radar
resources of energy and bandwidth to their maximum efficiency in any given
environment. This programmability will generally encompass variations in
bandwidth , pul se length and waveform type. More elaborate programability
would involve changing the basic mode structure of the radar such as from
pulse compression-MTI to a pulse-doppler mode wi th coherent MTD (moving
target detection) processing.

A second objective of programmability is to provide interchangeability of
signal processor units among different radar systems. While cost would be a
factor here an even more important advantage would be performance upgrading .
Programable signal processing units could be tailored to any specific radar ’s
requirements even though they were not originally designed for that
application .

7.1.2 Programmability With CCD’s

To achieve full programmability with CCD’s it is necessary to have a reliable
technique for switching and moving charge in opposing directions . While this
would at first seem to be a straight-forward operation , consideration of a
typical CCD structure will indicate the problems . Figure 109 shows a CCD
delay line structure with the overlapping gates connected to clock busses.
In order to contain charge within the limits defined by the gates and prevent
clock bus coupling to the wells ,charge barriers are introduced along the line.
If it is desired to switch charge from moving down one line to another a
means must be provided to tap the line through the barrier in a manner which
transfers charge efficiently without crosstalk effects. As shown in Figure
109 this can be done by use of a transfer gate which serves as the barrier
function when the gate is turned off. In the particular concept shown ,
charge can flow in either direction depending on the clock and control signal
sequence. Thus the unit could also serve as a 2 to 1 multiplexer if the
control busses are separated properly.

The fact that the charge moves through the substrate prevents one charge path
from crossing another with both being operated simultaneously. This greatly
restricts the complexity of functions. For example , one cannot easily
construct a simple lattice network.

Table 35 lists a number of functions which can be considered for CCD processor
programability together with the means of achieving them and the general
status of development.

Electrically variable tap weights are one of the most desirable features for
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CCD transversal filters . The basic floating gate tap technique allows CCD
delay registers to be non-destructively sensed. However , the multiplication
of two signals stored on separate CCD registers with a multiplier Integrated
on the circuit has presented problems . The diffi cul ty is in part due to the
nature of the signals stored on the CCD. Each analog sample must have sample
values about a bias level in order to retain a general bipolar form. In this
case, each sample will have the form xi = b + x(tj). A general filter
function with the bias factors takes the form:

I (b~ + x(t))]b2 + y(t-t)] di

The foregoing integral will have four terms ; the integral of the product of
the two bias terms , the Integral of each bias times the opposite signal and
the integral of the product of the two signals. This is of course undesirable
unless the spectrum of the signal products can be separated from the other
terms. The CCD multiplier must , therefore, elimi nate the bias cross products
in the multiplication operation. Techniques for achieving this have been
suggested 131 , 32] which essentially cancel the bias terms of the two
functions prior to or during mul tiplication. The techniques are, however,
not well established wi th the l atter reference [32] In 1975 describing a 32
tap fi l ter with 32 multipliers whose output dynami c range was 20 dB , in part
limited by external circuitry .

An electrically programmable filter by implication requires charge storage of
a reasonable length of time . Dark current will limi t this application just
as it does general memory storage to storage times of 1 second or less unless
the CCD is cooled.

A programmable feature which would greatly enhance the flexibility of CCD
filters would be the ability to program fixed filter weights after fabrication
in the manner of a PROM in digital memories . This would eliminate the costs
of custom tailoring the weights for every CCD filter desired and would greatly
reduce the cost of any particular CCD filter made in small to moderate
quantLies. This , however , is a need looking for an invention. No devices
of this nature are known at this time.

The achievement of electrically variable lengths for CCD transversal fil ters
and delay times will follow the development of programmable weights and
methods of switchin g charge paths. Following along this same line would be
the ability to change the signal processing function by reconfiguration of
the CCD chip.

A final techn ique for programmability in CCD’s should be mentioned and that
is the implementa tion of digital logic devices wi th CCD’s. Calculations
[33] indicate that CCD’s can provide a logic density improvement of a factor
of 16 and attendent power improvement of 18 at a 5 MHz clock rate over 12L
technology . Applications are primarily suited for pipel ine computation
operations such as found with the FFT.

7.2 BANDWIDTH LIMITATIONS

The bandwi dth capability or limitations of CCD signal processors fall into
two categories ; those due to the CCD dev ice itself and those which invo l ve
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the peripheral circuitry required to operate the CCD.

7.2.1 CCD Bandwidth Limi tations

Bandwidth handl ing capability of a CCD is essentially determi ned by the clock
rate at which it can be operated. In considering wide—bandwidth application ,
concentration must necessarily be placed on buried channel , or peristaltic ,
CCD ’s since their charge transfer rates are much higher than surface channel
CCD ’ s.

A basic question is whether the inherent performance characteristics of CCD’s
will vary as a function clock rate. It has been shown in the simulation
resul ts reported in Section 6.0 that at low clock frequencies , performance
is adversely affected because of dark current build -up. The maximum time
that a signal can be held in a CCD prior to dark current build -up causing
saturation effects is indicated in Table 36 . The low frequency limi tation
for delay line applications will not be a factor in most radar applications.
This does not include application where long storage times are involved.

TABLE 36. LOW FREQUENCY LIMITATIONS OF CCD DELAY LINES
(DARK CURRENT FILTERIN G 20% OF WELL )

Temperature Max Storage Time (Seconds)
- 55°C >12 Seconds
— 25°C >12 Seconds
+ - 5°C >12 Seconds
+ 35°C 6 Seconds
+ 65°C 0.75 Seconds
+ 95°C < 0.1875 Seconds
+125°C < 0.1875 Seconds

The CCD model developed for the simulation on this program has no noise or
degradation sources which degrade the performance of a CCD as the clock rate
is increased . Two recent studies [34 , 35] have been reported regarding
the measured performance of CCD ’s at high clock rates. Chan , et a] [34 ]
conducted an interesting test on a 130 cell buried channel CCD. By initially
loading the CCD at rates up to 105 MHz , holding the data , and reading it out
at the lower rate of 100 kHz, the effects of higher frequency operation were
exami ned . This fixed low output speed prevented degradations due to the
output circuitry itself from being a factor. Lineari ty of the input structure
was verified to give second and third harmonic distortion l evels of about
-54 dB. The transfer efficiency (> .999) was found to be constant over all
operating frequencies and no other performance measures could be seen as a
function of frequency other than that due to dark current build up at very
low frequencies .

7.2.2 Clock , Control and Packaging Considerations

Al though the CCD itself has not exhibited any important operating degradations
up to the limi tation imposed by charge mobility , the practical use of CCD ’s
at high frequencies is a problem. The CCD has been developed in large measure
by use of the circuit technology of digital logic. The analysis of CCD’s
follows the sampled data nature of digital signals. However , a CCD is a low-
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noise analog device and optimum operation cannot be achieved unless very
careful analog design and packaging procedures are followed . One rather
obvious manifestation of the problem is apparent in the packaging of CCD ’s
in dual-in-line packages. This packaging method , which was developed in
conjunction with the growth of digital logic , is characterized by leads
running closely parallel to each other over relatively large distances from
the chip to package pins . The probl ems of cross coupling of clocks and
signals in such a device are large. Recall that 100 MHz is a higher frequency
than television channel 6 (84-88 MHz) and an appreciation of the shielding
and lead lengths required in television tuners may give an insight i nto the
packaging requirements for CCD’s where 10 volt clocks are in close proximi ty
to millivolt signals.

The design of clock drivers , output amplifiers and drivers are difficult
problems and the high frequency performance of a CCD device will very likely
fail due to efficiencies in these areas before CCD device limits are reached.

7.3 POST PROCESSING FUNCTIONS

The post processing functions in a radar signal processor generally refer to
those following the basic matched fi l tering operation. Doppler processing
is generally considered with the pulse compression system since it forms a
matched filter for a target with a specific doppler. Post processing
functions include : thresholding , range and angle estimation , bulk fi l tering,
constant false alarm rate (CFAR) processing, interpolation , predictors and
various pattern recognition procedures. Many of the functions are i dentified
in Figure 2. The application of CCD’s is possible in those cases where
the computations can be pipelined . Implementation of many post processing
functions with CCD’s is even more dependent on achieving programmability and
adaptability than the pre-post processor functions. An important consideration
relative to the appropriateness of CCD processing is the processing rate
requirements of specific functions and whether digital microprocessor based
techniques will ultimately be the best approach.

7.3.1 Processing Rate Requi rements

The question of potential competitive advantages for implementation of post
processing functions with CCD ’ s depends upon the computation rates and the
functions required. Table 37 lists conventional post processing funct ions
together with their relative computational rates and general architecture .
Those in which a CCD-analog implementation is proj ected to perform at a
lower cost than a microprocessor based digital system are indicated. In
general , functions which are related to threshold detection such as inter-
polation and CFAR are candidates for CCD processing. Pattern recognition
functions are CCD candidates because even though the duty factor is low
relative to the pulse interva l , the bandwid th will be high and computation
rates similar to the thresholding functions are likely to be required.

7.3.2 Interpolation

Sampled data systems are characterized by non-optimum time sampling of the
input data which causes a range straddling and an error in the estimate of
the true target position. This effect is i l lustrated in Figure 110. The
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FIGURE 110. TARGET STRADDLING WITH SAMPLED DATA SYSTEM

problem can be avoided by sampling at a rate much higher than that required
by the Nyquist sampling cri teria. Figure 111 shows the straddling loss versus
sarnling rate.

Interpolation between samples which effectively increase the sampling rate can
be achieved by a number of fi l ter approaches. An optimum filter can be
deri ved which is closely matched to the spectrum of the compressed pulse . A
typical configuration is the 4—point polynomial interpolator shown in Figure
112. This is vi rtually a standard transversal fi l ter and it can be readily
implemented with CCD’s. One fi l ter is necessary for each inter-sample
interpolated point.

7.3.3 CFAR Processing

The objective of a constant false-alarm rate (CFAR) process is to adaptively
adjust the target detection threshold to the environment. A situation is
depicted in Figure 113 where a large clutter return is present. If a fixed
threshold were used , it would have to be set above the clutter return . However,
if the threshold is made to adapt to the clutter return , the small target
outside the clutter return can be detected . An implementation of a CFAR system
designed to accomplish the required adaptivity is shown in Figure 114. In this
case , the sidelobe levels of the compressed pulse output are measured in the
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vicinity of the range sample of interest and these levels are used to adjust
the threshold l evel . This entire function can be Implemented wi th CCD’s.

7.4 PRACTICAL CCD IMPLEMENTATIONS

7.4.1 Peripheral CCD Circui try

A princi pal feature of CCD ’s is their small size and power dissipation in
relation to their functional capab ility . However , i n ascertainin g the to tal
cost of a CCD system , the peripheral circuitry necessary to operate the
devices must be included. This aspect of CCD ’s is perha ps the most cri ti cal
prob lem , or deterrent , to more widespread application. The operation of CCD’s
involve multiple phase , multiple level clock signals , bias levels for the
input gates , output amplifiers , and finally the cancellation or filterin g of
the clock si gnal from the output. The amount of control circuitry required
will vary among the CCD devices and with the sophistication of the designer ,
but an example will illustra te the situation. A commercially available CCD ,
a dual 455 stage (1H) delay l ine, is marketed by Fairchild. This unit ,
designated the CCD 321 ,is offered with a design development module containin g
all required control si gnals. The component count of the module (type CCD 32M)
i ncludes:
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9 Integrated Circuits
44 Capacitors
14 Transistors
39 Fixed Resistors
10 Potentiometers
23 Diodes

139 Total Components

The 10 potentiometers illustrate the problem of determining the optimum
control parameters for operating a CCD.

It can be expected that as CCD ’ s move from the laboratory to systems , the
needs relative to precise operational characterizati on wil l  be met. The
other development which can be expected to improve the hardware implementati on
of CCD ’s will be the integration of control si gnal s on the CCD chip.

— 7 .4 .2 On-Chip CCD Controls

The i ntegrat ion of CCD control signals on the CCD circuit is a target of CCD
development effort at this time . The most extensive program of this reported
thus far appears to be a program of RCA for th~ US Army Electron ics Coni~and
[36]. A complex CCD array comprised of split-gate and floating-gate 13-bit
Barker-coded correlators , a low pass filter , and a 504-stage CCD register
were integrated along with supportin g CMOS timing / l ogic , dr i vers , and signal
processing circuitry . Figure 115 shows a sketch of the array layout .

The float ing-gate correlator can be made electrically programmable by adding
a programmable register that controls swi tches to connect the floating-gate
taps through source follower transistors to either the plus - or negative-sum
bus.

Both the split- gate and floating-gate correlators produced the expected
correla tion response with a good degree of regularity in the sidelobe
patterns .

A transfer inefficiency of lO~~ was measured with the 504-stage test
register at 1 MHz with no background bias charge .

The results on this referenced study prove the feasibility of simultaneous
incorporation of low power , hi gh noise immunity and high performance CMOS
on-ch ip with high efficiency CCD devices to achieve self-contained signal
processing components such as analog delay and transversal fi l ters wh ich do
not requ ire complex external support circuitry .
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A recent paper [37] by researchers at Bell Labs discussed the development of
a 55 tap split electrode fi l ter on whi ch operational amplifier sensing
circuits and clock dr ive circuits were integrated . This chip used silicon
NMOS technolo gy and produced a 2nd harmonic distortion level of -50 dB and a
S/N of 60 dB at 15 kHz.

7.5 IMPACT OF CCD ON NON-CCD PROCESSOR COMPONENTS

The applicat ion of CCD’s in a si gnal processor will not directly affect other
processing subsystems in a manner different from another technology . It is ,
however , neces sary to use the p roper i nterfac e to CCD elements . A CCD un i t
canno t s i mp ly be i nserte d i n p lace of an equ i val en t digi tal func ti on s i nce ,
for exam p le , if the dev i ce i s a f i lter its integra tion gain may p lace
additional requirements on the A/D converter.

The basic CCD interfaces are diagramed in Figure 116. An analog input can
be fed directly to a CCD since the sampling occurs on the CCD itself. How-
ever , i n going from a CCD to an analo g output , it is necessar y to recover
the analog signal from the sampled data. This will normally involve a low
pass filter function , but more elaborate sample-on -hold elements together
w i th clock cancellat ion may be required i n some i nstances . Inter fac i ng a
CCD with a digital device requires a D/A converter at its input and an A/D
converter at the output. The need for these basic conversion operations
must be considered when weighting the potential benefi ts of CCD versus
digital for specific applications.

7.6 SUB-SYSTEM PERFORMANCE LEVELS

Ta b les 38 through 40 p rovide a summary of the ex pecte d levels of performance
for CCD delay lines , storage registers and transversal fi l ters. These charts
together with those presented i n Section 6 can be use d to p red i ct poten ti al
CCD performance levels for various system applications.

7.7 CCD COST /PERFORMANCE TRADEOFFS

General p roject i ons on CCD system costs rela ti ve to other technolo g ies can
be made , but s pec i fic tradeoffs w i ll depend on the app li cat i on and the

• compet ing technology. For low data rate applications, m i cro p rocesso r
techn iques will prevail as most cost-effective. As the data rates and
processing requirements increase to the hundreds of kilohertz up to 10 MHz ,
CCD’s will find increasing application. Buried channel CCD ’s operate up to
an d beyond 100 MHz. Figure 117 indicates genera l speed performance categories
for various technologies. The line of demarcation between different
approaches will fluctuate depending on the specific application. Note that
every category of processor can be built with special purpose digita l hardware .
This invo lves paralleling at the very hig h rates .

Costs can be expected to follow the basic pattern of Figure 118. A standard
i mplementat ion us i ng MSI d igi tal technolo gy wi l l  be relat i vel y low i n cost
but as the num ber of units to be constructed increases , the parts cos t will
become dominant. Thus initial investments in either LSI or CCD development
will produce substantial savings in the end. Since fewer chip designs are
required for CCD’s an d fewer parts will be required in the system , the CCD
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unit costs wi l l  be lowest for large volume s- The crossovers of 5 break-even ”

costs indicated in Figure 118 can not be assu med to hold in general. Each
applicatio n wi l l  produce a uitferent t radeoff .

I
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APPENDIX A. COMPUTER LISTING OF DELAY LINE

C
C CCDI . FTN
C
C
C
C CCD STUDY MODELING AND SIMU LATION O~’ THE DEVICE
C
C
C

cc cc a a cc a
C*****e***** * * a a a a * a  a ace * * a * *a * * * *e *  a a* .*  * * * **a * * *  * * *a* * a* a* *
C

ReAl . A(2), 6(3)
000 2 CO MMON /R AND/60 ( I0)
0003 COMMON /B IN STR/G(50)
0o0~ CU M M O N /CCO /GUt20a ~
0005 COMMON IINPuT/02(1200)
0006 COMMON /V OL T S/G5( 10~
0057 COM MON /PASS/GG (50)
0006 COMMON /COEFF/COEFP(600)
0009 10 CONTINUE
0010 w R I T E C S , 1 0 0 ~
0011 100 PORM AT (1N 1 CCD STUDY TEST RUN’I/)
0012 CALL. T IMECA )
0013 CA LL O*TE(8)
00 1A W R I T E C 5 , l 0 1 )  8,A
Ø~~ 5 ~~r~ j  F O R M A T (5X ,D A IE: ,3A 4,5X , ’TIME S ‘.2*4/I)

0016 CALL LINK C ’C e ’)
0017 CALL L IN KC ’C I’)
0016 CA LL L INKC ’C2’)
0019 CALL LINK (’C3’)
0020 CALL. LI N I(C ’C4 )
0021 CALL LINK C ’CS’)
0022 CALL L IN5 ~(’C b’)

C.
Ce
C. THE FOLLO ”SIN G CODE IS US ED TO FORCE THE

MA IN MODULE TO CA MR Y TI-IC 1/0 ROUTINES
Cc SE~ DESC RI PT ION ZN ~O RTMAN OR LINE
Ce MANUA L S
C,
Ce

Olli IDUMeO
0024 I,CIDuM .EQ .e, GOTO 10
00 25 R C A U ( I ’ I N O E X )  A
0o2~ w RX I ~~(i’IND EX ~ a
00 27 R EA D( b ,10Q I t~ II , A
00 20 W P I T E ( 6 , t ~~01) 11,4
0029 1001 ~O R MA 1( I 5 , E t 5 ,6,F1~~,Ø )
0030 END

BESITAVAI LABL E CDI!!
Al
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Ca
C.
C. CCD LIN K STNU CTU SI E

Ca CCD, CCU , CCD ’CCOI ,FTNL !e/L/U /E
C.
Cc
Ca CO LINK STRUCTU RE
C.
C. CO, C 0.,~CCD. STB ,C0 ,CCD ~~,CCD1 9,CCD31, FTNLIB /L /U /E
C.
Ca

COMMO N /BIN 5TR/XX C3~ ),ZJC30)
COMMON /PASS/5TAD(20),ISTADC22),ROW(7 ),IR~~(4)

— I CONTINUE
ZF(1J (9),NE .9998) CAL L IMST R
IF (1J(21). GT .0) C A LL REPEAT
1FC1 J (9).LT.~~) GOTO I
IJ (2I )’IJ (21) + I

CALL RETU RN
END

Ca
C.
Cl Cl LINK STRU CTURL
C’
Ca
C* Ct .,C IdCCO . STB, C1 ,CCD5 , FTNLI~ /L/U/ C
C a

COMMON /RAN D/PX,PZI
P IU O . c A T A N  C l . )
PII.2.aPI

CA LL P RYVAL
CA LL RETU RN

ENO

Ce
Ca
Ca C2 LI NK $T~ U C T U R ~cc
C.
Ce C2,C2.~CCD•5TB, C2,CCU2,PTNLI8/L/U/ECa

CALL INPUT
C ALL ReTURN

END

Ca
Ca
C’ C3 LINK STRUCTURe
Ce
Ca
Ce C3 ,C3 ’CCCD , STB ,Ci , CCD3 ,PTNL! 6/L /u/e
Ce

C ALL !NITL
CALl.. RETURN

END

BEST AVAI LABLE COPY 
- -~~~~~-~~~~- ~~~~~~~~~~~~~~~~~~~~~~ - - ~~~~~~~~~~~~~ -~~~~~~ ---
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C.
Ca
C. Cø L INK STRUCTUR E
C.
Ca
Ca CR ,C4 CC C D. S T O , C 4 ê , C C P 7 , C C D I 7 , C C D 1 B , C C D 2 O , C C D 3 O ,PT NLXB /L. / U ,E
Ce

CALL SD
CALL X RU N

— CALL RETURN
END

C.
Ca
Ca CS LiNK STRU CTU RC
Ca
Ca
Ca C5 ,C5’CCO ,STO , C5, CC LS ,FTNLIB /L /U/E
Ca

CA L L OUTP
CALL RETURN

C.
Cc
Ca Cb L iNK STRUCTUR e
C.
C a Cb ,C 6 CCD .STB ,C b ,CCD26 ,CCD ?7,CCD2B.CCDI9 ,CCOI 6 .PTNL IO/L/U/E
C.
Cc

CALL SETUP
CA LL RETURN

END

A3 BEST TAVA1LAB~E COPI

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



C CCO$,FTN
C
C
C
C SUB ROUTINE READS IN THE INSTRUCTION S FOR A RUN
C
C

SUBROUTI N E INSTR
REA L A (3)

COMM ON /CCD /XPE WC ,XME A N ,x 50,FCLOC K ,PO AND ,XZ (4),xl ,,Ev ,a Z L (2 0 )  ,ZSTAGE, IPRZNT,I LENGT, IPILT ,NRVS,x J (20)
COMMON /BX NSTR/XXZC30),IJL(31)
COM MON /VDLTS,~~I,WW2,ZtIM!COM MON /PASS /STADCIO ),!STAD( 20) ,IVAR,!VAR I,RO , (7 ),IRW(4)
COMMON / R A N O / R 1 ( a 3 , R R (~ )

DATA a,IMT EMM .aHo a,D, IHAT,,,
Z J l . t 2 t ) ’ l

I R W ( 3).6
IJLC 9).9996

WRITE (6, 7000)
7~~li PORM AT ( ’  CREATE NEW PILE ON DAT SLOT a Yll  N u t  /)

RE AD C 6,91) I
F( I.NE. 0) GOT O 7005

WRIT! (6,7001)
1001 FQ R M A T ( ’  NAME OP FILE X X K X X X . O  ‘I)

READ(b ,7002) A t 1 ) , A (a )
b o a  FORM* T( 244 )
7005 W RZ T ECS,1103 )  A
700$ FORMA T C NAME OP ~IL~ FOP 1’HI3 PUN ‘ , SA I / / )

CA LL SETFZLC2 , A ,IER2, ’OK’ ,S)
D E F I N E  FILE 2C50,bA ,U,IVAR)

I WPIT E C6,10~ )
100 FO RMA T (’ TM ! NUMBER OP STAGES IN THE CCD CF1O ,0)’//)

REAO(o ,to t ) K
101 PORM AT CPIO,O)

ZUPPERe610
ILOWER .0
ZSTAGE .X

I ,CCI STAGE. GT .ILOWE P) .AN D .CISTAGE.LE .IUPPER)) GOTO 3
W R I T E C O ,201) IS T A G E , Z L O W E R , IUPPER

201 PORMAT ~ ’ ERROR MESSAGE I Op STAGES TO SMALL OR TO LARGE ’/
2’ 0 OF ST AGC S I  ‘ .14, ’ LO NER L i M IT :  ‘p14, ’ UPP EW ‘,14//)

GOlD I
3 WRI TEC6,11 3 )
103 PORMA T (’ SD OF THE INIT IA L. STATE C~~I0.0) ‘Ia’ Zr a 0 THEN NO W A CKG R O uND VO L TAGE ADDEO ‘/)

R!AOC b ,I01) *31)Ca
Ca
Ca CHANG E 02/22/77
Ce

KKZ C 3 ) aXS0
IJL CI ).XStAGE

I ,~RITE (6,104)
1 0” FO RM A T ( SU R FAC L DR ~uRi~ D DEVICE (5 OR

QEA O(I .I 0i) 111
ZJC1 )~~ZZ I
IJL (~) aI J (I)
~r C (14(1) ,LT,~~).ON , (iJ (t) , GT ,1 )3 GO TO 4

BEST AVAILABIE COPY
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WR IT E (6, 108~
108 FO RM AY( a R EA  OF W ELL ZN MILe.? ‘/ )

RE AO C6 ,1 0I) ZL (5)
WRITE (6, 1073

107 P O R MAT C ’ Z OF BACKGROUND CHARGE •/
2 • cO THEN SPECIF Y TRANSF ER LOST ‘/)

READ( b ,l 0I) ZL(b)
IFCZ L ( b ) .L T ,0.) W N IT E(6 ,7591)

7091 P O R M A T ( ’  F R A C T I O N  LUST EACH TIME .X X X* ’ / )
IP(ZL(6).LT.0.) RCAO(6,10 1) XPEQ C

— ZF (ZLC6) .GE.0,) CALL . CT ICZ L ,XPER C ,IJ)
w R I T E L b ,  109)

109 PO R M A T C •  CLOCK SWING VOLTAG E ‘/)
Rtt A t3(b ,IMI ) ZL(6)
XX Z (i)SXPERC
XXZ(1S )’ZLCS)
XX Z (Ib).ZL (6,
X X Z (18) ilL (8)
W RI TE (b,90~~ )

9050 PORMAT (’ PLOT OF INPUT AND OUTPUT Y.O Nu $ ‘/)
REA O (6,9t) IJL(7)
W R ITE (6, 70 11)

7011 FORM AT (’ FF1 OF OUTPUT Y u t  N’S ‘/)
REA D( b ,913 IJL (36)

5 WR !TE(5,I000) ISTAGE,XP ERC, ZLCO ) ,ZL(5)
1000 FORMAT (’ • OF STAGES TN THE CCD ‘.15/

3’ C li O~ DEVICE ‘,IPEIS .8/
4’ X OP INC BAC K G ROUND CHARG E ‘,lPEtS.B/
4’ AREA OF THE ~ELL (MIL ca2)’ ,IPEIS ,8//)

6 WR ZTEC6,206)
206 PORM AT (’ CLOCK P R EQUE N CY (P10) ‘/)

CL CKM *S l .E10
RE AD Ce ~,I 01) FCLDCK

IFC (FCL OCK .GT.0.).AND .(FCLOCK .LE ,CLC KM X )) GOlD 60
W R ITE (6,10e6) C LC KM X

1006 FORMA T (’ CLOC K RATE OUTSIDE OF RANGE OF 0. TO ‘P10 .0/)
GOTO b 

-

60 CONTI NUE
WR ZTE( 5 ,70*) PCLOCK

701 FO RMA T( ’ CLOCK RATE ‘,IPEIS .e/)
So WRI TE (6,800)
800 FO RM A T ( THE LENGT H OF TIME QF THE RUN 4 1201 ‘/)

READ (b ,101 ) 111
ITI M E u ZZI

IFC C I TTM E .LT. 0) .0W , (ITIM ! ,GT .12 00)) GOlD 60
WRITE (6, 90)
FOPM ~ T ( PRI N T OUT INTE RME D iATE VA LUE S NO .0 YES I1’/)
RE A D(b ,91) IPRIN T

91 F O R M A T C I I )
W RITE (6,9008)

9008 FORM A T(’ FEE DT HROUG H VO LTa GE AOOE O TO OUTPUT RIO Y’t ’ l)
Ca
C. MAX IMUM INPUT VOLTAGE IS 2. 6 VOLTS
C.
Cc

xXZ(a ) i FCLOC K
IJL (2) uI P RI NT

Y M A X V u ? ~~~

Rf A fl~ f,,~~1) NRVS 

15 
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WR ITE (6 , 93)
93 PORMA T(’ DURATION OF THE SIGNAL HIM ’S M*Ksta$S• l )

REAO(b ,10l) 111
XLENG T .ZZ1
WRITE (6,7020)

7020 PORM A T(’ TYPE OF SIGNA L PULSE .0 SIN • 1 ‘I)
RE AD (b ,91) ZJL (29)
IFCI JL t293, ~~D ,0) GOlD 95

7oa~ WR1TE(6, 7021)
7021 FORMAT( ’ * OF S INUSOD IA LS p lo . 4 5’!)

REA D (b,101) 111
IJL. (28) u ZZ 1
IPCC IJL(2 8),LC,0), OR ,(IJL(28),GT ,4)) GOlD 7022
IKK2 IJL (a8)
IKL .30
00 1023 I ’ t , IKK
WRI TE( 6,1024) I

702’4 F O R M A I C ’  FHEQ UENCY OF THE ‘,15 ,’ SIGN AL (MERTZ )’/)
REA D( b ,101) 111
XXZ (IKI_ )IZZI
WR ITE C 6 , 8825) I

8025 FORM AT (’ AMP LITUD E CX OP WE LL ) OP THE ‘.13,’ S!GNAL’/ )
REA O(6 ,I0I) 31*0(I)
ST A DCI )3W w IC STA D(l) / I0 0 .
MRI TE (5 ,703~ ) I,ZZ I,STAD( X)

7030 FO R M A T C  FRE Q UEN C Y OF THE ‘.13,’ SIGNAL ,IPEIS,8/
2 ‘ 4M M L ITUD ~ (VOLTS ) OF THE SIGNAL ,1PC15 .8/)

IKL .IKL — 1
7023 CONTIN UE

WRITE (6, 8053)
SSSS FORM AT ( DC 81*5 (% OF WE LL ) TERM ADDED TO INPUT FlO ‘/)

REAO(6 ,10t) X X ZCS)
XXZ C5).W W IaXX Z (S)/j00 ,

GOl D 9918
95 CONTIN UE

W R X TE(6 , 92) X M A X V
92 F O R M A T C ’  INPUT LEVEL OP SIGNAL MAX . ‘,PlB ,S, VOLTS’!)

PE A O C N ,1 0t) XL EV
IF (CXLEV .LE .0.),OR .(XLEV ,GT ,X M A X V )) GOlD 95

9916 CONTI NUE
I J L C 3 ) I I L E N G T
I J L C 5 ) S N R V S
X XZ CIO) ’X LEV
W R I T E  (6 ,80 10)

8010 FO RM AT(’ NON LINEAR INPUT WARPING Y.0 Nil’!)
REAO(b ,91) IJ (U)
W R I T E  ( 6, 97)

97 F D R M A T C ’  F IL TER R ES PONS E CO M PUTED? RIO V i i ’ ! )
REA D (b ,15I ) ill
!FILT ’ZZ I
XJ L (2 0).1
W P I T E ( ~~, 9033)

9033 P O R M A T ( ’  UA RK CUHRENT A UO ED 7.0 N.j ‘/)
REA O(6 ,913 IJ (13)
IF(IJC I3 ) . F~O ,1) 0010 9036

W R I T E  (6, 90 34)
‘~~3~ FOM ~~A T (  A - i~~I~~ s T  T E M P E R A I U I 4 C UE6WEES C ‘/ )

R E & f l ( ~,,~~~1) 77 1
• ~ 73 ,

W RITF(5, 9035) ZZ I,X x Z t28)

BEST AVAILABIE COPY 

~~~- —-—.- —— —— -~~



9035 FORM AT( ’ AM B IENT TEMPERATURE (C) ‘,FtO.ø, ’ (K) ‘,FII,4/)
WR ITE (6, 1701)

17 01 PORMAT( ’ 00 YO U WA NI TO HOLD TM ! SIGNAL FOR AN Y ‘I
2 • OF TIME YeS Nil ‘/1

REAO (6,91) ZJL (20)
IF(IJL (20).EQ .I) 6010 9036
WRITE (6,1702)

1702 FORMA T(’ TIM E C SE C ) LEFT IN D E LAY LINE ‘/3
RCA D(b ,1 01) XXZ (21)
WRITE (6, 1703)

1103 PORMA T ( FREQUEN CY CLOCK S IGNAL. OUT AT ‘I)
REA O (b ,1B I )  X X Z C 2 2 )
W R I T E C 5 , 1 7 0 4 )  X X Z ( 4 ) , X X Z ( 2 1 ) , X X Z ( 2 2 3

1754 FO RM AT( ’ INPUT SAMP LI NG RATE ‘IPEIS,8,
a • TIME LE FT IN DEVICE ‘ ,IPE iS.5,
3 • OUTPUT SAMP LING RAT E ‘,1PE19 ,8/)

9036 CONTINUE
IJLC4) sIFILT
XJL (17) ‘13(123
IJLCIS) s IJ ( 13 3
WRITE (6,6011)

60 11 PO RMAT( ’  M ULTIPLE RUN V’S OP CHANGES N.0 P10’!)
READC 6 ,lSI) ZZI
ZJL. (19) ‘ill
IP(I JL C1 9).EQ .O) GOTO 8050
W R ITE (6, 60 12)

60 12 F O R M A T ( ’  veP4 IC$ INPUT IS TO BE CHANGED
2 • 1’ 0 OF STAGES , 2sSU R FA CE/BURI EQ ‘I
3 ‘ 3. A R EA OF WELL, ‘ ê ’ STO RA GE TIME (SEC) ‘/
4 ‘ S u CLO CK FPEQ UEN CY,6 .A MB IE NT TEMPERATURE / / )

REAO (b ,91) 1J LC22 )
Ka IJL (19)

DO 6019 Z ’ l , K .
W R ITEC6 ,8013 ) I

6013 FO RMAT (’ INPUT THE ‘,Ib, VALUE ‘I)
REAO (6,i01 ) RR( I)

6019 CONTI NUE
WR ITE (5, 6015) CI, RR( t3 ,Iu 1, K)

6015 PORM AT (’ MULTIPLE RUNS ‘//7UX ,I2 ,2X ,IPEIS .6) )
W R I T E C 6 , 8711)

8717 FO RM A T (’ SECOND VARIAB L E CHAN G ING Y.0 N.0 /)
READ (b ,913 IRa CI )
I P C X R W C I i , EQ .0) 0010 8000
W R ITE  (8,6012)
Q E A O ( b , 9 1) I RW ( 2 )
K .IR W (I)
00 8 718 Is I, K
WR ITE (6, 6013) I
REA O(6 ,t01-) ROW( I )

8718 CONTINUE
W RI TE C 5 , 6015) (I,ROW (I),Zul , K)

8~~?~ WR ITE(6 , 80~~1)
8001 P O R M A T ( ’  RUN WITH NOISE Vo l Nut ‘I)

R EA D (b , 9 13 1J C 3 )
? J L ( S ) u I J ( 3 )  -

IF C (U (3) ,LT .0) .OR. (13 (3) ,GT, I)) GOlD 8000
I P C I J ( 3 ) . E U .I) R ETU RN

K I l O

00 9ø~~ 1.3,11
U (I) ‘0

17 8ES1~~VMthB~ 
IOP’i

L - -~~~~~ ~~~~~~ _ _  - 
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ZJL (ii ) ii
C uR • 1

9000 CONTINUE
WR ITE (6, 8003)

8003 FORM AT (’ SELECT THE PARTICU LA R NOISE INPUTS N .S,Y.i /)
R!A D(b ,91) 13(5)
131. (1 0) ‘IJ CS)
!FCIJ (5 )JQ .03 RETURN
WRZ TE(6, 8004)

8004 PORNA T (’ ADO IN INPUT NOISE Yu S Nut ‘I)
R!A O( b ,913 13(6)
WR ITE (6, 8005)

~~~ FO R M* T ( ’  ADD IN THE SHOT NOISE V ’S Nut ’ / )
R ! A D ( b , 9 13  I J ( 7 )
WR ITE (6,8006)

8006 FORM A T (’ ADO IN THE TRA NSF ER NOISE Y u 0 N11’/)
R EA D(6 ,91) 13(5)
WR ITE (6 ,8 0 07 )

8007 FOR MA T (  ADD IN THE OUTPUT NOISE V ’S Nu1 /)
R!A D(6 ,91) 13(9)
WR ITE (6,8008)

8008 FORM AT (’ ADD IN THE FILTER NOISE Y u a Nut ’! )
READ ( 6,91) 13(10)
WR ITE (6,8009)

3009 PORM AT( ’ ADD IN INTERFACE NOISE ‘/3
REAO (b ,91) 13(11)

Ks 1i
00 57 116,11
131. (K) iii CI)
K UK + I

57 CONTI NUE
RETU RN
END

18 
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Ca
C.
Ca CCDI9,FTN
C.
Ca
Cc COMPUTES CT ! FOR SURFACE AND SURIED DEVICES
C,

— C. 02/22/77
Ca
C.

SUBROUTIN E CTI(jl,,ZPERC,IJ)
INTEGER 13(5)
REAL. ZLC2$)

C u lL (6)
IPCIJCI).EQ .1) GOTO 100
ZPCX ,GT ,4,3 GOTO I
ZPERC13,6E.4
RETURN

* IFCX ,GT.5,) GOTO ~
ZPERC s—2 ,1! 4*X + I,4E.3
RETURN

— 2 IFCX .GT, i0.) 6010 3
ZPtRC .—t, E—S aX + t,IEiI
RETURN

3 Z PERCe3 , 9E.5
RETU RN

100 IF(X .~iT,4,) GOTO 101
ZPERC s.i,bE—5eX • l,jE.4
RETURN

101 Ir (x, cT,13.5 ) GOTO 102
ZP!RC..2,IE—6*X • 5,IE.5
RETU RN

1 02 ZPERC .2 ,8E.5
RETURN
END

19 BrsI AVMI.ABt.t COP’( 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
--- - - - -

~~~~
--— 

~~~~

-

~~~

--- -— A



- - 
~~~~~~~~~~~~~~~~ ~~~~~~~~~~~

-- 
~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ 

- - :~~~ - -

Ca
Ce
C.
CC CCDSI. FTN
C.
Ca
C.

SUBROUTI NE REPEAT
REAL AC 3 )
COMMON / B I N S T R /X X ( 3 0 ) , I J ( 3 0 )
COM M ON /RAND /R t(4) , RR(6)
CO MMON /PAS S/STAD(20 ), !STAD(20), XVAR ,IV A R 1, ROW (7),IRW(I)
DATA A /RHTE M P ,4M02.U, ONA TOS/

CALL S ET F 1 L ( 2 , A , t !~ 2, ’DK ,0)
OUINE PILE a (S 0 ,64 ,lJ , IV * R)
IP(IJ (21 ),GT .IJ (19)) GOTO 1000

(.13 (22 )
IIK’IJ (21)

CALL. FIND ER ( RR , V , K ,KK)
IF ( ( IJ (2 1) . EQ . 1 3 , AN D .( I RW ( 3 ) . ! Q . 0 3 )  R O W ( 7 ) u Y

RET URN
1S0~~ CONT INUE

! R W C 3 3 u I R W ( 3 )  • I
! P C I R W ( 3 ) . GT .X R W C I ) )  6010 2000

K u I K W ( 2 )
KK u I R W ( 3 )

CA LL P I N D E R C R O W , V , K , K K)
(‘13 (22)

K Ku7
13 (2 1)  ~~0

CALL F IND ER(R OW ,Y ,K , KK )
RETURN

aooo CONTI NUE
13 (9) ‘—10000

RETURN
END

I

~~ cSR~ 
110

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~--~~~~~ -~~~~~ —-~~~~~~~~~~ - ~~~-—- -- - 
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Ca
C.
C.
Ce CCDil.?TN
Ca
Ca
Ca

$U0RO~.TIN ! PI ND !RCA ,Y ,K, PIK)

~!AL AC ? )
COMMON /BINS T W /XX( 30), IJ (303

X S A ( K R )

WRI TE(5,1 010) K, K II,A (KK)
1010 PORM AT C ’ VAR IA S L E CHAN GES ,2(I6 ,Ix),IPEIS ,8)

6010 (te ,20,30,40,50,68),K
W RI T EC 6,1000) K

1000 FON HAT (’ ERROR MESSAGE IN RE PEAT ‘,Ib)
STO P

10 Y ’IJ (l)
IJ(~~ uA (KK)

RETURN
20 YU ZJC S)

13(6) S A ( K R )

RETURN
30 YUXX(1S)

X X ( t S ) u A ( K K )
RE TURN

40 Y uX x C2I)
XX (21) uA (ICR)
RETURN

50 YU X X (4)
XX(4) u A (K IC)
RE TURN

60 YuXX(?63 • 273.
X X C 2 6 ) u A ( K K )  • 273
RETUR N
(ND

J

8~SUVAU.A~1E CO1!N
All

~~IIr - - - --
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Ca
C i CCOS ,PT P4
Ca
C.
Cc SUORO UT INE PRINTS OUT MEANS AND SO OF THE
Ca VARIOUS NOISE R ANDOM VA RI ABLES
Ca
Ca

SUB ROUTINE PR TVA I.
0002 REAL JD,NS S
0003 COMMON /BIN STR /XX C 3O),I JL(30)
0004 COMMON /RAND/ P I, Pj1 ,111,I12
000 5 COMMON /PAS S/STAD(20)

C.
Ce
Ca NOISE ADDED OR NOT
Cc

0006 INO ZSEa IJL (5)
0007 IOA RIC I IJL C I8)

Ca
Cc
Cc CONSTANTS NEED IN CA LCULATIONS
C.
Ca
Ca

0008 XKSuB .617E .5
0009 AR EA S X X ( 1 5 ) a b ,4516E.6
0010 Q’ 1.602E-19
0011 NS S3 I , E 10
0012 C’t.E•13
i SI S
EO14 TO’100,E—6
00 1S X O ’ 1 . E.. 4
0016 SIGMA .t.E.tS
0017 VTH ’B ,ES
0018 XNST .S,E9
0019 XW NN aS ,EI4

XLN IB.05 609
TEMP ’ XX (26)
P C L O C K . X X C 4 )
PCLO K2 sXX (22)

Ca
Ca
Ca IN PUT NOISE
Ca
Ce MEAN ’?
Ce
Ca VAR ’ XKB *TEMP CC /G ce Z
Ca
Ca
C.

0 024  X.XKB .TE M P
0025 x X C b ) u S Q R T ( 2 , .Xa C/ ( 3 ..G))

Ci
Cc
C. OUT PUT NOISE
Ca
C a 8A M !  A 5 A 5 0V E
C.

BESFAVAJIABLE COPY
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Ca
0026 XX(9) ’XXC6)

Cs
C.
C,
Ca FAS T IN TERFA CE
Ca
Ca
CI
C M EAN I O
C SDU SQR T (0.YCKCTEMP cN SSCA REA)
C
C

0027 XXCI9)I SOR T (0,7aXaN3 SCA RE A )
C.
Ca
Cc
Cc FILTER NO ISE
Ca
Ca
Ca MEAN •
Ca
Ca SD • 0,07
Ca

0028 XX (20)10,0061
0029 XX (17).0,07

C.
Ca
C.
Ca DARK CURRENT
Ca
Ca

0030 IFCXX C26 ) .LT .250 ,) GOT O 50
0i031 XNI 1I .2t /C 8, 6171—SCTEMP )
0032 XN I .EX P (—XNI )
00 33 XN I IXN I a I , 5! 3 3
0034 X N I ’ x N I e T E M P a c 3
0o35 XN I $ $ORT CX N I )
0036 0010 51
0037 50 CON TINUE
0035 XNI’532288?7 ,58
0039 Sj CONTI NUE
0040 G8I IXN ICX NI cX L N / (XN N NaT Q)
004 1 G3 I ’ O . S.X N I* S I G MA * V T H
004 2 G D I B X P I a X O / ( 2 . aT D)
0043 X X ( 2 5 ) $ 1 0 5 5 0 ,
0044 STAO(20) ’GBl -:
004S - S T A D ( 1 9 ) u G S I
0046 ‘‘ STA U (18)u GDI
0047 STAU(1 T ) .A REA /CFCL.OCK C2,)
0048 XX (24 )U A RE A

ST A l) (163 ~ XN ~ T
0050 ST AD C1 ’S)iQO/1.0363E .5
0051 I~~(I0AR K ,~ Q ,1 XX (25).0,

IF( IOA RK .E(1I .~~3 •W 1TE(5 , 8010) GBI ,G SI,00 I,TO TAL!
00~ B 81110 FO RMAT(’ IN DI V IDUAL SOU RCES OF DARK CURRENT ‘1

2 b ( 3 X , 1 P E 1 5 .8 3 )
C.
C. 5~lQT NO i SE
Cc

A13 BFS~ AVAII.ABIE COPY 
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C. MEAN ’S,
Ca
C. 80’ 3QK T (JDa A ~ tA/Q.FCL0CK )
Ca
C.

0o50 JDu GBl • GS IcXNS T • GD !
SOS, JQ.J Qa$TAQ( 15)
0056 X x( 7) S S ORT CJD eA R E& / (Q cFCLOCK))
0o57 IP C IJL (20).EQ.0) XX (23).SQRT(JO aAREA/ (Q cPCLQK2 ))

C.
C. PRINT OUT THE MEANS AND SO
Ca
Ca

0058 T F ( I N O I S E .E Q . 1)  R E T U R N
0059 WR ITEC 5, 9088) XX( 25)
0060 9088 F O R M A T ( ’  DAR K CU RRENT ELECTRONS ADDED PER •

2 ‘TRANS PE R ‘,1PE15 .8// )
C.

0061 Z aS,
0562 W R ITECS ,2) Z,XX C 6 )
0063 W RI TE C S, 3 ) Z,XXC7)
0064 WR ITE( 5 ,5) Z,XX (9)
0085 WR!TE(5,6 ) XX (20),XX (j7)
0068 W R XTE C 5, 10) Z,X XC19 )
0567 W R I T E ( 5 , 7 )  ( I J L ( ! ) , Iu t I ,1 6)
0068 7 FDRMA T (’ STATUS O~ THE NO ISE SOURCES ’ ! !

2 SELECT THE NOIS E INP UTS V i i N.0 ‘.12/
3’ AD D IN INPUT NO ISE VuS Nut ‘,Ia/
4’ ADD IN SHOT NOISE V ’S N •1 ,I2/
5’ ADD IN TRANSF E R NOIS E V ’ S N a t ‘,12/
6’ ADD IN OUT PUT NOISE V ’S N i l ‘,I2/
7’ ADD Z N F ILTER NOISE V .0 N .j ‘,I2/
8’ ADD IN IN T E R FACE NO ISE V ’S Nu t  ‘,12//)

0069 2 PO RM A T (’ MEAN OF THE INPUT NOIS E ‘,1PEIS ,8,
2 • SO ‘,I PEIS .8/)

00 70 3 FO RM AT (’ MEAN OP TM ! S HOT NOISE ‘ ,1PE 15 ,8,
2 ‘ SO ‘,IPEIS .B/)

0071 4 FORMAT( ’ MEAN OF THE TRANSFE R NOISE ‘,IPElS ,B,
2 • SO ,IPEIS ,8/)

0072 5 F O R M A T C ’  M EA N  OP THE OUT PUT NOISE ,IPEIS, 8,
2 a SD ‘,I PEIS ,8/)

5~ 73 6 F OR M AT ( MEAN OP THE FILT E R ERROR ‘,lPElS, B ,
2 ‘ SO ‘,1PE15 ,8/)

0574 10 F O R M A T C ’  MEAN OP THE INTERFACE NOISE ‘,IPEIS ,S,
2 ‘ SD ‘,1 PEI5 ,8/)

0o75 RETURN
END

~~y3~j  
cOP’( 
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C
C CCO2,PTP4
C
C
C
C
C SU BROUTI NE GEN ERATES THE INPUT SIGNAL TO THE CCD
C
C
C ASSUMES THA I M A X I M U M  VOLTA GE iS 2 VOLTS (XM AX V)
C WHICH COR RE SPONDS TO 100008 ELECT RONS (XM A XE L )
C
C IT IM E IS THE CCD RUN TIME
C

SUBROUTINE INPUT
REAL. A (30)

COMMON /INPUT/ELECTRCI280)
COMMON / B I N S T R / X Z ( 3 0 ) , 1J ( 3 0 )
C OMMON /V O L T S / X M A X V ,X MA X E L,ITIME
COMMON /CCD /P40 L 0C1200 3
COM MON /RA N D /P 1, PII
COM M ON /PAS S/STAD (20)

C
C
C TRIAL RU N IMPULSE AT TIME ZERO
C
C
Ca
C’ 02/18/77 CHANGE IN PULL W E LL ELECTRON COUNT

Ca CLOCK Sw I NG
Cc

CS’XZ (ie)
AREA ‘Xl (IS)
COUL S 2,62SE—1 3
ELECR ’b , 281 E+18
X MA K EL . A P EA aCO UL a EL ECR aCS
I F( IJ (6 ) . EQ ,1)  K M A X E L . X M A X E L / 2 ,

X Z (2) ~XZ (16) aX M AXEL /t00 ,
W R I TE C5,1 ~~0~ ) X M AXV ,XM A X E L ,CS, !J (4)

1000 FORMA IC’ M A X I M U M  INPUT V OLTA G E ‘,1PEIS .8,
2SX ,’CORRESPONOS TO MAXIMUM NO , OF ELECTRONS ‘,IPEIS ,8/
3 1X , ’CLOC K SWING V O L T A G E  •,IPE15,8/
4 SU R FACE (FA T ZERO) 0 QR BU R IED (SLI M ZERO) 1 ‘,I2/!)

CO N S T . X M A X E L / X M A X V
CC 2u I ,/CO NST

w RI TE (5,2Q~~Q~) X Z ( t S ) , IJ ( 3 ) , K Z ( 5 )
20110 F O RM AT (’ V O LT AGE OF 114! SIGNAL ‘,Pt0 .4,’ LE NGTH ‘,

2’OF THE SIG NA L ‘.16/
3’ BIAS VOLT A GE ADDED TO INPUT ‘,Fi0, 4/)

A V E u X Z ( 2 )
SU u X Z (3)

IF’(SD.LT .0.) 6010 10
K.31

DO 4 1.1,ITI ME
IF (K .LL .3~ ) GOTO I

c~~~1 CGNT 7 UE
MLAO (i,ENDu8000 .EPNI8000) a

A 15
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I CO NTINUE
EL EC~ R~~I)’A (a).SD • AV E

K’K 4 1
4 CONTINUE

GOTO 20
10 DO 15 I .i ,ITIME

ELE C1’R(I).S,
15 CONTINUE
20 CONTINUe

D (IJ(3),EU ,O) RETURN
I l u I J C 3 )
VOLT’XZ (10)

IF (LJ (2q) . EQ .1) GO TO 7~oo
IP ( I . J ( i 7 ) , E~~,1) 6010 26

Ca
Ca NON LINEAR INPUT C~ A RACT ER I3TC
CC
Cc 03 /29 /77
Ca

IF (VOLT ,G T , 0,420) 6010 22
VOLTI2 ,7B3AVO LT 0.082
0010 26

22 IF(VOLT .GT .t,280) 6070 24
VOLT .0,98 *VOLT • 0,666
6010 26

24 V U L T ’ e . 5 7 2 * V O L T • 1, 183
26 CO N TINUE

00 25 1’I, Zl
ELE CIR(I)’VOLT*CCNST • ELECTR(X )

IP(ELECT~~(I) S6T ,X MA XE L ) ELLCT RC I) u X M A X E L
25 CONTINUE

IF( IJ (17 ) ,EO.0) W RI T E(5 , 1050) VOLT
1850 F Q R M A T ( ’  NON L INE A R INPU T VOLTA G E ‘,IPEIS ,B/)

RETURN
7002 CONTIN UE

VO L TM2.XZ Cs )
Ilc~ 1J (28)
$ A M P L ;  I • /KZ (4)

TI M E u S ,
DO 73~ 0 II ’l ,Xl

PIOLD CI I) ‘0 .
1K2’30

DO 7040 I’l,IR
P~~~Q z X Z ( I X 2 ) a P L 1aTI M!
~OL~) (CI ) :-~J L U ( 1 I )  • STAO(I)CSIN(FRE Q )
I~ 2u Ik 2 — I

CONTINUE
T L M ES T I M E  • 3AMPL

CO NT iNUE
00 10~~D 11 .1,11
V 0L1ar ~OLO CII) • V OLTM 2
V O L T u V ~ LT • ELELT~~~1I)*CC2IFC!JCi7).Et ~.I) 6010 1059
I F C V O L T .GT .2.428) 6010 7051
v3L T ’Vu LT *~ ,~ 8.~ —

G~~ T~~ ~~~~~
7o51 !F(VOLT .GT .1,088) 6010 7052

~ - • •
l iUTO 7~~~ ’~7 -  _

_
_•• ;_ _ ‘ • *

A 16
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7059 CONTINUE
ELECTR (11)sVOLT a CONST

IrCE LE C TR CI L) ,GT ,XM AXE L J ELEC TRCII) ’XMAXEI.
7085 CONT INUE

ST AD (5) uXj  5) a CONS ?
RETURN

8000 REWIND I
6010 8001

(ND

v$
Al 7
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C CCD 3 ,FTN

C
C 3U~ R O UT XNE I N ITIALIZ E S CCO FOP INPUT DATA
C
C
C

SUB ROUTIN E INITL
REAL A A ( 3 0 )

COMM ON /CCD/CCOW (2,bBt)
COMMON /BINSTR/XJ (30),IJ (30)
COMMON /V O L T S / X M A X V ,X M A X E
COMMON /PASS/STAD(20)

T STA GE ’IJ It)
IPRINT ’IJ (23
IN O ISE a IJ (8)

IFCI J (2 9), EQ .1) 6010 70S~
A VE ’X J (2)
SD’ XJ (3)

IF(5O,LT ,0,) GOTO 100
W RI TE(5, 505) AV E, SD

505 FORM AT (’ MEA N VALU E. OF THE INITIAL STATES ,IPEIS,5/
P ‘ SO OP TM! INITIAL STATES ‘,IPE 1S,8/)

‘‘I
1 READ (1 ,EN0 18028, EHR I8000) AA

K u t
2 CO N TIN U E

CCD W( 2 ,I)1AA (K)a SD + AVE
RE SSC COW (2, I) aX J (1)
CC Uw (1, 1) aRE S
CCDW(2 , I)aRES

I•I • 1
Ki ll • t

X F(I, GT ,IST A GE) 6010 3
IP C K ,(iT .30) 6010 1

6010 2
3 CONTINUE

IP (IPRINT .ME .1) RETURN
W RITE (5,j0~~~) (I,Is1, ISTA GE)

1000 F O R M A T ( 1 5 X , STA6E ~ ‘/(13110) )
W RII E (5 , 1021 ) C C C O W ( I , I )  ,CC DWC2, X) ,III ,ISTA GE

1~~~1 F M A 1 ( 1 2 C 1 X ,~~10. .~) )
RETURN

lEO DO 110 1 .1 ,1STA GE
CC OW(1, 13’S.
CCDa (2, I) ‘0.

110 CONTI NUE
20@ W RI TE(5,20I3

F O R N A r v  ~-~J ~A CKG ~ Ol)NO V O L T A G E  ADDEP ) ‘/3
RETURN

7~ 0o CONTINU E
bI~~~.~~TAO L~~)P r c g I i ( b 5 a Y T ( j )

B 1AS .tSIAS — RES
- — -

CL (1,1) ‘~‘ES

A 18 
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CCD W (2,1)uRLS
7001 CONTINUE

W R L T E CS , 7 010 )  Rt S , BIA $
7010 FORM A TC’ SIA S TERMS ADD ED TO WELLS ‘,2(2X,IPEIS .8)!)

RETURN
8000 REWIND 1

6010 1
END

- 
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Ca
Ca CCO7 ,FTN
Ca
C
C
C SUBHDL STINE. DOES THE 800KKEEPING FOR THE CCD2 ARRAY
C VERSUS TIME

C
0001 SUBROUTIN E XR U N
0002 REAL A (30),B(30)
0003 COM MON /VOLTS/01,02,ITIM
0004 COMMON /CCO/CCDW(2,bSI)
0005 COMMON /IMPUT/ELECTR(1200)
0006 COMMON /BLNSTR /XPERC ,XMEAN ,X5Q, PC LOCK ,FBANO ,%Z(25),ISTAGE

2 ,IP RI N T ,ZL ENGT ,IFZLT ,ILJ (3),INOZSE,1 JJC2 ,)
0007 COMMON /PASS/S TA D( 20),I STAO(20 ) ,IVA R

LL ’IST A GE ‘ I
Ca
Cc SHOT NOIS E
Ca INPUT NOISE
C. TR AN S PE R NO ISE C HAN GED 03/?3/77
C. I N T E R I A CE N O I S E  ADDED 03/24/77
Cc
C.

ISTART .1
0010
001 1 13.0
0012 14.0
0013 IJJ (17)s0
0014 DARK a X Z C 2 0 )
0015 IP C D A M K ,E D .0.) 6010 5000
0018 13.31
0017 G81’STAO(20)
0018 GS I ’STA O(I 93
0019 GDI .STA O( l8)
0020 GG.GBI a 601
002 1 CCJNSTaSTAO(17)
0022 XN STaSTAD(jb )
13023 CU R $ S TA D CIS)
0e?4 GISCUPaGS!
0o 25 G2 ’ C u Rat ~SI
8026 G 3 3 CU R a G OI
8027 5000 CONT INUE
~0211 IF (INOISE ,EO .1) 6010 8000
0529 bQ tNPT $STAD( j)
00 30 SOMIOLSSTAD(2)
003 1 S O T R A N s S Q R T ( 0 . .X PEPC~0032 IN P TiI5T AD (j)
8033 IM IOL IZSTA O (2)
0034 13’31
0035 600o CON TIN UE
0036 IP CIPI LT ,EO.13 C AL L COUPS
0037 ILL ’ITIM
Oo3e IT IM ErI TI M • ISTA GE
~03q TICI JJ(1 23,EC ,03 ITI M E u I STA GE
0040 IEND u I

232’~ CONT INU E

A20

8FST AVAU-AB~E COPY
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0043 00 * Iu ISTA RT, IT IM!
0044 IP(I .E0 .t ) 6010 7002
0045 IOEGIN .I ~ 3
0046 lEND’! • ILL.
0047 IFCIBEGIN .GT .ISTAG E ) IBEGIN u ZSTA GE
0040 IPCIEN D .GT ,ISTA GE3 IEND u ISTA GE
0049 I P C I E N D ,L L.0 ~ IENDSI
110,0 CCOW (j,LL )ue ,
0051 J u IbEGIN
0052 IF (IPRIN T •NE ,1) 6010 25
0053 WRITE(5 ,IOOI ) I,(CCOW( 1,JJ) ,CCDW (2,JJ),JJII,LL )
0054 1001 POR M AT (Ia , (6(1X,E15 .8))3
0055 25 CONTINUE
0056 DO 2 K i i ,IS TA GE
0057 JJ•J • I

Ca
Ca FIND RE SIDU E AT CLOC K PULSE 2 IN EAC H WEL L
Ca TRA NSF ER REMAI N ING CHA RGE TO W ELL AT CLOCK I
C. LE AVE RESIDUE IN OLD WELL AT CLOCK 2
C.
Ca

5555 R E S I X P E P C a C C D W ( 2 , J )
0059 CC DWCI ,JJ) ’CC DW (j, J J ) • C C D w ( ? , J )  • RES
0060 I F C DA R K ,EQ .0,)  6010 5010
0061 IF(13 ,LE ,29) 6010 5001

— 
0~ 6? 13’t
0063 3001 CONTINUE
5064 RE A O(t, END I3000 ,ERRu3 000) A
0065 5001 CONTINUE
0068 RA Vu S QRT (A (13)a c e • A ( 1 3  • j ) * a ? )
0067 R A Y V u X N S T a R A Y
0068 R A Y u R A Y Y * G 2
0069 DA R K K u C O NST a (G SL aRAV Y • ~~~ )
SolO CCDW(j, JJ )U C CDW U, JJ) • DA~ K~
0071 G SUM ’RAV • 51 a 63
0072 IF(I .LT .3) W R ITE (5,5002) I,6I, RAV ,G3 ,GSUM
0073 SoSO FO PMAT (’ CU RREN T DENSITIE S ‘,1 6,6(tX,E15, 8))
0074 IF( I , LT, b) WR I T I ( 5 , 5 0 0 3 3  1,DA R* K
0075 5003 FORM AT (’ ELECTRONS ADDED PER CLOCK ‘,I6 ,IX ,EjS ,8)
0018 I3’13 a 2
Soil  So l o  CONTI NUE
0578 I P ( I J J ( 5 ) , Er ~, o 3  X R E S ’ C C D W ( 2 , J 3
0079 C C D H ( 2 , J ) . R E S
0080 IFCINOIS E , EQ ,1) 6010 6001
0081 IF(IM IDL .!Q.0) 6010 8001

Ca
C a ADO IN NOI SE SOURCES OF MIDDLE REGION
C. SHOT INT ERAC E *2
Ca

0082 1PC 13 .LE .30) 6010 10
0083 13’l
2 0 84  3011 CO NTI N UE.
0085 R E AD (t,END u 3SIS,ER Pu3 OLO ) A
0086 10 CONTI NUE

CCON (1,JJ) ’CCO ~~(1,JJ 3 • A (13) aS DM IDL
OReS 15’13 • 1
0069 8001 CONTI NUE

C.
T RANS rEP4  N OiS E  AOU !U IN ONE P~ R TR AN S PE R

C. 

A21
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I

0090 IF(INUISE ,EQ .1 ) GOTO 8005
009* IFCIJJ(5 ).EO. 1) 60T0 8005
0092 IF (13,LE.303 GOTU It
0093 13P1
0094 3521 CONTI NUE
0095 READ (t,EN 0a 3020 ,ERR u302O) A
009a 11 CONTINUE
8097 R E S IX R E S
0098 IF(RE3 ,LT.0.) RE SS— RES
0099 XR E Su SUR T(R ES)* SDTP AN *A (1 3)
0150 13’13 + I
0101 CC OW (2,JJ ) ’CC OWC 2 ,JJ ) • XRES
0102 CCL )W (1,JJ)ICCDW(1 ,JJ) • X RES
0103 BOOb CONTiNUE
0104 IF (CCUW(t,JJ),GT, U23 CCOW(1, JJ )u52
0105 IF (J ,LE ,I E N D ) SOlO 7501
0106 J ’J  — *
0107 2 CONTINUE
0108 1001 CONTINUE
5109 IF(1 ,LE ,IST A GE) GOlD 1502
0110 IF(IVI L T ,EQ ,1) 6010 vase
51 11 14.14 • I
0112 8(14) $CCOW(1,LL )
0113 IJ JCI 7 3 :IJJ( 1 7 ) • I
01 14 IF(14 ,LT . 30) 60 10 1002
0115 WRITE(2’lPP) a
0116 Il~P sIPP • 1
0117 14’0
5118 7502 CONTINUE
511 9 IF (Z .GT .ILL ) 6010 21
0120 CCO W ( 1 ,1 ) u C C D W C I , t )  • EL.EC ?RCI)
0121 IFCINOISE,EG ,t) GOTO 8002
0122 IF(INPT .EW.0 ) 6010 8002

C,
C. ADD IN INPUT NOISE SOURCES
Ca SHOT INPUT INTERF ACE
Ca
Ca

012 3 1PC1 3 ,LE S 3S) GOTO 20
0124 I3’l
OtOS 3031 CONTINUE
0128 REA O(t,END ’303 0, ERR $3 030) A
0127 20 CONTINUE
0123 CCO ,dCt.I )ICCDWC I,t) • A(1 3)aSD IPIPT
0129 13.13 • I
0130 8002 CONTI N UE
0131 IF(CCOw (t,1) .G T ,~~2) CCUW (I,1).Q1
0132 ZFCIPRINT .NE .1 ) GOTO 21
0133 WRIT E (5,IOOI) I, (CCOw(1, JJ ),CCDW (2,JJ ),JJ II,LL 3
5134 21 CONTI NUE
0135 I;.!

0138 IF (lb!GIN .G! .ILL) IENDU IEN O • I
0137 IF J.GT .ISTAGE) Ju ISTA GE
0138 TP (I,EQ .XIIME ) 50T0 I
0139 DO 3 K ’1,ISTA6~

Ca
C.
Ca 1 j~~ D ~~p — s I r ~ j r A l  CL~~L~ I
Cu TRAN S f~ER REMA LNIN (j to CLUCK 2 WELLS

LE4~ I. T~~ ~~~~ è çJE I ’~ CL JCK 1 —EL L

A22 
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C’
Ca

0140 R L S ’ X P E R C * C C O W C I , J )
014 1 C C D W C 2 , J ) . C C D W C C , J )  • C C D W C 1 , J )  • RU
0142 I P U J J ( 5 3 , E Q .0) X R ES I C C OWLI . J )
01*3 C C D W ( l , J ) ’ R E S
5144 IF (DARK .EQ ,5.) 6010 3500
01 45 IF(13 ,L€ .29) 6010 5021
0148 13’l
0147 354* CON TIN UE
014$ REA D(1,E NDu 3O4O ,ERR u3Ol0) A
0149 5021 CONT INUE
0150 RAY u SO R T( A (I3) a *2 • ACI3 .l)a *2)
5151 R A YY ’R A Yc X NS T
5152 DAHK .CONST * (GSI*NAYY • 66)
0153 CCUW(2, J ) .CCDW (2 ,J) • DARK
015 4 5020 CONTINUE
0155 IP(INOISE .EQ .13 6010 8003
015 8 IF (IMID L .E0.0) 6010 3053

Cc -

Ca ADD IN MIDDLE NOISE SOURCES
C. SHOT O aX NT ERFA C E
C,
C,

0137 IFCI3 ,LE,30) 6010 30
015 8 13u 1
0159 3051 CONTINUE
0160 READC I,END ’3050 , (RRu3OSO) A
0161 30 CONTIN UE
0162 CCDW(2 ,J) .CCDWCP, J ) $ A (I3) a$OM IDL
0163 13.13 + I
~1b4 8003 CONTINUE

Ca
Ca ADO IN TRANSFER ND!5E
Ca

0165 IP(INOI SE .EO .t) 6010 8006
0168 IF (IJJ (5) .EO .I) GOTO 8006
0187 IP(I3 .LE ,30) GOTO 35
0168 13.1
0169 3061 CON TINUE
0170 REA OC I , !ND u 3Ob0, E RR u 3OÔO) A
0171 35 CONTINU E
0172 R ES u XRE S
0173 I~~CRE S .LT.S.) RES ’—RES 

—

0174 X RE S .SO TR A N a S~ 4T (RE S)cA (I3)
0i75 13u 13 a I
0178 CCDW (2,J )’CCDW(2 ,J ) — XRE S
0171 CCOw (1,J)uCCDW(1,J) a XRES
217 8 8006 CONTINUE
0119 IPCCC Ow (2,J ) .61.02) CCDWC2, J) ’02
0180 IF(J .LE.IENO ) llOYD 99

J’J —1
01,2 3 CONTINUE
0163 99 CONTINUE

1~~CIPM lNT .’~E.1) 6010 220185 ~PITE (5,tC~~~) (CCDw(1,J),CCO ~~(2,J),Jut,ISTAGE)
0186 1500 FORMAT( 6(?X ,EIS .8))

~~ . l i ’ - . ..j .
8148 IP ((IP ILT .Ell .l) .AND .U .GE .IST AGE )) CALl. F IL TE Il( A ,0 ,13 ,I 4,I,IPP)
‘1~~9 I CC ~~T I ’ -

BEST AVAILABLE COPY 
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01 90 X P (IJJC I2 ) ,EO .1) 5OTO 2330
0191 I ! C I S T A RT .NE.* )  GOT O 2330
01 92 CA LL SET TEK(XN$T ,5SI ,GG,C QNST,ITIME,ISTART,ISTAGE ,XTIM)
0193 6010 2329
0194 2330 CONTINUE

1rC1 4.NE .0) WRITECO’IPP) S
0198 RETURN
0197 3000 REW IND I
2198 GOTO .1001
0199 30 1R REWIND 1
0200 6010 3011
0201 3020 RE W I ND 1
0202 6010 3021
0203 3030 REWIND 1
0204 6010 3031
0205 3040 REW IND 1
0208 6010 304 1
0207 3050 REWIND 1
0208 GOTO 3051
020 9 3o60 REWIN D I
0210 GOlD 3061
0211 END

Ca
Ca
Ca CCD1T .FTN
Ca
C’ SU 8ROUT INE LOADS UP THE WEIS T IIS FOR A FILTER
Ca
Cc

0001 SUOROUTINE COUPS
0002 COMMON /BINSTR/ZL (30),ISTAGE
0003 COMMON /COEFF/COEFF(800)
0004 WRITECS,1000)
0005 1000 FORM A T( I$l /’ FILlER WEIG HT S ‘F)
0006 00 1 I .i ,ISYA GE
0007 READ( 4,1001 3 CO EF F (I)
0008 1001 F ORMA T (E15 ,8)
0009 WRI TE (5,1 003) I,COEPP (X)
00 10 1003 F O R M A T ( I 6 ,3X ,E15 .5)
0011 1 CONTINUE
0012 W RI T E C S ,1 002) ZL.(11)
00 13 1002 FO RM A T C ’ I ERROR PER W E IGHT ‘P10.3/fl
0014 RETURN
0015 END

~NMth8’~ 
CO~’N

A24
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Ca
Ca CCO1O ,?TN
C.
Ca
Ca SUBRO UTINE COM PUTES THE FILTER RESPONSE PER PULSE
Ca
Ca
Ca

0001 SUbROUTINE PIL.TERCA,4,II, Xa,J,IpP)
0002 REAL A C1 ),B C 1)
0003 COMMON /SINSTR/ XL (30) ,XS TAGL,IJ J (6),INO ISE,I JC20 ,
0504 COM M ON /CCO/CCDW(2,60I )
0005 COM M ON /COEF F/COEFP(600)
00118 SD u x Ltll )
0007 ERR U IS a xL.(t~ )
0001 X SUM SO ,
0009 00 5 1u 1,IST A GE
0010 XSUM~ XSLjM a CCDw(2,1) aCQE PF~~~ aERR
0011 IPCI N U ISE .E0.I) 6010 5
0012 IP(IJ (7),E0 ,1) 6010 5
0013 IFCI1 .LE .303 6010 1
0014 2 CONTINUE
0015 11.1
0018 READ(t,EN% )s1000 ,ERR.*005) A
0017 1 CONT INUE
0018 X SUM uX SU M a A CIL )aSOa CC OWCC .I)
0019 II~~II  a I
0520 5 CONTINUE
0021 IPCJ .LE .XSTAGE) RE TURN
0022 14.14 4 1
00 23 O C I Ü ) ’ X 3 U M
0024 IJ( i 7~~u IJC17) a j
00 25 IP(14.LT ,30) RETURN
0026 14’0
0027 ~4RITE(2’IPP) S
002$ IPP’IPP a I
0o29 RET URN
0030 1000 CONTINUE
0031 REWIND I
0032 6010 2
0033 END

BEST AVAilABLE COPY
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Ca
Ca
Ca CCD2a .FTN
Ca
Ca

SUBROUTINE SO
COM MON /BINSTR/XX130),IJ (21)
COM M ON /PA SS/3TAO( 25) .I3TAD ~ 20)

C.
Ca
Ca LOADS APPROPRIATE NOISE $OURC ~ $ IN 305
C.
Ca

LPCLJ ~.33.U3,t3 RETUWN
SD I N PT IX X (6 )
SDS HOT .KX(7)
S000TPsXX (4)
SOXN TR IX * (19)

C i CHECK TO SEE IF ALL SOURCES ARE ADDED IN
Ca

ISTADCI)I0
ISTAO(2 )I0
Z STA O C 3).0

IPCIJ (l0).L~~.1) 6010 10
Sls SOS~ O 1a 3DSMOT
S 2 .S OI NTRaS Q LNT R

Ca
Ca INPUT SD
Ca

STADU) .SORTCSDINPI.SDINPT • SI • 52)
I3TAD (I~~u 1Ca

Ca MIDDLE NOISE SOURCES MINUS TRANSFER
Ca

S T A D C 2 )~~SQR T ( S t  4
I S T A O C 2 ~ at

Ca
Ca OUTPUT NOISE SOURCES
C ,

S TA O C3 )’SQRI(Sl a 32 a 5000TPaS000TP)
IST AD~ 3)u 1

RETURN
10 CONTI NUE
Ca
Ca CO MPUTE INPUT iF NEEDED
Ca

V AR ’O .
IPCIJCII). EU .1) liOTO 15

V AR .SD INP TaS DI NP T
ISTAD C I ) ul

Is I~~(1JU2).t~e ,~~) bOlD 28
V A R ’ V A R  a S D S M O T a S O $ H O t
ISTAD(1 )’I

28 IP(I JUb).l~..1) 6010 b
V A Qu V A ~ a SOINTPaSI, !NTR
Z S T A O C I )  .1

~~~~~~~~~~~~~~~~~~~~~~~ 
J 4 .~:~~~~ T C V . ~r~)

S TAO L 1J u V A R

- - A26
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C’
C.
Ca COMP UTE MIDD LE 3D IF NEEDED
C.

V AR
IP(1 JC 12 ).EQ .1 ) GOTO 30

V AR u 5~ SHO T a SD 3 HOT
IST AD (2) ‘1

30 IP (IJtI8 ) .EQ .1) 6010 35
V A R u VA R a 2 , a SDI NT R aS O XN T R
I S T A D ( 2 )  .1

35 18 C IS TA UCO )  .EQ ,1) Y A R u 5 Q R T C Y A R )
5TAD C 2) . VA R

Ca
Ca
Ca COMPUTE OUTPUT SO IF NEEDED
Ca

VA R .0.
IPCIJCI2 ).E0.t) 6010 40

V A R ‘ SD SHOT aSOSHOT
IST AO (3)’I

40 IF(IJ (14).EQ .1) 6010 45
V A R U V A R  4 SDOUTPaSDOUTP
ISTAD (3) ‘1

45 X FCI J (16 ) .EQ ,1 ) GO TO 50
VA P u V A R  a SD IN TR e SU IN TR
ISTAO (3) u t

50 IF(ISTAD(3) .E0.1) VAR S SQ R T (V AR)
5140 (3) ‘VA R
RETURN
E ND

C.
Ca
Ca CCD.50.FTN
Ca
C.
Ca

0001 SU SROU TINE SE TTER( XN ST ,GSI,;G ,CQN,I TIME,I $T AR T ,ISTAGE,I TZM)
0011? R E A L  4(30) 

-

0503 COMMON /OINSTR/*XC30),ZJ (30)
0004 C~lMHON ICCO/CCUHC2,601)
0005 C O N S T . X X C 2 4 ) c X X C 2 l )
0008 Ia~~51
0007 DO 100 Iu l ,IT IM E
0805 IFUa ,LE .29) 6070 1
0009 J4~~10010 REA O( 1) A
0011 1 CONTINUE
0612 RVI SQP T(A( I4 ) .*2 a A (j4,1)aa2)
0013 RV .R V aX NS T
0014 DA PK .CONS T * (GSIcWV ,GG)
0015 CCDW (2,I) .CCOW( 2 ,I) a DARK
0016 14:14 a 2
0017 100 CONTI N UE

IST A R T.I STAGE 4 1
0019 IT IMEP I T IM a ISTAGE
0o20 IF(xx(43,E Q .XX (22 )) RETURN
0021 C O N u X X C 2 4 ) / C X * C 2 2 ) a 2 ,)
0622 IFCI JU 2 ). E0 .1) RET U RN
0023 Xx( 1 ) ’*X C2 3 )
0024 CALL SO
0023 RETURN
0026 END 

A27 
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C
C
C
C
C SUB ROUTIN E PR INTS OUT INITIA l . AND FINAL A RRAYS
C
C

5u~3~4O UTINE QUIPR EA L A ( 3 0 ) , O B ( 30)
COMMON / INP~~T / E L E C T H ( I 2 0 0 )
COM MON /VOLTS ,XMA XV ,XMAXEL ,IT IM E
COM MON /8INST~~/XZ(30) ,IJ (2),XLT,IPILT ,ILL (3) ,INO!3E,IJI_C2 0)
COMMO N /PASS /STA ~~(2~~),ISTAD (20)
COMMON /CCL )/A , ~~~~ X M A X ~ X MIN ,AV t , V A R , X1, XX I N , V M A X O , XXO U T , SD

Ca
C,
Ca MAX OUTPUT VOLT IS 100 M ILLEVOLTS
Ca THIS INCLUD ES THE CLOCK VOLTASE
Ca
Ca 30 MAK E  TH E MAXIMUM NON CLOCK VOLTAG E
Cc 48 MILLEVOLTS
Ca
Cc

NU PW u IJL (173
Ju l
12 u 31

X X I N u X M A X V / X M A X E L
V M A X O I 4 8.E.3
XXOUT ’VMA XO /XMAX EL

‘~~31
SDu ST AO (3)

Ca
Ca FOLLOwIN G CODE IS WRITEN THIS WA ~ SINCE THERE
C a IS NO OVE RSTRI K E ON THE LIN E PRINT ER
Ca

IF (IFILT.NE .1) WR1TE(5,500)
!PCIFILT .EQ.t ) WRITE(5 ,50t)

500 PORMA T(IMI /’ (OUTPUT MINUS THE CLOCK VOLTAGE) ‘~‘/
2 15X ,’VOL.TS’,28X ,’ELECTRUNS’/
3 IIX , ‘I NP U T ’ ,SX , ‘OUTPUT’,1 9X , ‘INPUT’,bX , OUTPUT’/
4 1X .b0(IH—))

501 PORMAT (lIl1/’ (OUP’UT M INUS THE CLOC K V O L T A G E )  ‘/ /
2 t bX, ’VOLTS ’ ,28X ,’EL ECTRQNS’ ,32X ,’FILTER’/
3 lix , ‘INPUT ’,SX, OUTPUT’,1 9X , ‘INPUT’ ,8X, ‘OUTPUT’ ,22X , ‘VOLTS’ ,
‘4 bX , E LECT RO~ S /
5 1X ,I P’~(IM.))

Ip~’.0DO 100 Iu 1, NUMB
X ’  .ELECTR (1) a~ X~~

IFCI2.LE. 3~~) 6010 1
12.1

I8CIPP .GT .0) .WITE(2’IPP) 08
IPP.IP~ a t

RE AO C 2 ’I PP ) SB
I CONTINU E

IP(INJ I5E ,L~~.I) 6010 3
IFCI STA OC3 ) .EQ .0) GOTO 3
1~~(K .Lt.3~~) uJT~ ~

3001 CONTINUE

BEST MAILABLE COPY 
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Rut
REAOCI,ENDu3006,LRRu3000) A

2 CONTINUE
S8(123u88 (12) a A (K3’$O

3 CONTINUE
X2 s60 U 2 ) * X X O U T
IFCI LL (3). EQ .t) 6010 7053
IF’ (IFILT .NE.1) WR ITE (5, 1600) I, Xi ,X?,ELECT R(I) ,68(!2)

t ooo PO R MA T ( 1 5 , 2(t x ,P t 0 ,4) ,18x ,2Ux ,F1 2 ,2) )
IF (IFILT ,E0.1) WRI TEC5,IS0I) I,X 1, X2,ELECTR(I) ,

2
1 001 F OR M AT (I5 ,2 (1x ,FIo ,4) ,tox ,2(jx ,p1?.2 ) ,tbx,PIe .a ,3x ,F12 .e)
7053 CONTINuE

ELECIR (I) azj
B O U2)’xa
I2’I2 4 1

Ca
Ca
Ca ADD IN THE FEED FOR CLOCK I
Ca 55 MILLEVOLIS
C a SUBTRACT THE FEED 8CR CLOCK 2
C. 55 MILLEVOLTS
Ca
Ca

CLOC K’55 .E.3
Ca
C.
Ca ADD IN THE DIRECT FEEOTHROUGM
Ca MAXIMUM INPUT V O L T A G E  CORRESPONDS
C. TO 2 M1LLEVOLTS AT OUTPUT
C.
Ca
100 CONT INUE

CALL PLDT I (ELECTR ,X M IN ,XMA X ,A V E , V A R ,V A R I , NU MB)
W RI TE .(5 ,8099)  NLI H ,AV E ,VA P ,VA R I

8099 8OR M AT (’ INP UT ‘,16,’ AVE ~,1PEt5 .8,’ SO ‘,1PE1S .8,1X ,IPEIS .8/)
A VE ’t ,

!FC!LLC3).EQ.0) CALL P’LOT~ ELEC1R ,NUMB ,XMIN ,XM4X p AVE ,AVE,*VE)
XZ (12)SVMAXO
XZ CI 3 )uCLOC K

R E W I N D  1
£NDFILE 1
W RI TEt2 IPP) 58
WRITEI6,80I0) IPP

8010 FORMAT ( DONE WITH OUTP ,16//)
Ip~
,P.l

A VEtO .
AVEI’O .
V A R U O .
V A R I ’ 8 .

NUMBB PN UMB/J  4 1
I? u31

00 8019 I’l,NUMB
IF (I2.LE .3~ ) 6010 8078

T?’I ..-~~~ ‘

REAO (2’IP~ ) bS ‘~~

I p .’PuI~~P a 
~ -- 1~~- 

~ ~
- 

~~~

-

O F T ”  r~’~JT T M I ~~

2 2’ ! ?  • I - 
--

,- ---
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A V E a A V E  a ELECTRII)
XI.ELECTR (I)aaE
VA R ’V A R a X~
I!(1.LT ,NUMBB) 6010 8079

A V E~ ’AV E I • ELLCTR CI)
V A R I 1V ARI 4 *1 —

5079 CONTINUE
Xl IFLOA1(NUMO)
VA RPX I *V AR AV E *A VE
IFCV A R .GT.0.) VA R.SQPT (VAR/ (X1*(Kl.I,)))
A V E ’A V E / X l
X ISFLOA T (NUMB/2)
V A H I I X I a V A R 1  — AVE I *AV E I
IFC V AWI .G T. 0 ,) V A PI 1 S QR T (VA R I , (X1 .(X 1— I ,)))
AV E I a A V E I / X L
WRITE(5,8075) NLJM8 ,AV E , VA R ,AV EI, VAR I

8075 POR PA IC’ OUTPuT * ‘,Ib, ’ AVE ‘,lPEIS.B,’ SD ‘,IPElS ,$/
2 ‘ HA LF THE OUTPUT AVE ‘,1PEi5.~~,’ 5T) ‘,IPE1S ,8//)

CALL PLOT1(ELECTR ,XMIN ,XM A X ,AVE ,V AR ,VAR 1, NUMO)
W R ITE(5 , 8075) N U MB ,A V E ,V A R I

AvE u t ,
IPCILL (3).E~~.0) CALL PLOTCELECTR ,NU MB, XMIN ,X M A X ,AV E ,AVE ,AVE )

ENDPILE 2
R E T U R N

3000 REWIND I
6010 3001

END

A30
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Ca
Ca
C* LZTTLt. BOOKKEEPING
C’
Ca CC O2 6.PTN
CI
C’
Ca

SUBROUT INE SETUP
REA L A R R ( 3 0 )

COM MON /BINS TR/XX (3 0 ) ,IJ (30)
COM MON /CCO/b(1200)
COM MON /INPUT/A (1200)

1Mb
X F ( I J L 3 O ) . EG .0) R ETURN
ICCUI

800 CONTINUE
NLJ MB’IJ (25 3

RiO
NU MB B uN U M B / 2 a I

00 115 X ’NUMBU,NUMB
C u K e ~A (K )  A (I)

110 CO NTI N U E
NUMB . K

C A LL P L O T 1 C A ,X M I N ,XMAX ,AV E , V A W ,V A R1, NUMB )
W RI T EC 5, 8088) NUM ~~,AVE ,V A R ,VA R 1

8080 FO R P A T C I H I ’  I M E AN SD ,I 8,4(IX ,1PE15 .8)/)
IF CIW .E Q .*) 6010 17

Jet
INO .2

2 NU M. NUM H /X N Q
IFC N UM .E0 .0) GO TO 5
INOa IND a2
J’J a
6010 2

S CONTINUE
!F(NtJMB.EQ.(IND/2)) J’J • I

IF(iw.EQ,0) 6010 6
77 CONTINUE

CALL WGHT( A ,IW ,NUMB )
CALL PLOTI(A ,XM IN ,X M A X ,*VE, VA M ,VAR 1, NUM8)

6 CONTINUE
00 10 I.1,NUNO

A ( I ) u A ( I )  • AVE
18 C ONTIN U E

1.0
I P Pu IN D • N U M B

!F(IPP ,EQ .0) 6010 10
KINUMB a j

00 7 I u K , I N D
7 AC!).0,
16 DO 20 1u 1, IND

B C I ) u O .
20 CONT IN UE .j \~~ ~~~~

C A LL ~R X FM (J , A ,b) 
- 

-
~
. ç~

IN u ’INO /2 - 
-

~c~_S\ ~~~~~~~

A3 1

______ ______ 

— .



D i SOR ICO )
AC!) ‘0

30 CONTINUE
CALL PLO T I (A ,XMI N ,XM A X, A V E , V A R ,V ARI , IwD )

lu l
CALL EPLOT (A ,X M A X ,INO ,I,!)

ICC’ICC a *
Iw u t

18 C C ’ ~’P .E~~,8) , A N D . ( I C C , L T ,3) )  60,0 880
RETURN
END

0 A32
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Ca
Ca
Ca LITTLE BOOKKEEPING
C.
Ca CCO2T ,P’TN
C’
Ca
Ca

SU BROUTINE F RXFM( N 2PO W ,Xt ,Y T)
Ca
Ca DECIMATIO N IN FREQUENCY FFT ALGORITHM
C.
Ca

DIM EN SION XT (2),YT(2)
N u2a a N2PO H
M uN 2PU W
00 605 L0.t,M

LM~~u2 aa C M . L 0)
LIX t?*L MX
SCL ’6.283I853072 /FLOAT CLIX )

DO 600 LM ’I,LMX
ARGbFLOAT (LM 1)*SCL
CICOSCARG )
5.SIN (ARG)

00 600 LI’L IX, N ,L IX
J1’L I LI Xa LM
J2b J I4L MX
TI’X T (JI) •XT(J2 )
12RY1(Jt ) • YT (J2)
X T (JI ) ’XT C J l ) a KT (J2)
Y T (Jt ) .YT(Jl) • YT(J2)
X TCJ2 )u C a 1I a ~~~~
YT(J2 )uC*T2 • SaIl

660 CONTINUE
Ca
C a BIT REV ERSAL
C.

NV 2 IN/ 2
NMIs N •l
J.1

DO 835 Iu I , NM I
IF(L .GE .J) GOT O 831
TI’XTCJ )
12’ Y 1(J)
X T (J )u X 1 C X )
VT (J) uy T (I)
XT (I) ‘Ti
Y T ( I )  ‘12

631 K uNV 2
620 CONTINUE

X FC K.GE .J) 6010 635
J u J — K
Ku K / 2
GOTO 620

635 J .J i c
RETU RN
END

i~V
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CI
Ca
C~ CCO2S ,F T N
C.
C’

SU OROUT INE WGM T (A ,IW , NUM 5)
PEAL A (2)
COM MON /RAPJD/ P I ,PIj

C.
Ca
C.

NSNUM B • *
IF (NUMS .NE .2a(NUHO/2)) N IN UM B
NS N/2 — 1
CONST’PII/FLOAT (NUM8)
ALP H A ‘0 , 54
IP(IW .EQ.2) ALPMA ’0 ,5
C1’l. • ALPHA
DO I I’I,NU MB

Ti uCQN$TaPLQAT (IaN)
A C I ) u A C I )* (AL PMA • CIaCOS( TI))

I CON TINUE
RETURN
END

A34
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Ca
Ca
Ca CCD2 9.FTN
Ca
Ca

SUBROUTINE EPLOT (XT,XMAX ,LNUMO ,LSTRT,L.XNT)
C FOR PLOTTI NG RESULTS ON A SCALE 0 TO 50 DI
C ASS UM E S THA T CAPT IO NI N G IS PROV IDED, A ND POINTS EXIST (UP TO LEND)
C NOR MALIZES POINTS TO X M A X BEF ORE PLOTTING
Ca
Ca
Ca XI VECTO R OF STOR~ D POINTS TO BE PLOTTED
C a X M A X  MAX VALUE IN VECTOR X I
C a LNUMB NUMBER OF POINTS TO BE PLOTTED
Ca LSTRT INDE X Of FIRST POINT TO ~E PLOTTED
Ca LINT INTERVAL SETWEEN PLOTTED POINTS IN ARRAY
Ca
Cc OUTPUT 08 999 MEAN THAI POINT W A S LESS THEN
C a OR EQUAL TO ZERO
Ca
Caa aeaaaM 2l . LATEST RECENSION DAT EDI *2 1 .A P R ,71

REAL A KAR (S)
REAL XT (2)
COM MON /CCD,A LXNECIOI )

DATA A k A R / 1~~,, ?,~~.?,~ 1,b0~ 1
L E N D u L ST RT 4 C L NLI M B— 1) a L I N T
KOU NT’0
WRI TE(S,I5)

15 FO R MAT (//59X, ’DB UOWN /3
WRITE (5, 17 )

17 FO RMAT( ,1X ,’PT I VALUE 100 ‘,17x, ’80’,1 8X ,’60’,ISX , ’40’,
I 18X ,’20’,18X, ’a INDEX’)

DO 20 I*LSTRT,LENO,LINT
TEST.XT (I) /X M AX
IF (TEST) 24,24,26

24 D6’999,
GO TO 30

26 D8 .— 2 k i ,aA L O G1O ( IES T J
3o IF( MOO(KOUNT,10 ).NE ,0 3 60 TO 50
C EVERY TENTH LINE

00 35 Jst,101
35 AL IN E( J) ’A KA R( I)

00 440 Jul ,101, S
46 AL INE (J ) ’A KA R C 3)

60 10 70
C ALL OTHER LINES
So 00 55 J’l,I01
55 AL IN E(J )IA ICAR (4)

DO 80 J’i,I01,16
60 AL IN E( J ) ’A KA R(2)
C LI NE READY FOR INSERTION OF PO INT
70 KO U N T ’KOU N T a i

L ’IeI IFIX(DB. .5)
!P(L.LT.l) GO TO 90
ALINE IL ) S A K A k  (5)
W RIT E (5 ,~~5) !,r)i~,(ALT ~.P(J,, J .1,1 1t ), KQUN T

95 FO R M A T (i X ,I4 ,~~1,2,iX,1 01A 1,I S )
CC\ T 1~~ue.
W HiTE (5, 173
RETURN -- - - 

—

~~~ /END ~~~~~~ 
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Ca
Ca
Ca SUBROUTINE PLOTS OUT AN ARRAY ON LINEPRINTER
Ca
Cc CCOIe .FTN
C.
Ca
C.

SUBROUTINE PLOT (A RRAY ,NELMNT,AM IW ,AMA X, CO NT ,QELT,TINTL )

C ARRA Y  15 THE A RRAY QF OA TA 10 BE PLOTTED FROM THE THE 1ST
C ELEME NT TO THE ELEMENT NUMBER GIV EN BY N ELM N T .
C AM IN 1$ T”E M IN1MIJ N VA LUE THE PLOT COULD WE AC H .
C AM A X ZS T~ t MINI N UN4 VALUE THE PLOT COULD REACH .
C CONT IS A SW ITCH THAT TELLS THE SUBROUTINE IF THE INPUT
C ARRAY IS A CONT INUATION OF THE LAST PLOT,
C CONT GREATER THAN 1 .~ IM PLIES A COr~TIN UAT 1ON S
C DELI IS THE INCREMENT TO BE USED ALONG THE ABSCISSA ,
C TINIL IS THE INITIAL VALUE OP THE A B SCISSA .
C
C a caN OTE a c a
C
C TINTL IS CH AN GED BY THE SUBROUTINE. IT IS RESET TO THE VALUE
C THAT IS EXPECTED AS THE INITIAL VALUE OF THE NEXT CALL IF THE
C CO NTINUATION OPTION IS USED.
C IF THE CON T IN UATION OPTION IS USED AND THE INITIAL TI lE IS CHANGED
C PROM THE EXPECT ED VA LUE, THE OUTPUT MILL. BE FLAGEt ) WITH A a,
C THE TIMING WILL BE RESEQUENCED TO AGREE WITH THE NEW VALUE ,
C

DIMEN SION ARRA Y(5 ),XS (5),STRI NG(123)
DATA SPACE/’ ‘/,STA W/’O’/,GRIO/’a’/

AVE ’ S ,
V AR tO

TIN TLSA BS (TINTL)
DO I 1’1 ,123

1 STR I NG(I) ’SPACE
00 2 1~~12 ,112 ,25

2 STRIN G( I)u GRIO
IF CCONT—l .) 3,3,4

3 X ’1, 00 1 * C A M A X AHI N )/120,
C K R GIVES X ROUNDED TO KR SIGN IFICAN T DIGITS EQ’JALS X IN .

CRu 6
ZP .—8V ,0775
Z u A M A X I  (A BS( X ) ,EXP (ZP))
LOG 1~~ .AL U~i CZ)/2,332585
Ki .INI (LOG IØF+50 ,)
PMRK . 10. aa (50.K 13
SIGX.A INT (X*PWRC)
PW RKM I .10.** (49a CR—Kt)
SIGP’M1~~A INT CX .PWR I~M 1)
Yu1;1 ,* S I G ~CM 1
Y P’S lIa R — y

- 
NY .INTCYP)
N’ ’  ( N V )  / Sa l )  .5
Y PUAI N I C (NY.Y) /10 .)

AV E , (AMA X aAM IN )/2 . -
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R EVA V E uA !NT CA V E IX IN)aXI N
KM IN.R EV AV E—60 ,cX IFJ
X S (1) ‘RE V A V E—b8 .*X IN
XS( 2 )u R EV AVE —2S ,aX IN

(3) ‘RE VA V E
XS (4) IRE VAV E a 25 ,aX I F.4
X SC S) SPEVAV E a SB ,*XI N
WRITE (5, lQ ~PQI ) DE L I , TINTL, XS

1005 PORMA 1(/bX~~4HABSC1S5A IS ZN UNITS OF IPEI3,1,
I • INITIAL VA LUE ‘,IPE1 3.7/
2 6IX2IP i A M P LIIUOE —— — — —— ,/ 2XOH A B SC ISS A 5X
3 IPE iI, 4,4(14 X i PEtt . 4)/ 1X,1 3 2C1H ~ ))

Ca
Ca B Y P A SS CO OL A F T E R GO TO 6
Ca

KN TSI
IPCTZ MTL.GT .t .) KNT$TINTL
!FCKNT ,cal.0) 6010 a
TSAVE uT INTL
IC NT ‘ I

4 KN TCHIc ’ (TINT L— TSAVE )/DELT• ,l
IFC KNTCHK—KNT )5,6,S

S WRIIE(5,1001 )
l OO t FORP’AT (/2H a/)

KNT,K NT CH IC
6 DO 7 I.1,Pd F.LMNI

AV E. AVE a A R R A Y C I )
V A R IV AR • A RR A Y(I)* ARRA Y (I)
K~ ((A R RA Y  CI ) —XMIN ) /X INaO ,5)
IF (K •GT . I??) K a 12 3
IF(K.LT.1)K’l
TEM P,STRING (’C 3
STR IN G(K) ISTAR
WRITE (5, 1 002)KNT, (STRING (J),J ’2, 1233

1002 FORMAT (It0,1X123A 1)
K NT’KNT a I

7 STR IN GCK) ’TEMP
TINTLBFLO AT (ICNI)*DELTaTSAVE
XIN .NELMNT
X M INI( X IN — t .)aX IN
V AR .XIN .V AR — A V E* AVE
I F (VA R ,GT .0,) V AH u S Q R T IV A R / X M IN )
AV E : A V E / X I N
WR ITE (5,-80øB) NELMNT ,AMIN ,A M A X ,*VE ,VAR

8050 FC1RMAT (’ t OF ELEMENTS ‘,IS/
2 MINIM UM VALUE ,i’EiS ,S/
3’ MAXI MU M VALUE ‘,1I’E 15,8/
4’ MEAN OF ELEMENTS’ ,1PEIS.8/
5 SC’ OF THE ELEMENTS ’,1PE 1S.8//)

RETURN
I ND 

~~~~~~
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Cc
Ca
Ca
C aa t KEY TO CCD STUDY ARRAY BINSTR
Ca
Ca

COMMON /BIP4ST R /XX (30),IJ(30 )
C.
Ca
Ce IJ(1) I OF STAGES IN CCD
Ca IJ(2) DEBUGGING A ID PRINTS OUT INTERMEDIATE VALUES
Ca N O O  YES I
Ca IJC3) LENGW OF INPUT PULSE
Ca IJ (4) COMPUTE TAPPE D DELAY LINE RESPONSE
Ca N O 0  YES I
Ca 1J C5 ) FEEDTMROUGH VO LTA GE ADDED Ne0 V.1
Ce ZJCa ) SURF A CE O~ BURIED DEVICE
Ca IJ (7) PLOT OUTPUT ANt) INPUT V.0 Nat
Ca IJ (8) NOISE iNJECT ED OR NOT Y u B N u t
Ce IJ (tO) SELECT NOISE SOURCES N’O, YUI
C. IJ (ii) INPUT NOISE ADDED
C’ IJ (12) SHOT NOISE ADD ED
Ce 1.1(13) TRANSFER NOISE ADDED

IJC 14) OUTPUT NOISE ADDED
Cc 1.1(15) FILTER NOISE ADDED
Ca 1.1(16) INTERFACE NOISE AL)OEI)
C. 1.1(11) NON LINEAR INPUT CHARACTERISTIC
C t YES. S NO ‘ I
Ci 1.1(18) DARK CURRENT NOISE
Ca IJ (20) HOLD SIGNA L FOR ANY TIME Ys B Nut
Ca 1 . 1 ( 2 1 )  I OF ELEMENTS IN FILE ON OAT SLOT 2
Cc 1.1(28) $ OF SINUSO QIAL SIGNALS ADDED A7 INPUT
Ce 1.1(29) TYPE OF SIGNAL 0 PULSE I SIN
Cc 1.1(30) FF1 OF OUTPUT
Ca
C.
Ca XX C I ) TRANSFER IN EFFICI ENCY

XX (2 ) MEAN VALU E OF THE INITIA L STATE OF DEVICE
Ca XX (3 ) SD OF INITIAL STATE
Ca XX (4) CLOCK FREOUENCY
Ca X X C b )  SO oF INpUT NOISE
Ce XX (~ ) SD OP SMOT NOISE
Ca XX(8) SO OF TRANSFER NOISE
Ca XX (9) $o OF OUTPUT NOISE
C* XXC1B ) INPUT LEVEL OF INPUT PULSE 0 10 2 VOLTS
Ca XX (i1) Z ERROR ~F THE TAP WEIGHTS
Ca X X(1 2 ) M A X I M U M  OUTPU T VOLTAGE
Cs X X (13 ) OUTPUT VOLT A GE OF CLOCK
Ca XX CI 4) FEEDIWNOUGH VO LTA GE LEVEL
Ca X X (1~~) AREA OF ‘tELL
Cc X X ( 1 8 )  BAC KGRO UN D C HARGE 0 TO 35 %
Ca XX (17 ) SO OF FILTER NOISE
Ca Xx (18) CLOCK SWIN( VOLTAGE
Ca X X U 9 )  SD OF iNT ER FAC E NOISE
Ca Xx (25) MEAN OF INTE~ FA CE N OISE
Ca XX(21) TIME SIGNAL MELD IN DEVICE
Cc Xx(2 2 ) OUTPUT SAMP LING RATE
Cc XX(2 3 ) SF401 NOISE FQR OUTPUT FREQUENCY
Ca xx (24) CONSTANT A FOR DA RK CURREN T MULTIPLY

XX(253 NUM BER OF ELECT~~O\5 A O O E L )  FON UA P * CU 44RENT
XX(283 AM BIENT TEMP ERATUR E 4Q .AD IN DEGREES C

Ca CONVE R TED TO KELV IN
C. Xx (~ 7) FREOLP ~ C~ O~ ‘~T’~ I~

..DUT
Ca XX(28) FREQL~ENCY OF 37H INPUT
Ca XX(~ 9) PREGU~ N CY OF ~ TH INPUT

BEST AVAI lABLE copy
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APPENDIX B. COMPUTER LISTING OF MATCHED LINEAR FM FILTER

C
C CCD I .FTN
C
C
C
C CCD STUDY MODELING AND SIMULATION OF THE MATCHED FILTER
C
C
C
C c aea .aaaaeaa .aaaa *aaaaaac *aa a aa * *aac a aaaaaaaaa ,a *ca e a a a ca c a a
C aaa a a a a aa aa a a a a aa l acaa. cca * a ,aa * aaaa a aa aaaa e a a eac aaa aaaca a a c
C

REA L A (2),B(3)
COM M ON 1W
COMMON /RA N O/GB( 1O)
CO M M ON /BIN5TR/ G (S03
COMMO N /CCO/G1 (12023
COM MON /INPUT/52(1200)
COM MON /VOLTS/G5(tOSJ
COM M ON /PA SS/GGCSO)
CO MMON /FILTER/PILTCbBO)

lB CO NTINUE
WR ITE (5, 1003

100 FORMAT (IRII CCD STUDY TEST RUN’//)
CALL T IM E CA )
CALL O A TE(B3
W PITE(5,I0j) D ,A

101 POR MA T C SX , ’OA TEI ,3A4 5X , ’TIME I ,2A41/3
CALL LINKC’C0’3
CALL LINKC’CI’)

Iw ug
30 CONTINUE

CALL LINKC’C2’)
CALL LI NKC C3’)
CALL L IN K( C4’)
IW.I U • I
IFCIW .LT .4) GOTO 30
CALL L ZNK C CS’)
CALL LINK(’Cb’)

Ca
Ca
Ca THE FO LLO WING CODE IS USED TO FORCE THE
Ca MA I N  MODULE TO C ARRY THE I/O ROUTINES
Ca SEE DESCRIP T ION IN FORTRAN OR LINK
Ca MAN UALS
C.
Ca

IOijMsO
IF (IDU M ,EQ.0) GOTO 10

REA D(19NOEX ) A
W R I T E (I’INOEX ) A
R E A fl(b ,tOOI) II , A
W RI TE (6,I001) II, A

10.1 FORMAT (15,Et5,6,FI0,0)
END

BESL AVAILABLE .~COP1 
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C CCOb. P TN
C
C
C
C 5u~ ROU7 INE READS iN Till INSTRUCTIONS FOR A NUN
C
C

SUBROUTINE INSIR
REAL A (3)

COM MON /CCD/XPERC, XME AN ,XSD, FCLC’CK ,FB ANO ,XZ(4),XLEV ,
2 lLC2~~),iSTA GE,IMR ~~~T ,ILE NIaT ,lFlLT,NRV3,IJC20)
CO MMON /BINSTR/*XZ(30),IJL(30)
COM MON /VOLTS/WW I, a~~2,ITIME
CO MMON /PASS/STAD(?0) ,ISTAD(20),IVAR ,IV AR I, ROW(7 ),IRW (4)
COMMON /RAND/Rj(4),RR (6)

DATA A /aP4 TEM P ,41402 ,D ,4HATBB/
IJL (21) ‘0
INN(S)  .0
IJ L(~~).9998

WRtTE(6,1~I00)
7000 FO RM A T (’ CREATE NEW F ILE ON OAT SLOT 2 Y.0 N u t ‘I)

R E A O ( 6 , 9 I)  I
X F (I . NE.0) GO T O 1005
NRITE (6, 7001)

7001 FORMAT( ’ NAME OF PILE XX X X X X .D ‘I)
REA D (6,7002) A (t),A(23

7002 FORMAT ( 2*4 )
7005 WRI TECS ,1003) a
1003 FOR M4T (’ NAME OF FILE FOR THIS RUN ,3A4 ,/)

CALL SETFIL (2,A,IER2, ’OK’,O)
DEFINE FILE ?(200,b4,U,IV AR)

I WRITE (b ,100)
100 FORMA T(’ THE NUMBER OP STAGES IN THE CCD (F10 ,0)’//)

READ (6, 151 )
101 FORMA T(FIS .0)

IUPPER’S00
IL OW ERUB
IS TA GEaX

IF U I S T A G E . . G T , I L OW E R ) .A N D . ( I S T A G E .LE, IUPPER))  6010 3
WRITE(6,201) ZSTAGE, ILOWER ,ZUPPER

201 POR MATC ERROR MESSA GE I OF STAGES TO SHALL OR TO LARGE’!
I OP STAGESI ‘,14,’ LOWER LIMIT S ,14,’ UPPER S ‘,I /g’)

SOlO I
3 WRITE(4,103)
103 FORMAT(’ SD OF THE IN ITIAL STATE (P10,0) •/

2 IF 0 THEN NO BACKG ROUND VOLTAGE ADDED /)
REAQ (6,tS1) XSD

C.
C.

WRITE (6. 5123)
5t23 FO PMAT C ’ NOISE a TARGE T S’/

2 ‘ DI
3 • TARGET 2’/)

RE A ~~(b, 9~~) r JL C2e)
Cc

X X Z (3 ) .X S O
IJL CI) uI RTAG!

4 WRITE(6, 104)
104 F D M M A T ( ’  SUR FAC E ~~ ~~~~~~~~ ~~~~~~~~ ~~ ~~

RE*’)(’~,91) IJ (I)
IJL (~~) .1.1(1)I F C (T J C I ~~,LT .0).OR . CIJ (1).GT ,I)) BOTO 4
v~R S T E  ( $ . , 1 0 K )

B2

BEST ~AVAILABLE COPY 
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~~
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~~
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~A J (  A R E A  (J1 ~LLL iN M I L a a 2  ‘ /)

~~A O(b ,t0t ) ZL(5)
WWI TE(,, IS?)

107 FORMA T (’ X flF BACKGRO UND CHAR GE ‘I
2 ~~ T~~ t~~ S~~~C 1f  V T R A N S F E R  L O S T  •/ )

REAO(h ,101) ZL C6 )
I’(ZL(bl,LT .S.) NRITE (6,7891)

7891 F~ R~ AT(’ F R A C T I O N  L O S T  E A C H  T I ME • X X X X ’ / )
~P (Z L (6),LT ,0.) REA D(6,iBt) XPERC
LP~~ZL (6),GE ,B,) CALL CTI(ZL,XPERC,IJ)

(6 ,  109)
10, FORMA T (’ CLOCK SW ING VOLTAG E ‘/3

R EA O ( b , I 0 t )  Z L(8 )
X X Z ( 1 ) u X P E R C
X X Z ( 15 )u ZL C S)
X X Z ( 1 6 ) ’ Z L C 6 )
K X Z C 18 7 ‘ZL CS)
W R I T E  (6, 9050)

9050 FONM A IC ’ PLOT OF INPUT A N D OUT PU T Y u B N.j ‘/7
READ (6,9j) IJLCT )
N RI ’E (b ,515I)

51, 1 F O R M .1 (’  HAMMING W E I G H T I N G  TO OUTPUT Y ’0  Nut’!)
REA D (~~,91) IJLC 4)
W RITE(~~,70ij)7011 P~~~t M A T (  FF1 .~F O’JTPUT V’l NoB ‘/ 3
READ( K ,~~I; ‘JL (30)5 W R I T E ( S ,  1~~~

;
~) I S T A G E , X P E R C , Z L ( 6 )

1000 FOR ’~AT(’ 0 OF ~,TAGE S IN THE CCD ‘,I5/
3 CT! OF DEV ICE ‘,1 PE~ 5.8/
4’ 1 OF Tilt B A C K G R O U N D  C MA R~~E ‘, IPEIS .S/
4’ AREA OF THE WELL (MIL**2)’ ,I PEPo,S//)

6 w$~ITE ( 6,2Q~6)
206 F O R M A T V  C LOC K rREQ UE NCY (P10) ‘/ 3

CLC KM X U I .EI0
RELO(6,I0f) FCL O CK

X F ( ( ~~CL OCK ,GT ,U . ) , A~~U , ( F C L O C K ,LE ,C L C K M X ) )  GOTO 60
‘~~ IT E ( H , 1 0 0b)  C L C K M X

1006 F O R M A T ( ’  CLOC K N A T E  OUTSIDE OF RANGE OF 0. TO ‘P10.0/ )
GOlD 6

60 CO NT INUE
W RI T E ( 5 , 7 5 t )  FCLOC K

701 FORMA T(’ CLOCK RATE ‘,IPEIS ,S/)
80 WRITE(b, 000)

F O R M A I C ’  THE LEN GT H OP T IME OF THE RUN o 1201 ‘/3
R E A O ( 6 ,I0I) 111

ITI ME’ZZI
I F C ( X T I M E . L T .0 ) , OR ,(ITIM E. GT ,1200) )  GOTO 80
WR I TE (6, 90)

90 FOR M AT (’ PRINT OUT INTERMEDIAT E VALUES NO.0 YESu I’/)
REA1 )Cb, 9I) IPRI NT

~ O’~”A T ( I 1)

9008 FDR M A I(’ FEEQTHROU ~~M ‘O UTAG E ADDED TO OUTPUT NIB Y ° 1 ’ / )
Ce
C. MAXI M UM INPUT V OLTAGE IS 2.8 VOLTS
Ca
Ca

X X Z  (4 )  .PCLOCIc
IJLC2) I IPRT NT

X MA ~V I 2  • S
N WI ’ X M * $  V

REAO (b ,9I) NWV S
96
93 F J . ~~1a TV  r,I ) w A I 1 J ~J OF IME S 1 I .NA L  ~~~~~~yj

REAl)(8,j0I) 111
H L~ J(,T : 7 7 1

BN~ A~4 *~~~i ~~~ 

— 

— ——— —- -- - - 

~~~~— - - --



- —

1024 F O RM * F ( ’  BAN DW IDTH OF THE LINEA R FM (HERTZ) •,3
REAO (6,10t ) XKZ(30)

X X Z C B ) .X X Z C 3 B ) / X X Z C a )
W R ITEC6 ,  6025)

6025 FORMA T (’ SIGNA L TO NOIS E RATIO AT IPCDB) ‘/3
R EA O ( b , t 0 t )  X X Z ( 2 9 )
W R I T E  (6, 1028)

7025 FORMA IC’ PHASE ANGLE OF TARGET DEGREES #)
READ (6,101) XXZ (28)
WRITE(5,7030) XXZ (30) ,11Z(29) ,~~NZ (26)

7030 PO R- ’ IA T ( ’  MA N DWID TR OF SIGNAL ‘IPEIS .6/
2 • SIGNAL TO NOISE OF S IGN AL C DB )  t Pt t S ,6/
3 ‘ PHASE ANG LE OF THE SIGNAL IPE IS ,6/ /)

WRITE (6, 5053)
8053 FORMAIC’ DC BIA S (I OF NELL) TERM ADDE D TO INPUT P10 / 3

READ(b ,101) XXZ(5)
XXZ (5) I W W I a X X Z  (5) /100,

93 CONTINUE
IJL (3).ILENGT
IJL (5) ‘NRVS
W R ITE (6, 80 10)

8010 PORHAT (’ NON LINEA R INPUT WARP ING V.0 N.I’/)
R E A O ( 6 , 9 j )  IJ (12)
I4RITEC 6 ,91)

97 FD RMAT (’ M EAN ERROR IN TAP W E IGH TS /)
R EA O ( b , t 0 1 )  X X Z ( 2 0 )
WRITE (6, 7 1 28)

7128 FORMA IC’ SO OF THE TAP ERROR (.0061 .0?)’ !)
READ (6,1 01) XX ZCL1 )
IJL(20) ‘1
W R I T E  (6, 9034)
RE A D( 6,IBI) ZZI
XX Z (26)’ZZI • 273 .
WR ITE(5,90 35) ZZI , XXZ (263
WRITE(6,9233)

9033 F O R M A T ( ’  DARK CUR RENT ADDED V .0 N u t ‘!)
R E A O ( 6,9t ) IJ (i3)
IF (IJ (13) ,EQ , 1) 5010 9036

90 34 F O R MA T ( ’  A M BI tM T TEMPERATUR E DEG REE S C ‘I)
9o35 FO R M A T ( ’  A M B IE N T  TE M P E R A T U R E  CC )  ,T10 .4, ’ ( K) ‘,F10,4/)
9o36 CONT INUE

IJL (17)11.1(12)
IJL (18) ~1J (13)
W R I T E C 4 , , 6 0 1 1 ~4011 F O P M A T ( ’  MULTIPLE RUN V .1 OF C HANGE S Nu B PlO’!)
R EA D ( 6 , 91) 1JLC 1 9)
IF( IJ L C I9 ) , EO,0) 5010 6000
WR I TE (6, 60 1 2)

6012 PDRMAT(’ WHICH iNPUT IS TO BE CHANGE D /
2 ‘ 1’ 0 OF STAGES , 2uSD OF THE TAP WEIGHTS ‘/
3 • 3. A REA OF WELL, S;HACK(,00UND CHARG E ‘/
4 ‘ S’CLOCK FREGUENCY ,6.AMSIENT TEMPERATURE ‘II)

REA O(b ,91 ) XJL (22)
(1 93

DO 6019 X .l,K
WR ITE (b, 801 3 7 I

6013 PO R M A I C ’  INPUT THE ,14, ’ V A LUE ‘/ 3
RE AD (b,tB j ) RR (I)

60 19 CONTINUE
W R I T E ( 5 , 6 B t 5 )  (I,RR( t )  ,I.I.K)

60 15 F O R M A T ( ’  MUUTIP LE RUNS ‘ / / 7 ( t x ,I2, 2X , IPEI5 ,53)
wRITE (6,8711)

57~~7 FORM A T( ’ SECOND VA R1 A S L E CHANGING V.0 Nu B ‘/)
REA D(~~,91) IPW (l)
Y~. r~~ ’ - , r ’  ~~~~~~ - ‘~~~ ~~‘r r’ u~~r~~’

84
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MO Ir E (6,
R E A U C b , V 1)  I R W ( 2 )
K 1 I W W ( j )
DO 6718 I’I,K
M W I T E C N , b O 1 5 )  I
R t A O C 6 , I@ 1)  R O W C I )

8715 CONTINUE
WRITE (5,6015) (I,R O~~(I),iu 1 , K)

8000 WN ITE(6 ,BBOI)
8~ 0t FONM AT C RUN #XTH NOISE YsO Nu I ‘/3

RE A O (b, 91) IJ (3 )
IJL (8) uI J (J )
IF ( C I i C 3 ) . L T ,0),OR , (IJC3) ,GT ,I~~) 5010 8805
IFCI J (3J.EQ .l) RETU RN

Ki l O
DO 9~~O 2 I.5 ,it
IJ (I)’S
IJL (‘(3.0
K u K  • I

9000 CONTINUE
WRI TE (6 , 5003)

8003 FORMA T(’ SELECT THE PARTIC ULAR NOISE INPUTS N’0,Yut’/ )
RE*O (b,91) 13(5)
IJLC10)~~XJ C53
I~~C I J C5 ).EQ .0) R E T U R N

• W R I T E ( b , 8 5 0 4 3
8004 F O W M A T ( ’  A DD IN INPUT NOISE V .0 Nut ‘/3

R E A O C 6 ,~~1) 13(6 )
WRITECb,8005 )

5805 FORMA T(’ A D~ IN THE SF401 NOISE 7u 0 Nil’!)
REAO (6,91) 13 (7)
WR ITE (6, 8808)

8004 FORMA T C ’ ADD IN THE TRANSFER NOISE V.0 Nuj’/)
RE A O (6,91) 13(8)
WRITE (4, 8007)

8007 FORMA, C’ A DD IN THE OUTPUT NOISE V.0 N sl ’/)
RE A ~)(6, ’~j) 13 (9)
W R I T E  (6 ,  8008)

8005 FOR M *TC ADD IN THE FILTER NOISE Y u Ø Nul l !)
REAO( b , 9j) IJ (t0)
W R I T E  (4,  8009)

8009 FU~~~ A T ( ’  A DD IN INTER FACE NO ISE ‘/3
RE A - (b ,91) 1.1 (11)

‘(‘11
DO 57 I’b ,lt
!JL (K) *13 (I)
KIK a

57 CONT INUE
RETURN
END

C.
Ce
Ca ci LINK STRUCTURE
C.
Ca
C. Ct .C14CCD .STB,Cl,CCD5,PTNLIB/L/U/E
C,

COMMON / R a NO / P I , PIX
COM MON /VOLTS/01 ,Q2,ITIM,IP~

P1u 4 ..A TA N( 1  ,)
PII’2.’PI

CALL PR IVA L
Ipp l i t~~ ~~~1 - —

CA LL RET URN 85 ~~~~~ 
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Ca
Ci  CC OS .FT N
Ca
C.
C. SU~ RD UT INE PRI NTS OUT MEA NS AND SD OP THE
Ca VARIOUS NOISE RANDOM VAR IA SLES
C.
C.

SUBROU TINE P R T V A L
R E A L J O , NSS
COM MON IdIT
CO MMDN / 1 I N S T R / X X ( 3 0 ) , IJ L(3B)
COMMON / RA NO/P I ,PI I , I I1, ! I?
COM MON /PASS/ STAO (20)

Cc
C.
C. NOISE A DDED OR NOT
Ca

I NO ISE .IJL CS)
IOARK u IJt., (18)

C.
Cc
C. CONSTAN TS NEED IN CALCU LATIONS
C.
C.
Cc

XKBI8 ,417E.5
A R E A.x~ CiS) *6 ,4’St4Eeâ
Q’1,b020.19
NSS .i ,E1B
C o t .E ’.IS
Orl.1 .6498E.24
TO . 1 00,
~ )u~ ,E — 4
S IGM A sL ,e .t5
V IM’S • ES
XNSTu5,E9
XNNNIS ,Ej4
XL No B 0 5609
T E M P IX X ( 26)
F CL OC K a X~ C 4)C.

Ca
Cc INPUT NOISE
C,
C. MEAN u 0
C.
Cu VA R~ X K 8 ~~TLMP.C /Q*c2C.
C.
C.

K sX KBeTE M P
XX (6) ‘SORT (2.’ x.C/ (3~.~ ))C x

Ca
Ca OUT PUT NOISF
C.
Ce SAME A S A BOVE
Ca

XK C~~)a% X (6)C ,

BNT AVAILABLE cor’(
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Ca
Ca PAST IN TE RFACE
C.
C.
Cs
C MEA NSO
C SO ISrIRTCB.7 CK c TE HP CN S S *ARE A )
C
C

XX( jc) sSQp T (0.7cX *NS SCA REA)
Cc
Ca
Cc
Ca DA R K CU RR E NT
C.
C.

!PC XX (26).LT,250.) 5010 50
X ’ I u t  .21/ C8,6I7E—5*TEMP 3
XNIoE *PC~~X N I )
X NI IXN I*1 .5E33
XNI .XNI *TEMP**3
XNI:SQRT(XNI)

GrITO St
50 CON ’I~~UE

YNI.5 3225827.58
51 CON TI NUE

G BI .~~~I *XNI*X L N /(XNNNc TD)
G S I . e . 5 e X ~J I c S I GM A .V T H
GOI’XNI .XD/ t2, *T D)
XX(25) .I0000,
ST AD (207 ~5BI
STA D (19) .551
STAD (18) u SD 1
STA OC1 7) ’AREA /FCLOC K
XX (24 )’AREA
S TA D ( t é ) u X N S T
STAO(15) ’QQ/t. 0343E.S

IFCI OA RK ,EQ ,j) XX(2 5)’B,
1F (ID ARK ,Ei3.0) WRITE(5 ,8010) GBI ,GSI,GDI,TOTALI

8010 FORMA IC ’ INDIV IDUA L SOURCES OP DARK CURRENT
2 b(3X ,IPE1S ,8))

Ca
SHOT NOISE

Cc
Ca
Ce
C. SD. SUPT (JOeA REA /~ *FCL0CK )
Ce
Ce

JDU GOI • G$IeXNS T a GrI l
JD.JD eSTAD (15)
X X( 7 )o SO kT(J O cAR E A / (QcFCLOC’ ())

Cc
Cc PRINT OUT THE MEA NS AND Si?
C.
C.

IFCIN OISE .EO ,1) RETU RN
IFCIBIT.G T ,0) RETURN
WRITE(5,90887 XX (25)

9086 FURNIA T (’ DARK CU RRENT ELECT RON S ADDED PER
2 ‘TRA NSFF.R ,jPEj5,8//)

0*
/ 0~~~~•

W R I T E ( ~i,2) Z,XX C b )
~i~ ’ T I ~ ( 5 ,3 )  Z ,~~X (1) - ,~

~~~ “ 
~~~~~

‘
~~~~
‘ 87 •
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--r - - - ~n~~~~
_-~__--—-T ,., ~r2,r - ~~~~~~~~~~~~~~~~ V

~~~~ ‘T~ (N,b 7 XX (22) ,XX(17 )
W H ITE (5, 10) 1, XX (19)
WRITE(S,1) CI JL CI) ,I’jO , 14)

7 F~~~~
-
~~~T ( ’  5T A T U~ OF ~~‘4~ NOI SE SDURCF-S //

2 SELECT THE NO ISE I\~P1TS ~~
.j N~~~

3 ADD IN I N P U T  NOISE V.0 Nu t ‘,I2/
4 ’ A~ O IN SHOT NC ISE Y’~ N u t  ,I2/
5 A DO IN TRAN SF~~P NOISE YI1~ N uj  ‘,I2/
4’ ADD IN OUTPUT NOISE f i B  N.j ‘.12/
1’ AOL ) IN FILTER NOISE V .0 N.j ‘,12/
6’ ADD IN INTERF A CE NOIS E v;o N.j ‘,~~2//)

2 FOk~~AT(’ MEAN OF THE INPUT NOISE ,1PEIS ,5,
2 • SD ‘,jP~~~5,8/)

3 Fo~~M AT(’ MEAN OF THE SHOT NOISE ‘,1PEIS .8,
2 • SO ‘,1PE15 ,8/)

4 FO~Q MA1 (’ MEAN OF THE TRANSFER NOISE ‘,IPEIS ,8,
2 ‘ SO ‘,IPEIS, S/)

S FOR~~AT(’ MEAN OF THE OJIPUT NOISE ‘,1PEIS .8,
2 • SO ‘..IPE 15 ,8/)

4 PORM AT C ’ MEAN OF THE FILTER ERROR ‘,IPEI5.8,
2 • SO ,IPE1S .8/)

10 FQRMA I(’ M E A N  OF T~~ t INTERFAC E NOIS E ‘,1 PEI5.8,
2 • SD ‘,IPE1S ,8/)

RETURN
END

Ce
Ce
Ce C2 ,FTP.
Cc
C. 02 L1’~ STR ~ C T U R E
C.C
C’
Ce C2,C2 F LLY . 5TB ,C2,M 004 ,OCO2,F TNL IB/L /U/E
Ca
Ce
Ca

C O M MO N  IN
CA LL SIGNA L
CALL INPUT
C ALL RETURN
EN )

BESI AVAilABLE ~COPY
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Ca
Ce
Cl
Cc MOD~~I FTN
Cc
C.
C’ CO MBINES SIGNAL PLUS THE NOISE
Cc
Cc
Ce

SUSR0UTINE SIGNAL
COMMON I.
CO MMON IFILTE R/ A (30)
C O M M O N  /INPUT/AHRAYCI200)
COM MON /V OLT S/WW 1 , W~s2 , ITIME, IPP
COMM ON /RINSTR/XX (30),IJ (30)
COM MON IRAN D/P1,P1I

WRITE (6,5000)
8008 FORMAT(’ SIGNAL’ //3

N S IGNL 1IJ (28)
ASIISDRT (2.*10 ,*CC XX (29)/lB,))

C
C c PLACE THE TARGET IN THE MIDDLE OP THE SAMPLES
Ce FROM — THE LENGTH OF THE SIGNAL PULSE
Ce TO a THE LENGTH OP THE SIr.NAL PULSE
C.
C

ISTART .TTI ME/2 — 13(3)/2 + 1
JENO ’ISTART • 13 (3) • I

C
C c BANDWIDTH OP THE LINEAR FM 8Wa xX (30)
C

BW IXX (30)
C
C PwA SE IS AN I-’~~JT PARA - ’4ETER
C

PH4SE’XXC26)
RADS .PHASEe PI/180,

C
C SAM PLING FREOUENCY
C

FS’XX (4)
TSz1 •

T IM E P L uF LOAT CI J (3 ) )cT S
SLOPE .OW *PII/TI MEPL
SL ORE s SLOPE/B
X X  (273 ISLOPE
T IM Eu .FLOAT (IT IME /2)e TS
33’i

IIC NSIGNL.EQ ,2) GOTO S
— 

I REA U( j ,EN DuR000, ERR.9008) A
.1’o — . ~

- 
~~~~ ~~.

5 IF(NSIGNL .NE.2) 3.3 + 1 •~
,
~~~~~

- - -
~ \~ ~~~~ 

- 
~~~~~~~~~~~~~~~~ ~~~ 

-

IF(JJ .GT .I T I M E) G OTO 20 -~ i~~~\ -
~\~ ~~~~~~~~~~~~IFCJ .GT .30) GOTO I - . - - 
-

L F ( J 7 . L ? . t S T A ~~ T )  G~ IT~~ t O
I~~(JJ. GT .JE NO) 5070 10

L . -  ~~~~~~~~ ~~~~~~~~ ‘ .~~~

IP(I..~~I .t) AS1N (’~~A51*S1N(AW5)

• 
,

• - ,  ~~~
• —~~~~‘:‘~~c 

‘
~~~)

BY

- ~~~~~~~~~~~~~~~ - -~~~~~~~~ -- ~~~~~~~ ~~~-—--- 4
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I~~ c N s x r N L . E o . k~) A A V ( J J ) u X S 7 ’ ~~ • A ( J )
IF ( N S T G N L . EO. 1) ARRAY (JJ).A(J)
IF (NSIGWL . EQ,2) A R R A Y (J J ) u  X SING
JJ.J•! • I
T 1.1L :T I M E  a 75

5010 5
20 CONTINUE

RETURN
9~ 0S REWIND I

GO T O I
END

Bi 0



C
C CCO Z ,PTN
C
C
C
C
C SUBROUTINE GENE RATES THE INPUT SIGNAL TO THE CCO
C
C
C ASSUMES THA T MAXIMU M VOLTAGE IS 2 VOLTS (XMAXV)
C MMIC H CORRESPONDS TO 100000 ELECTRONS (XMAXEL)
C
C ITIME IS THE CCD RUN TIME
C

SUUROUTINE INPUT
REA L A ( 3 8 )

COM MON I B I T
COM MON /INPU?/ELECTRCI200)
COMMO N /AINSTR /XZ(30),ZJ(30)
COMMON / V O L T S / X M A X V , X M AX E L ,IT IM E
CO MMON /CCD/$DLDCIBBB)
COMMON /RAND/ PI,PII
COMMON /P A SS/S TAO (20)

C
C
C TRI A L RUN IM PULSE AT TIME ZERO
C
C
C.
Cc 02/18/71 CHANG E IN FULL WELL ELECTRON COUNT
Cc
Cc CLOCK SWING
Ca

C3 .*Z(i8,
A REA ’XZ( lS )
COUL ’2.6BSE.1 3
ELECRe 6,281E ,tS
X M A X E L u A R E A c C U U L c E L E C R a C S
IF (IJ (6).E0 .1) XM AX E L .XM A X E L / ? .

X l (2) ux z (16) CX M A X E L / 1 0 0 ,
I F(X Z ( 2 ) . L T .d ,) X Z C 2 ) u O ,

I P C I B I T .GT ,0) GOTO 8 181
WRITE (S,t 000) X M A XV ,XMA XEL,C$,IJ (b )

1000 FORMAT (’ MAXIM UM INPUT VO LTAG E ‘,IPEIS ,5,
?5X .’CORRESPONDS TO MAXIM UM NO , OF ELECTRO NS ‘,tPElS ,S/
31X ,’CLDC’( SWING VOLTAGE ‘,IPEI5 ,8/
4’ SU RP A C E(F AT ZERO) 0 00 BURIED (SLIM ZERO) I ‘,IB//)

WRITE(5,2000) IJ (3),XZ(S)
2000 F O R M A T ( ’  LENGTH OF THE SI~iNA L ‘,Ib/

3 BIAS VOLTAGE ADDED TO INPUT ‘,PlO.4/)
81 81 CONTINUE

CON ST.XMAXE L /XMA X Y
AV E ’X Z (2)
SO .xZCS )

SIA S .XZ (5) -
‘ ~~B IA S.BI A SaCONST

(.5 1 -

~ ~~ 
—

IF( AV E ,ST ,BI A S) BI A S 1AV E 2’~ ~ 
- -

00 4 Iul,ITIME
E L EC T R ( I3 . E L E C T R( I ) * C O N ST  • BIAS

(uK • I
-IF (BI AS.LE .5.) 5010 4
IF (ELECTR(1) .UT.KMAXE L) ELEC TR(I)UXMAXEI.

Bli 

~~~~~ --- - ——------~~~~~~~ - - -  - - -~~~~~~



!P(ELECTRCI) .LT .0.) ELECT R (I)uO ,
I CONTINUE

S T A D ( 5 )  ‘ B IAS
RETURN

E N D

C.
Cc
Cc
C c C3 .PTN
Cc
C.
Cc
Ce C3,C 3 FILT .STB ,C3 ,CCD3,FT NLIB/L/U /E
Ca
Ce
Ce

COMMON 1W
CALL INITL
CALL RETURN
END

Bi 2 

_s~
___- - - - - -  -——-~ - -
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C
C
C CCD3 ,F T N
C
C
C
C SUBROUTINE INITIAL IZES CCO FOR INPUT D A T A
C
C
C

SUBROUTINE INITL
REA L AA (30)

COM MON 181?
CO MM ON /CC D/C C OW(2, b0 t)
COMMON /OINSTR/XJ (3fl,IJ (30)
CO MMON /VDLTS /XMAX V , X MAX E
CO MMON /PASS/STAD (20)

CO NST aX MA X E /X MA X V
IS TA GEU IJ (13
IPRINTU !J (2)
INOISESIJ (8)

AS. ST AD (5)
SD aXJ (3 )
IF((SO ,LT.0.),AN O ,(XJ (53,LE ,o.)) 5010 100
IF (IB!T.EO.O) WRITE(S,505) AVE ,SD ,BIA S

505 FDRMAT C ’ MEAN VALUE OP THE IN ITIAL STATES ‘,tPEtS ,8/
2 ‘ SO OF THE INITIAL STATES ‘,I PEI5 , 8/
3 ‘ NUM~~~~R OF ELECTRONS ADDED ‘,jPEIS ,5/)

1’I
Kit

IFCSD,LE .0.3 5070 2
I RE AD(1,ENDu8000,ERR .8000) AA

2 CONTI NUE
CCON (2, I) ‘B IAS

IF(SD.Lt ,0,) 5010 5
CCD W C 2,I).CCDW (2,I) 4 A A ( K ) * 5~

k.K • I
5 CONTINUE

RES :CCDW (2, I) *XJ C~~)
CCO WC1 ,I)’RES
CCDW (2, I)’~ E5

I’! • 1
IV ( I . G T . I ST A G E)  5010 3
IF(K .GT.30) GOTO I

GOTO 2
3 CONTINUE

IF (IPRINT .NE.1) R E T U R N
WH I T ECS , 100~~) CI ,I ’I ,ISTA GE)

1000 FOR MAT (15X ,’STAG ES ‘/(13110))
WRITE (5, 1OO~~) (CCDW( j,I) ,CCDW(2, I) ,I’l,ISTAGE )

1001 FORMA T (12(Ir ,FI0 ,2))
RETURN

too oo Ito I.1,IST AG E
CCDW (1 ~ I) .0,
CCD* (2,I)sO.

i t O  C O NT I N ’ E
2~ c~ W R ! T E ( 5 , 2 0 1 )
201 FORM AT (’ NO BACKG ROUND VOLTAGE ADOED ~/)

~~I~~
1- 

~~~
C O N TI N UE

~ IA S’ ~ T A l) (5)
R~ SuM I A Se X J (1)

B13 ~ — -—
~~~ . , - - t

~~~~ ~i~~~~~•
• ‘4•_

;4_,
_ 

•~

- -- ~~-~~~--—. -.- - -- ~--- —~~~~~~ - — ~~~~—-- - - -- - -
~~~

-
~~~~~
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R IAS . B I A S  •

DO 700 1 I u t , ISTAGE
C CO W ( t , I ) . R L5

ToOt C O NT I N UE

~R ITE (5,7e1o) RE S ,81A 5
7010 PORMAT (’ BIAS TERMS ADDED TO WELLS ‘,2(2X,IPEIS ,8) /)

R E T U R N
8008 R E W I ND 1

G O T O I
END

Cc
Ca
C. C4 LINK STRUCTURE
Cc
Ce
Cc C4 ,C~4CCCO,STB ,CR ,CCO 7 ,C CO17, CCO t8 ,CCO20 ,CCD 30. FTNLIS,L ,U ,!
C.

COM M ON 1W
COMMO N /VOLTS/Qt,Q2 ,ITI ME,IPp
IV (IPP.EO ,j) CALL SD
CALL X KUN
CALL RETURN

END

B14 

- --



-- .--— ~~~~~~~~~~~ - - ~~~~~ - - -  --~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~---- -—

Ce
C. CCOT ,PTN
Ce
C
C
C SUBROUTINE UOES THE BOOKKEEPING FOR THE CCDO ARRAY
C VERSUS TIME
C
C

SUB ROUTINE XRUN
REA L A (30),B(30)

COMMON 1811
COMMO N /VOLTS/Ot ,Q2,ITXM
COMMO N /ccD/CcD~~(a,b0t)CO MMON /INPUT/ELECTRCIBeO )
COMMON /8IN37R/ ERC, XM EA N ,X5D ,FC L O C X ,Fl~AND ,XZ (25),I57A5E2 ,IPHINT ,ILENGT ,IFILT ,ILJ (3),INOISE,IJJ (20)
C O M M O N  /PASS/STAD (20),ISTAD (20),IVAR

LLU IST A GE a I
Ce
Cu SHOT NOISE
Ca INPUT NOISE
Cc TRANSFER NOISE CHANGED 03/23/77
Cc INTER FAC E NOISE ADDE D 03/24/77
Cc
Cc

IS TART u I
13.0
14s0
13 J (17) u ~

DAR K I Xl (20)
IF(DAR ’(.EO,0S) GOTO 5000

13’31
G H I .ST A D  (20)
SSI’STAD (19)
GOI u STA D (183
G G a G B I  a 501
C ON S 1. ST AD CI 7)
XNST .STAO (16)

CU0 .SIAD (t5)
GIuCUR cG8I
G2.CURaGSI
G 3u C U R a Q D I

5000 CO NTINUE
IF(INO ISE .EQ,I) GOTO 8000

Sl )INPTuS TAD CI )
SON XO L .5 1 AD (2)
SDTR AN’SURT (2,.XPE HC3
IN PT’ISTA DCI )
IM IDL sISTADC2 )

I3’31
8000 C O N T I N UE - 

~C A LL COE FFS - - •

ILL~~I TtM 

~SH ~~~~~~~ ‘IEND.t
I I N. 0

2529 CONTINLI E
00 1 I’ISTART,X TIME
!~~(T~~~O ,j) O~~TO 1~~~2

• 1
• ILL

I F ( I r s~~GIN .GT . IST A t , E )  I b E l , I N e I S T A G E

B15
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— IP CIENO S GT .I STAGE) IENO’IS?AGE
IP (I~.NO ,LE ,0) IENU ’t

COW (1,LL3 sO.
J’IBE GIN

IF (1PRt ~~r ,Nc .j )  GO~~~’ 25
~JRI TE(5 , t~~’1) I, CC~~~A C t , JJ) ,CCD W(2,JJ) ,JJ uI,LL)

1001 F O R M A T C I 4 , ( 4 C 1 X , tt5 .8 ) ) )
25 CONTINU E

DO 2 K u j ,I S I A G E
JJaJ • I

Ce
Ca FIND RESIDUE AT CLOCK PULSE 2 IN EACH WELL
Ce TRANS F~~ RE MAI N ING C~~A I~GE TO WE LL AT CLOCK j
C~ LEAVE RLSIDUE 1-N OLD ~~LL AT CLOCK 2
C.
C.

RES u XPEPCCCCOa(2, J)
C C O W ( 1 , J J ) . C C O W ( t , J J )  • CCOW(2 ,J) • RE S

L F (OAR( .EO.0,) GO lD 5310
IF (I 3 ,LE ,29) 5010 5001

13’t
3001 CONTINUE

‘~E A l) ( 1 , END.3000, ERR’50003 A

5001 CONTINUE

RAY ’SORTC A (I3 )e ’2 • 4 (13 •
RA VY 3XN ST *RA Y
0AY ’RA V YeS?

DA RK ,C.CO N STCCGSI cRA YV • 55)
CCU .lU ,JJ )sCCD~J (1 ,JJ ) • O A R K K

G S U M u R A Y  a St + 53
IF (t’~ I1.GT,0) 0010 BIB!

IF (I.LT.3) WRITE (5,5002) I,G j ,RA Y,G3 ,GStJM
5002 FORMAT (’ CURRENT DENSITIES ‘,16 ,b(jX ,Ej5 .8))

IF(I.LT .8) WPITE (5,5003) I,DA RKK
5003 FOPMAT (’ EL.ECTRONS ADOED ~~~ C~ DCX ‘,Ib ,IX ,EIS.B)
8151 CONTINUE

13 .13 a 2
5010 CONTINUE

I F C I J J C S ) ,E Q .0) XRE S .CCO W CB ,J)
C C D W C 2, 3) U R E S

IP(INOISE.EO, i )  G O T O  8001
IF(IMIDL .EQ .0) 5010 6001

Cc
Cc A DD IN NOISE SOuRCES OF MIDDLE REGION
Cc SMOT INTERACE cB
Ca

IF(1 3 .LE ,30.) 5010 10
13P1

3011 CONTINUE
0EAO(j, tNO ’30t0,E~~R’30tZ) A

10 CO NTIN UE
CCO~~(1,JJ ) .CCDWC1 ,JJ ) • A (13) .SDMIOL

13. 13 • I
8001 CONTINUE

C a TRANSFER NOISE ADD E D I~ ONE PER TRANSFER

IF(INOISE .C0 ,1) 5010 6005
IF(IJJ(S),EQ .1) 0013 8~ 0S

I~~C I 3 ,LE .3O) ( iOT D I i

3021 CoN TINU E
~ r~~r~ (j \-’) --~ • .

~~~~~~~
_

~~~~‘V ? ~~~~) A •~:::~11 CJ~~T 1NlJ E
S. XRES

I~~CMes ,Lr .0.) kF-5.—R~ 5 1316



XRES .SORT (RE S) c SDT RAN eA U3)
13 u 13 a 1

CCO W( 2 ,JJ ) ’CC DWCE ,JJ) a XR!S
CCD W (1 ,JJ) .CC OW (1, JJ ) • XRES

8005 C O N T I N u E

IF (CC Ow (j ,JJ ) .GT ,Q2) CCU4(1, JJ )u5z
IP(CCDW( 2,JJ),GT ,02) CCDw (2 ,333.02

IF (J,LE,IENU) GOb 7001
3.3 • 1

2 CONTINUE
7001 CONTINUE
7002 CONTINUE

IP(IS 51.!LL) GOTO 21
CCI)W(1,I).CCDW (1,1) • ELECTR (I)

IP (INOI5E,EQ,t) 5010 8002
X F (I NPT ,EU ,0) SOlO 6002

Ce
Ca ADD IN INPUT NOISE SOURCES
Ca SHOT INPUT INTERFAC E
C.
C.

IP(13 .LE ,30) 5070 20
13.1

3031 CONTINU E
R E A O (1 ,END’3030,ERP’3030) A

20 CONTINUE
CC DWC I,I )U C C DW CI , 1) G A (13 )a SDIP4 PT

13.13 • I
8002 CONTINUE

IF (CCOW(1 ,I),GT ,Q2) CCDW( j,t)uQB
IFC IPRIN T .NE,t) GOlD 21
WM IIE (5,I00j) I, CC COW(t, JJ ) ,CCOW(2,3J3 , J J . 1 ,L L)

21 CONTI NUE
J.I

IF (IBFGIN .GE.ILL) IENDUIENO a I
IF (J,GT ,ISTAGE) JIISTAGE

DO 3 K ’ l , I S T A G E
C.
C.
Ca FIND RESIDUE A 7  CLOCK I WELLS
Cc TRANSF ER REMAINING TO CLOCK B WELLS
C X  LEAVE THE RESIDUE IN CLOCK I WELL
C.
Cs

RE$.XP ERC cCCD W C 1 , 3)
CCo-~(2,J)sCCDw(a,J) • CCDW( 1,J) • RES
IF( X JJ (5).EQ ,0) X IQE S ’CC DW (I ,J)
CCOW (1 .3) .RES

IF(OA RK ,EO ,0,) 5010 5020
I F( I3 . L E . 2 9 )  5010 5021
13.1

304% CONT INUE
R EA D U , E N D’ 3 040 ,ER RU 3 0 0 03  A

5021 CONTINUE
PA YuSOR T (A(!3 ). *2 • A C1 3 + 1 )5c2)
R A Y Y u R A Y *X N S T
DA R K .CDNST*CG S !*QAYY • G O )
CC O.~(2,J).CC0W(2,J) • DAHK - — ~~

-
~~~~~~~~~

;-

I3’1 3 • 2 — 
- - - -
i
.-

5020 CON T I~ UE — - 
_

-
~~
\ L~

£PCLNO ISE .EO .1) 6010 8~O03 ~ c ’
~~~ ~~~~~~~~~~~~~

IF(I M I UL,E~~,0) ,313 8.-~~i ,~~~ ~~~~~~~~ ‘
~-N~~~

Cc
C~ A I)~) IN M I OD L I  ~~f l1~~~ S J .’HC~~S B~7 -~Lt 

- -p \
Ce SHOT BeIN T EPF A CF . \

_

~ 
- —

C X

—

~

-—- .----

~

-—----- -— — --—- -- -- - —.
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C.
1F113,LE .30) 5010 30
13.1

3051 CON T INUE
Pt A D (t,END.3~I5~~,ERR.3O5O) A

30 CONTINUE
CC O W C ?,J).C CDW C2 ,J ) • A(1 3 ).SDM IDL

13.1 3 a j
8003 CONTINU E
C.
Ca ADD IN TRANSF ER NOISE
C.

IF (INOISE .EO I 1 )  0010 8006
IF (IJJ CS). EQ ,t) SOlO 8006

IF(13.LE .30) 0010 35
13.1

3061 CONTINUE
R~ A D(t, EN D u 3 060,EMR u 5Ql b0 ) A

35 CONTINUE
RES .XRES

IF (RFS .LT .0.) RE SS— RES
XQESuSDTRAN *SDRT(RE S )*A (I3 )

13.13 • 1
CCDW( 2 ,J ) *CCOW(2, J) • *RES
CCDaCI,J)’CC0~~C 1,J) a XR E S

8006 CONTINUE
IF( CC O— ~C1,J ),GT .O2) CCDHCI,J) .O2
IF(CCOW(2 ,J),GT ,02) CCOW (2,J).Q2

I F (J ,LE.IEN D ) 0010 99
3.3 .1

3 CO NTI N UE
99 CONTINUE

IF (IPRINT ,NE ,1) 00 10 22
~PITE(5,i000) (CCDW(1,J),cC0WC2,J),Ja1,ISTASE)

1000 FOR MAT (6(2X ,E15 ,8 ))
22 CONTINUE
105 6 CONTINUE

C ALL FILTER (X ,IENO)
I CO NTINUE

RETURN
3000 R E W I N D  I

0010 3001
3010 REW IND 1

5010 301 1
3020 R E W I N D  1

5010 3021
3030 REWIND 1

GOlD 3051
3o40 REW IND I 

- 4/
3050 REWIND I <

G O l D  30S1
3060 REWINO I

0010 
END 

\
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C.
Cc
C. CCDI7,FT N
Ce
C. SUBROUTINE LOADS UP THE WEIGTP4S FOR A FILTER
Cc
C.

SUBROUT INE COEFFS
C O M M O N  1W
COMMON /FILTER/CCEFF(b00)
COMMON /V0LTS/Q1,02, IIIME ,IPP ,B(30),I2

COMMON /BINSTR/ZL (SOhIJ (30)
COMMON /RANO/Pj,PII

12~ 1
ISTASE .IJ Ct)
TS’t ./ZL(4)
TI ME ..FLOAT(ITIME/2)cTS
ISTA RTu ITIM E /2 • IJ (3)/2 • I

DO 8080 I.l,L!IME
IF (J J S (PE.ISIAR T) 6010 8051

JJ u JJ • I
‘; ‘ME .TIME • 1*

8080 CONTINUE
8081 CONTINUE

SLOPE’ZLCB?)
DO 1 I’l,I STA SE

A RGGI SL O PE e TIM E .aB
IF (CIW.EO, 0),0R,(IM ,EQ,2)) COEFF (I.1~~COS(ARGG)
IF ((Iw ,EQ,13.OR ,(IW ,EQ .3)) COEFF(I).SIN(ARGG)
TIME.TIME a IS

CONTINUE
IF(IJ(4),EO ,I) RETURN
CALL HMWGW(C0EFF,I STAGE)

RETURN
E ND

~~ t
-- - _ • -

~~~! ~~~~~~~~~~~

~~-r~~~~~~~~~~ 1l

~~

4-
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~ .c~ ~j  ~ —~~

I

I ~ 
~j~J2O

IIIIi~11(11’ ~ IIIll~ . ~
M~CROOOPY RESOLUTION TEST CI1k~T

NA NA~ A A (Al (A N  A



—

I

C. CCU~~~.~~TN
C.
C.
C. SuOROUTINE COMPUTES THE FILTER RESPONSE PER PULSE
C.
Ca
Ca

SUBROUTINE FILTER(J,IEND)
REA L A A ( 3 ~~)
COMMON /FIL?ER/COEFF(600)
COMMON /~~INSTR/XL (30),IJ(30)COMMON /R AND/pI,PII
COMMON /VOLTS/o 1,02,ITIME,Ip’P,B(30),Ia
COMMON /CCO/CCOWC2,b01)
COMMON /PASS/STAD (20)

C.
BXAS .ST ADC5) • STAD (S)aXL (1)
ISTAG~ ZIJ (1)
INOISE$XJ (S)

E~ Rs 1. • XL(20)
SD’ XL Cl 1)
CS.0.

11.31
IX’ZSTAGE
I B E G I N U J

IFCIBEGIN .~~T .ISTAGE ) 18E(IIN’!Sr*GE
00 10 I’IEND,IBtGIN

WELLCCCUW (2,IJ • 81*3
X~’(INOI3E,EQ,1~ ~OT O 9
Ir (SD.LE ,0.) GOTO 9
IrCI1,L~~.30) GOTO 1
XI II

S RE AD(1,ENO .i000,ERRII000) AA
7 CONTINUe

C3.CS + WELL*COEFF(IK )*CERR • AA (Ii).SD)
I1’I1 • I

GOlD 1010
9 CONTINUE

CS.CS 4 W E~ L*COtFP( IK~
1010 IK’XI( • I
10 CONTINUE

tflI~~~sC5
12.U • I

IFCCI ~~.LT.3I).AND .(J.LT .XTXME)) RETURN
‘alt

w~~ITF:(2’ IPP) S
IPPUIPP • I
RL TUi~N

1000 REWIND I
GOlD 5

END

B20
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C.
Ca
Ca CCO2O.FTN
Ca
C.

SUBROUTINE SD
COMMON /8INSTR/XXC3B),XJ (20)
COMMON /PASS/ST*0C20),ISTAD (20)

Ce
C.
C. LOADS APPROPR IATE NOISE SOURCES IN 305
C.
Ca

IPCIJ (S3,IQ,I) RETURN
S0XPIPTIXXCb )
SDSH~2T .Kx (7;
SDOUTp.xx (~)S D X N T R U X X ( t 9 )

Ce
Ci CMECK TO SEE IF ALL SOURC ES AR E ADD ED IN
C.

I$TA D(1).0
ISTADC2)UI
I S T * D ( 3 ) u 3

IP(IJ(I0), EO .1) GOTO 10
S IISDSMOT *SDSMDT
Sa . SDIN T R * SOINTR

Ca
INPUT SD

Ca
ST A OCI ) IS OP T (S OIN PT a SDINP T • SI • $2)

S T A D C I )  SI
Ca
Ca MIDDLE NOISE SOURCES MINUS TRANSFER
Ca

STA DC2 ).SORT (S1 • 2..Sa)
151*0(2) ‘I

Ca
C. OUTPUT NOISE SOURCES
Ci

S1 ADC3).SORT (S1 • 32 • SDOUTPaSQOUTP)
151*0(3) ‘1F RETURN

10 CONTINUE
C.
C a COMPUTE INPUT IF NEEDED
Ce

V AR uB .
D(IJ (11).E001) GOTO I~VAMISDINPT.SOINPT

151*0 (1) ‘1
15 I~~C IJ ctd ),EQ ,I) GOlD 20

V AR .VAR • SDSHOTaSD$HOT
Z s T A D C 1 ) a l

20 I F ( X J ( I b ) . E O ,1) GO lD 25
V A N U V A R  • SO INT R .SDI NT N
I~~TADCI) .I

25 TFCISIAO(I), EQ ,I) VI~~.SOPTCVAP) .
S T A D C I 3 ’V A R  

~
1.

‘~~~ AVAIL&BtI COPJ
2* CO MPLJ T~ MID DL P~ 5’) T~ ~~~~~~C.

B21
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VA R5I .
IF(IJ(12).EO,l) GOlD 30

V AR a S DSM UT e 5Q SPIOT
131*0 (2) .1

30 I P ( I J C t ~~) . EO .I)  5010 35
V A R U V A R  4 2,.SUINTRaSDINTR
IS T A D C ? ) U I

IP( ISTA D(2 ) ,E~~.13 V A R U S Q R I CV A R )
STAD (2) U V AR

Ce
Ce

COMPUTE OUTPUT SD IF NEEDED
Ca

V A R U O ,
I F C I J ( 1 2 ) , EQ , 1) SOlO 40

V A RS SD SHOT .S DSH OT
151*0(3)11

40 I F ( I J C I ’4 ) . A T D . t )  SOTO 43
V A R u V A R  • SOOU I P *SO OUTP
I 5TA DC3) a I

45 IF( IJt Ib) .EO .t) SOT O 51
VA R uVAR 4 SDINTR*SDINTR
XSTAD (3)’t

50 IF ( ISTAD C S)  ,EO~ 1) V * R ’ S Q R T (V A R )
ST *0 C 33 a V A K
RETURN
END

C.
C. CS LINK STRUCTURE
Ce
Ca
Ce C5 ,C5c CCD ,3 TB ,C5 ,CCD8 ,FTNL!B/ ~~~U/~C.

CALL OUTP
CALL REI’URN

END

B22
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C
C CCOS ,FTN
C
C
C SUBRO UTINE PRINTS OUT INITIAL AND FINAL ARRAYS
C
C

SUBROUTINE OUTP
REAL A (30 ) ,50 C 30)

COM MO N ,T N P UT/ELCC T R(j 200 )
CO MMON / V U L T S / X MA X V ,X M*XE L,IT IME,IPP
COM MON / S I W S T R /X Z ( 3 S ) , 1 J t 2 ) ,X L T ,IPILT ,ILL(3),INOISE.IJL(20)
CI)MMON / P A $ 5 / S T A D ( 2 0 ) , I 5 T A Q (~ 0)
CO MMON /CCD/ZLCI200)
CO MMON /FILTEP/ARRY(600)

Ca
C.
C. N a I S T A G E S
Ca VM *XO M AX IMUM OUTPUT VOLTAGES
Ca VMINO MINIMUM OUTPUT VOLTAGES
Ce F PULL WEL L OP ELECTRONS
Ce
Ca OUTPUT OF FILTEK CAN HAVE A RANGE OF
Ce VA LUES OF 4 TO • N* ,*STA GE5
C.
Ce VOLTAGE OUT .SLO PE.(ELECTONS • Fa STA GES )
Ca
Ce EI.ECT RONS IS $ EL.ECRONS FOR TMAT SAMPLE
Ce SLOPE’ (VMAXO • V M I N O ) / ( a * F* S T A G E S )

F Ca
Ce

F 12.31
V MAXU.$ 5 .E—3
V M INO.I .E•b
X 3 . F LO A T C I J ( 1) ) C X M A X E L

X 4 ’ X3
X S $ V M A X O/X 4

754! CONTINUE
IJLL’0
IPP.0

10 CONTINU E
J.0

DO 100 I’I,ITIME
IF (12.LL .30) GOTO I
12’I

IF(IPP.GT ,0) WRITE(2 IPP) Be
IPP.IPP • I

RLA OC2 ’ IPP) B6
1 CONTINU E

I F ( ( X Z C 3 ) . L E , 0 , ) . A N D . C X L C 5 ) . L E ,0 , ) 3  SOlO 5555
IF(Nd(I2) . GT, X 4 )  S6 ( 12 )sXa
IFC~ B(I2).LT , K4) 0 8 C 1 2 ) U • X 4

( 12) axe

~3 ( I 2 ) s X 2
5555 C O N T I N U Ezi.u • I
100 CO NT !~’UE

w R !Y E( b ,8 0j O )  !~ P
5010 PURM AT ( ’  DONE WIT H QUIP’ ,1b//)

IJLL’IJLL • I
!,(7JL.L.LT .a) GOT O 

B23 BEST AVAII.A~~ 7DPY
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REWIND I
ENuF~ t.E 1

IPP.I
12.31

1JLL ’~
30 C O N T I N U E

12131
03 ~~ 19 !st , IT I~ E
IF(u.LE.31O) 5010 8015

12.1
RE AO(~~’IPP) as

X PPs IPP • I
5078 CONT INU~!I r ( I J L ~.~~E~~.0) E L E C T N C 1) s S ~~( 1?)

X U I J L c . . ,E ~~~3) EL~~CT ~ ) s~~L E C T R ( I )  • 58( 12)
I F ( I 4 L L .~~Q .l)  Z L( I )~~~I3S( I2)
X F( IJ LL.EO.~~ ZL~~I) ’ZLU) •
12$12 + I

8079 CONTINUE
IJLL’IJLL • I
I F C I J L L . L T . 4 )  GOTO 30

J J R u ITIME
DO 9 157 I11, I T Y M E
EL~.c T R e I ) . s o c T C ~~L E C T R c I ) * * a  • Z L( I) * *2 )

9151 CONTINU E
CALL PLOTIC~ LtCT~~,XMZ N ,XMAX , A V E,VAR ,VARI,X JR )

WRITE (5, 807 S) I .1 R ,AVE , VA R , X M AX • XMl N
8075 P Q R MA T ( ’  OUT PUT # ,~~6, ’ 4 V t  ‘, lP E 1~~.8 , ’ SD ,IPEIb ,8/

2 • HA LF THE OUTPUT AV~ , P~~t5~ 3 , ’ ~D ‘~~tPE15 .8/ / )
ENOFIL. E 2

IF(ILL (i).NE.ø)  R E T U R N
J Pc S

C A L L  ~ P~ OT C1~~, X m A 4 , 1 J R ,J i( ,J ~ )
RET UR N
END

C.
Ca
C. CS LINK ST R UCTU RE
Ce
Ca Cb,C6CCCD.STB,CS S CC O2 S,CC 027,CCD2B,CCD29 ,CCDIS,FTNLIB/L/U/E
Ce
Ca

CALL SETUP
CALL RETURN

END

1324 
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Ce
Ca
Ce L ITTLE BOOKKEEPING
C.
Ce CCQ2S,PTN
Ci
Ca
Ce

SUBROUTINE SETUP
REA L A R R ( 3 0)

COMMON / B I N S T R / X X ( 3 0 ) , I J ( 1 0 )
CO MMON /CCD/0C1200)
COMMON / INPUT~ A ( 1 2OS)
COMMON /V O LT S/Q1 . 02,IT IME

IP( IJ (30) . EG ,0) RETURN
ICC uI

•00 CONTINUE
NUM~I.1TIME

CALL PLOTICA, XM IN ,X M A X ,AVE ,VAR ,VA R I, NUMB)
WRITE(5,8080) NUMS ,AVE, VAR,VAR I

8~ d0 PORMA TCL P4I’ C MEAN SO ,IS,4(IX ,IPEIS,$)/)
CALL POv42(NUM~ ,J)71 CONTINUE

S CONTINUE
CALL PLOTICA ,*MI N,X M*X, *Vt,VAR ,VARI, NUMB)

DO 15 I.1,NUMB
A ( I ) S A ( I )  • IVt

15 CONTINUE
CALL PLOTI(A, XMIN ,XMAX ,AV E ,VA R ,V ARI ,NU140)
WRITE (5,8080) NUMB,AV E,VA R ,VARI

AVE.I.
CALL PLOTCA ,NUMB,X MIN ,X MAX , AVE ,AV E,AV E)

(.1
CALL EPLOTCA ,XM AX .NUMB,I(,K)

IND.2*aJ
IPPsIND • NUMB

IPC I PP.EO,0) GOTO 10
KU P4 UM I • I

DO 7 I.Pc,IND
1 A (I)U 0,
10 00 20 I•j,ZND

BC!, ‘0,
20 CONTI NUE

CALL FR%FM (J , A ,8)
IND.1N012

DO 30 !•t ,INO
r)$ A ( I)aae • S C I ) a * 2

0 .SQR T CO )
A C I )  .0

30 CONTINUE
CA LL PLOTIC A, X M IN,XM A X ,AV E ,VA R ,VA R I,IND)

I.1
CALL EPLOTCA ,XMAX,IND,!,I)

ICC.ICC • I
Iw.1

RE TURN
END

‘BEST AVAilABLE COPY
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Ce
C.
C. LITTLE BOOUEE~ !NG
C’
C. CCD27.PTN
Ci
Ce
Ce

SUBROUTINE PRX FM CNSP OW ,XT ,YT )
Ce
Ca DECIM ATION IN FREGUENCY FPT ALGORITHM
Ce
Ce

DIM ENSION XtC2), YTC2)
NU2 aCN 2POW
M UN2 POW
DO 500 LIU I ,M

LMX s2*.CM—L0)
L IXU 2 *LMX
SCLIS,2831853072/FLOAT (LIX)

DO 6b~0 LMMI,LM*
ARSIPLOAT CLM.1) eSCI,
CaCOS CAR S )
S ISIN CA RG)

DO 600 LI’LlX,N,L!X
JISLI”LXX4LM
J2’Jl.L.MX
TI’XTCJI) •X T (J2 )
T 2 ’Y T CJl) • YTCJ2)
XTCJ1 )UXT (Jt) • XTCJ2)
Y T ( J 1) UY T C J I)  ‘ YTCJ 2 )
XT (12).Cel1 • 3*12
YT (J~~)uCeT2 •

600 C O N T I N U Ea.
Ca BIT REVERSAL
Ce

NV 2’N/2
NMI I N .1
Ju l

D O 635 I’I,NM I
IFCI,SE.J) 5010 631
T Isx TC J )
T2uY T (J)

YTCJ ) ‘VIC!)
XT(j).TI
YTCI)’T2

631
C20 C O N T I N U E

IF(K .GE,J) G OT O 65!
J•J •I(

GOT O 520
635 J•J.K

RETURN
END

626



Cl
Ce
Ce CCD2B,?TN
C.
Ce

SUBROUTINE WGH TCA ,IW,NUMS)
REAL A(2)
COMMON /R ANO/PI,PII

Ce
C.
Ce

N U N U M B  • I
IPCNUMB.NC,2*CNUMB/2)) NuNUMS
N .N / 2  — I
CDNS TSPI!/FLOAT (NUMS)
ALPHAIS,54
IFC IW .ED.2) A L PHA Se ,9
Clal, — ALPHA
DO I TuI,NUM$

T1uCQN~ TeFLQ ATCI+N)
A (1)UA (I).(ALPHA • CIeCOS (TI))

1 CONTINUE
RET U RN
END

- AV A1~~ E COP~
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SIP.
C.
Ce CCD29,FTN
Ca
Ca

SUBROUTINE IPLOT (XT,X M *X,LNUMB,L STRT ,LINT )
C FOR PLOTTING RESULTS ON A SCALE 0 TO 50 DB
C ASSUMES THAT CAPTIO NING IS PROVIDED, AND POINTS EXIST (UP TO LEND)
C NORMAL IZES POINTS TO XMA X BEFORE PLOTTING
Ca
Ca
Ca XT VECTOR OP STOWED POINTS TO BE PLOTTED
Ce XMA X MAX VALUE IN VECTOR XT
Ce LNUMB NUMBER OF POINTS TO BE PLOTTED
Ca LSTRT INDE X OP FIRST POINT TO BE PLOTTED
C. LINT INTERVAL BETWEEN PLOTTED POINTS IN ARRAY
Cs
Ce OUTPUT OP 999 MEAN THAT POINT WAS LESS THEN
Ce OR EQUAL TO ZERO
Ce
C.*ae.aaM27. LATEST RECENSION D*TEOII?I,APR,77

REAL AKAR(S)
REAL XT(2)
COMMON /CCD#ALINECISI3

DATA AXAR/ f ,P ,~~.
e,e+ ,e •.0 /

LENO .LSTRT.CLNUMS .I)eLINT
KQUNT UO

(5, 13)
15 FORMAT(//59X,’DB DOWN’/)

WRITE (5, 17)
17 FORMAT (/IX , ’PT C VALUE 100 ,17X,’8O’,I8X,’60’,18X,’41.,

I 18X, ’20 ,15X. ’0 INOEX’)
00 20 1*LSTRT,LENO,LINT
TEST.XT (i)/XMAX
IF (TEST) aa,aa,ae

aa DBsO99 •
GO TO 30

25 Da..20.*ALOGIB (TEST)
30 XP ( MO 0 ( PcO UNT, I0 ) .NE.0 3 GO TO 50
C EVE RY TENTH LINE

00 35 I’1,1P1
35 A L XNE (J )UA KA R( j)

DO ~i0 J . I , 1 0 1 , 5 -
£40 A LI N E( J )UA KARI 3 )

50 10 70 
-

C ALL OTHER LINES
SB DO 55 J.t,101
55 A L INE C J )IA KA R C4 )

00 60 J .1.101.10
60 A LINE CJ 3 u A KA RC2)
C LINE READY FOR INSERTION OP POINT
70 K O U N T . K O U N T + 1

L s 1 0 I — I P I X C D 8 ~~.5)
IF(L.LT.1) 50 TO 90
AL INE CL ) uA KAR (5)

90 WRITE(5,95) I,0o,CALINECJ),JU1,101),KOUNT
FaHr~!AI(1x,I4 ,r1 ,2,1x ,1~~1A1,I53

20 CONT !N$JE
W RITE (5, 11)

~~ T i~U.
END
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C.
Ce
Ce SUBROUTINE PLOTS OUT A N AR M AY ON LINEPHINTER
Ce
Ca CCOI S.FTN
C.
Ce
Ca

SUBROUTINE PLO TCA NRAY , NEL MNT,AMIN ,A M A X ,CO NT ,CELT ,TINTL)

C AR RAY IS THE ARRAY OF DATA TO SE PLOTTED FROM THE THE 1ST
C ELEMENT TO THE ELEMENT NUM 8EN GiV EN BY NELMNT .
C A MIN IS THE MINIMLIN VALUE T HE PLOT COULD REACH .
C AM AX IS THE MINIMLJ N V A LU E THE PLOT COULD REACH ,
C CONT IS A SWITCH THAT TELLS THE SUBROUTINE IF THE INPUT
C ARRAY IS A CONT INUA TION OF THE LAST PLOT .
C CaNT GREAT ER THAN 1.2 IMPLIES A CONTINUATION .
C DELI IS THE INCREMENT TO bE US6O ALONG THE ABSCISSA ,
C TINTL IS THE INITIAL VALUE OF THE ABSCISSA .
C
C eeeNO TE *e *
C
C TI NTL ~S CM AN IÔEO BY T h E SUBROUTINE . IT IS RESET TO THE VALUE
C THAT IS EXPECTED AS THE IN ITIAL VALUE OF THE NEXT CALL IF THE
C CO NTINU A TION UPTION IS USED.
C IF THE CONT IN UATIO N OP TION IS USED AND THE INITIAL TIME 75 CHANGE D
C FROM THE EXPECT EO VALUE, THE OUT PUT WI LL BE FLAGED W ITH A C,
C THE TIM ING WIL L ~E RESEOUENCED TO AGREE W ITH THE NEW VALU E .
C

DIMENSION ARRAV(5 ),XS (53,STRING(123 )
DATA SPACE/’ ‘f,STAR/’O’/,GRIO/’ s’/
AV E ‘0,
VA R IB ,

TINI LIAbS CTINTL )
DO 1 Iul ,123

I STRING(I) .SPACE
DO 2 1.12,112,25

a STRI NS (I)SGRID
IF (CONT—I. ) 3, 3,4

3 Xuj .4ial * (AMAX—A MXN)/ 120.
C KR GIVES X ROUNDED TO KR SIG NIFICANT DIGITS EQUALS X !N,

( Ru b
Z P ’— b ~~.r13 775
Z s A M A X 1  ( A B S ( X )  ,EX P ( Z P) )
LOGI O Fa A LO G( Z ) /2,302585
KIIINT( LOGIO F + 5 0 .)
P Wic u f r a  ( • K R I )
SIGK.A INTC X .PVdRK )

515K M 1 .AIN T(X SPp ~R Pc M 1)
Y. IQ! ,,S IGX M I
Y PuS! r, ic —
NY U INT CYP ) — fl~ ~~4’~

’ .~
j

YP .AINT (CNY,y3/t0.) AVAI r’~ ~~~~~~~~
XIN IX
A V E  • ( A M A  X • A MI N) /2.
~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
X uIr.~~~~~~ V c t ~~,* n 1’.

XS C ’ ) ‘~ E V *V !.~”~ • 
.y t
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XS (33 • RE VA VE
XS (4) iRE VA V Ea2S ,

1000 F~ k M A T ( / 3 X ~~~H4 B S C I S S A  IS IN UNITS OF IPEI3,7 ,
I ‘ INITI A L VA L UE ‘,IPEI3 .7/
2 61X?1 H ~~~.~.AMP LT TU nE /2XBP4 A $SC ISSA SY
3 1PE1t. 4,4(14X1PE11 .~4)/1X ,1~~2C iH 4))

C.
Ca BY PASS CODE A FTER GOTO 6
Ce

KNT’I
!F(TIN TL ,GT ,I.3 IC N T . T I N T L
IP’(I (NT , GT .B) GOT O 6
TSA~ EI TINTL
I (NT’I

4 XNTCI4I(u(TXNTL.T3AVE)/DELT .,l
IF (KNTCHK.KNT)5, 6,5

S WRITE(5,I001)
1001 FO RMAT (/2H ./3

K NT ‘K NYC
6 DO 7 I.1,NELMNT

AVE.A VE 4 ARR A YCI )
V A R IVA R a ARRAY(I) *APNAYCI )
Ka ((ARRAY C I7—AMIN )/XIN+2 . 5)
IF CK .GT.122)K’taJ
IPC K .LT .1)K.1
TEM PUSTRINGCK )
S T R I N G ( K ) I S T A R
W RITE (5 ,1002) KNT,  (BTRING(J),J’2,123)

1002 F O R M A T ( T 1 0 , I X I 2 3 A I )
KN T U K NT • 1

1 S T R I N G ( P c ) I T E M P
TINTL .FLOATCKNT ).DEVSTSAVE
X IN’NELMN’
X M ! N I ( X I N  — 1 ,) e X I N
V A W u X I N *V A R  • A V ~~.A V E
I F C V A R .GT . 0 P) V A R s S Q R T C V A R / X M I N )
AV E~ A V~ /~ IN
WRITE (~~,8000) NELMNT,AM IN,AMAX ,AV E,VA R

8000 FORMAT (’ C CF ELEMENTS ‘,I5/
2’ MI NIMUM VALUE •,IPEI5,5/
3’ MAXIMUM VALUE ‘,IPElS ,B/
£4’ MEA N OF ELEMENTS ’,1PEI5 ,S/
V SO OF THE ELEM E NTS ’,I PEIS ,S//)

RETURN
END

~~~~~~~~~
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C’
Ca
Ca CCD LINK ST R U C T URE
C.
Ca CCD,CCD ,T CD4CCO~ ,rTic~..IUi’L/ U/t
Ca
Ce
C. CO LIN~ 5T~ UCT URE
Ce
Ca C0,tVJ- CD ,S’ ,C2,C!~O6,CC019 ,CCD3I, FTNLIB/L/U/E
C.
Ca

CO MMO N /B I N 3 T R / X X c 3 ~~), IJC~ O)
C O H M O N  / P A 5 S/ $ 7~~ f C? ),I~sT AUC22), F~OW(7),IRW (4)

I
~ F ( r ~~~~i~~~, ’ :~ ; - ’. )  ‘ A ~.L IN~ TR
~FL i j  ~.t , . , L . !.~~~. RL P EAT

~ LJ ~~~~~~ }~ _ _’ . 3•  ~
p
~~~~

- _ I 
~

‘‘~ 2 1~~’~ t ( ~~~~ --
t A LL ~~~~~~

¶~S1 AVA1~AB1E COP”(
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C CCO6,FTN
C
C
C
C SUoROUTINE READS iN THE INSTRUCTIONS FUR A RUN
C
C

S U B R O U TI N E  I N S T R
REAL AU)

COMMON /CCD/XPERC, X ME A N ,X5D,FCLOCK ,FBA P9O ,XZ(4),XLEV,
2 ZL (~ O) p ISTAGE , I~’RINT, ZLE Nt~T, !FILT ,NW V S , IJ(20)
COMMON /8INSTR/XXZC3O),IJL(30)
CO MMON /VOLTS/WW1, WW2,ITIME
COMMON /PASS/STAD(20),ISTAD(20),IVAR ,IV ARI, R0WC7),IRW (4)
COMMON /RAND/P1(4),RR(b3

OA TA A /~ HTEMP ,4H02,D ,4MAT00/
(2 1) ‘0

I R W ( 3 ) u B
IJL (9) .9998

WRITE(b,700~ 3
7000 FOR MATr ’ CREATE NEW PILE ON DAT SLOT 2 Ya 0 NU 1 ‘/)

READ (b,913 I
IF (I.NE.0~ 5010 7005
WRITE (b,1001)

7001 FORMAT( ’ NAME OF FILE X XXXX X ,D ‘/)
R LA D (6 , 1 0 0 2 )  A ( 1) , A ( 2 )

7002 FORMAT(2A 4)
1~ Ø5 W RTTE(5,7003) A
l i aOS FO RMA T( ’ NAM E OF FILE FUR THIS RUN ‘,3A4//)

CALL SETFILC2 ,A ,1eR2, ’Oic’,0)
DEFINE FILE 2C50,b4 ,U,IVAR )

I WWITE(b , 1003
100 FDRMA TC’ THE NUMBER OF STAGES IN THE CCD (FIB.0)’//)

REA ~~(b,10j) K
101 FORMAT (F10,0)

IUPPER .600
IL OWERSO
ISTA GE IX

IP (CIS TAGE. r.T .ILDWER),A ND .CISTASE ,LE.LUPPER )) GOTO S
WR ITE(b ,20t) ISTAGE , XL OWER ,IIJPPER

FOR MA IC ’ ERROR MESSAG E C OP STASES TO SMALL OR TO LARGE’/
2’ 5 OF STAGES I ,14,’ LO WER LIMIT s ‘,14,’ UPPER ‘,Ia//)

GDTO 1
3 WR ITE (~,, j03)
103 FORMAT (’ SD OF THE INITIAL STATE (P111,0) 1/

2’ IF ~ 0 THEN NO BAC KGROUND V ULTA~IE ADDED ‘/3
PEAD (b , l Oj )  XSD

C.
Ca
Ce C$IAN(,E O 2 / 2 2 / 7 7
Ce

X XZ (3) .XSO
IJL (1).ISTAGf.

4
PURMAT (’ SURFACE OR f~UR1EO DEV ICE (~ UR 1,)’ /~ReA I1 (h~,1Oj ) lit
IJ (1, ‘711
I J L ( b ) . I J ( 1 )
I~

. ((I J(% ) ,LT.~’).O4 .(IJ(t).uI .t)) (.010 4
w~~IT~ C S, :~~s,l’u.~ ,~~1( ’  A S I A  (lI ~~ILL  )N l- 1i. a* c’ ‘I )
W EAO C 6PIØL) 7LC5)

~ I I E (b, I .~ 
( )

~ BEST . AVA1LABLLC~Y 
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107 FQRWA TC’ I OF BAC K PO UND CN~~~.f
8 ‘ 40 THEN SPECIFY TRANSFr.H • .1J.~.i /3

RE AOC b,131) ZLC6 )
! F C Z L ( 6 ) . L T ,0 .)  W R I T E t 6 , 1 ~ q 1

789 1 Fc M & T ( ’  FRA C T ION ~~~ ~~~~~~~~~

IF( ZLC 6),LT .0.) REAO(~~,Iø1) ~~~~~~~~~~~

!FCTLC b) .GE ,B.) CAL~. fT I (Zt - 
-

WRITE (b, 109)
109 FOR MAT (’ CLOCK SWING VOLTA GE ,.)

R E A D ( 6,10t) ZLCB3
XXZ (1)IXPERC
%XZ(t5)IZL(5)
X X Z ( I b ) .Z L ( K )
X X Z ( 1 8 )  ‘ZLC8)
W RITE (6, 9050)

9050 FORMAT (’ PLOT OP INPUT AND LL : PUT ~~Z N’~ ‘/)REAO(b, 913 I J L ( 7 )
W R IT E ( b ,  1 0 1 1)

1011 FORMA TC I FF1 OP CUIPUI ~~~~ t~ ~‘ 5
R E A D ( b , 91 3  IJLC30)

5 WRITECS,j000) ISTAGE,XPERC,L b~~.~~~i.y
1000 PORMAT (’ I OF S T A G E S  IN THE CCO ~~~~~~

Y CTX OF DEVICE ‘,1 PE15.8/
4’ 1 OP THE BACKGROUND CHARGE ‘ P ~~~.~~~/4’ AREA OF T HE WE LL ( M I L * * 2 ) ’ s~~P . . f  4

6 WRITEC6,2 06)
206 FORMA T C’ CLOCK FREQUENCY (F10~ ~~CLC KMK.1 .E10

REAO (b ,101 ) FCLOCK
IF (CPCLOCK .GT .0.).ANO ,(FCLOCK ,~~~~~,~~~r~fl ) C~?1~ ~,OWRITE(6,1006) CLC KMX

1006 FORMA T (P CLOCK RAT E OUTSIDE ~~~ ~-- ~~ ‘ - ~~ JF ~5 , 1~~ FII.0/)
50,0 6

60 CONTINUE
W RITE(5,7013 FCLOCK

701 FORMAT (’ CLOCK RA TE ‘,IPEIS ,S/)
80 WRI TE(6 ,800)
500 FORM A T ( ’  THE LENGTH OF T IME OF T HE NUN 4 t201 /)

REA D (6,IOI) UI
ITIMEuZZI

IF ((IT!ME.LT,0),OR .(I1XME .GT ~~ a00~ ) 5010 80
W R I T E  ( 6,90)

90 FORMAT (’ PRINT OUT INTERMED IA~~ ~UES N3 .0  YESr~~’ /)
REA DC 6,91) IPRINT

91 FOR MAT (II)
WRITE (6,9008)

9008 P O R H AIC’  P E E O T M R Q U G W  V O LT A G E  ~o :~~
- 

~) OuT P uT N ’~ Y ’ t ’ / )
Ca
Ca M AXIM UM INPUT VOLTAGE IS 2.8 ~OLTSCa
Ce

XKZ(4)ZFCLOCP(
IJL (2)’IPRINT

X MAX V R2 ,e
W W I.  K N A X  V

R E A D C 6,91) NRV$
96 WWITE (h,93)
91 FORMAT(’ DURATION OF THE SIGNAL M INpO MAX .1000’/)

REA Q(b ,1013 UI
ILE ’~4GT:ZZ1W R I T E (~~,7020)

70 20 PDRMAT (’ TYPE O~ SIGN AL PULSE •k~ ~~N • 1 ‘/)
US ~~~~~~~~~~~~~~ I.! . ‘‘s’
1 P ( I J L ( 2 ’ ~) , E ~, ,ø )  ~•, c 2 ) L .  9~7:~?? ~~T T Ft~~,Tc’?%~

7M~~1 F U R M A T r ’  C~F S I N I J S C ! I A L S  ‘-~~~ ‘. •E S~ /•
- t3 33
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REAI)(b,1OI) UI
IJL (28)’ZZI
IPCC IJL (a8).LI.0).OR .C!JL (28),GT .43) GOTO 7022
I1(KSIJL (28)
Iici.s311
00 7023 !aI,IKK
WR I T E ( b , 7 0 2 1 4 ) 1

1024 FORMAIC’ FREQUENCY OF THE ,13,’ SIGN ALCMERTZ) /)
RE AO(b,101) Ut
X X Z C ! KL ) I Z Z I
WRITE(6,8025) I

SoSS FORM AT C’ AMPLITUDE (I OP WELL) OF THE ‘~~!3,’ S!GNAL’/)
REAOC6 ,101) STAD(1)
STAO(I ).WWIeSTAO (I)/100.
W RITE(5,70311) I,1Z1,STADCI)

7030 FORMAT ( FREQUENCY OF THE ‘,13,’ SIG NAL. ‘,IPEIS ,8/
a ‘ AMPLITUDE (VOLTS) OF THE SIGNAL ‘,IPEI5.8/)

IKLSIKL • I
7023 CONTINUE

WRITE (6,8053)
5053 FORMAT( ’ DC BIAS (1 OF WELL) TERM ADDED TO INPUT FIB ‘/1

READ(6 ,101) XXZ (5)
XX Z (5) SWW1.XXZ (S) /100.

GOTO 9918
95 CONTINUE

WR!TEC6,92) XMAX V
92 FO RMATC ’ INPUT LEVEL OF SIGNAL MAX. ‘,Pi 0.3,’ VOLTS’/)

RIA D (b,IO1) XLEV
!F ((XLEV ,L E, 0,).OR,(XLEV .GT,XMAXV )) GOTO 95

9915 CONTINUE
IJL (3)’ILENGT
XJL (5)SNRVS
X XZ (10)’XLEV
WRITE (b,8010)

8010 FORMA IC ’ NON LINEAR INPUT WARP ING Yb N.1’/)
READ(6,91) 14( 12)
WR!TE (e,973

91 FORM AT C ’ FILTER RESPONSE COMPUTED? N.0 Y.1’/)
RE AU(b,15I) UI
IPILT.ZZI
!JL (20)11
WRITECB,9033)

9033 FORMAT (’ DARK CURRENT ADDED Y.0 NIL ~)
RLAO (b, 91) 14(133
IF (IJ(13).EQ .I) 5010 9036
W RITE (6, 9034)

9034 FORMAT (’ AM B IENT TEMPERATURE DEGREES C ‘/ 3
RE AD (6,t013 Lit
YXZ(2S)e7Z1 4 273,

WRITE(5,9035) ZZI,XXZC26 )
9035 F O R M A T (  AM BIENT TEMPERA TURE (C) ‘,F10 ,4,’ (K) ‘,FjO,a/)

W R I T E  (~~~ 170 1)
1701 FORMAT (’ DO YOU WANT TO HOLD THE SIGNAL FOR ANY ‘/

2 ‘ OF TIME Y S O P4’I /)
READ (b,9j) IJL(20)
! ‘ C t J L ( 2 ~ ) . E Q , 1 )  G O TO 9036
WRITE (6, 1702)

1702 FDRM AT C TIMECSLC 3 LEFT IN DELAY LINE ‘I)
RE AD(e ,I0t ) XX ZC2I )
W R I T E  (6 ,1703)

1103 F O R M A I C ’  FREU U E NCY CLOCK S IGNAL OUT A T  ‘I )
R E A O ( ø ~,tQ l 1) Y X 7 ( ~~?~

I T ~~(~~, 11~~Q)  X X Z ( M )  • x X i ( 2 1 ) , x x L ( 2 2 )
1 704 FORMAI C’ INPUT SAM PLIN G RATE IPEIS.8,

2 • lIME L EFT  IN OL~~iLL ,IP’E1~~.8,
3 ‘ 0u1P5J 1 SAP i h~L1M~ kAT t ,1PE1~~.b/)
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9036 CONT IN UE
IJL (4) ‘IFILT
IJL (17) ‘14(12)
T JL U S ) . 1 3 t 1 3)

ITE (6,60I1)
6911 FOR MAT C ’ MULTiPLE RUN YuI OF CHANGES N.Ø PII’/)

- REAOC6 ,I01) ZZI
IJL (19).ZZI
IFCIJL (193.IO ,S3 GOTO 8050
WRITEC6,6012)

6012 FOR MAT (’ WHICH INPUT IS TO BE CHANGED ‘/
2 1. 0 OF STAGES, 2.SURFACE/BURIED •/
3 • 3. A REA OP WELL, 4ISTORAGE TIME (SEC)
4 ‘ S’CLOCK FRE (~UENCY ,bsAMbIENT TEMPERATURE ‘II)

REA DC6, 9I) IJL(22)
K’IJL (19)

00 6019 1u1,K
WRITE (6,b013) I

6013 FQWMAT( ’ INPUT THE ‘,Ib,’ VALUE / )
READ (6,tOI) RR (t)

6019 CONTINUE
WRITE(5,b015) CI,RRCI) ,I’I,K)

6015 FORMAT( ’ MULTIPLE RUNS //7C1X ,12,2X ,1PLIS,$))
WRITE (6,67 17)

$717 PORM AT(’ SECOND VARIABL E CHANGING V.0 N.0 ‘/)
REA O(e ,913 IRW C 1 )
IF (IRW (1), EO ,0) GOTO 8000
WR ITE (6,6012)
READ(b ,9j) IRWC2)
KIIRW(1)
DO ~7t8 IsI ,K
W WXTE(6,60I3) I
REA O (b,101) ROW(I)

$715 CO NTINUE
WQITE (~~,601S) (!,ROWCI),Iul,K)

5005 WR !TE(6,8001)
6001 FDRMA TC’ RUN SlIM NOISE YsO Nil ‘/3

REA U (6,91) 14(3)
IJL (83 ‘14(3)
I5 (CIJC3).LT,0).OR.CIJ (3).GT,I)) GDTO 8000
IP (1JC3),CQ .1) RETURN

KIlO
DO 90l~0 1.5,11
14(13’S
IJL (K)’0

KIM a
9000 CONTINUE

WR iT E (6, 5003)
$003 PORMAT (’ SELECT THE PART ICULAR NOISE INPUTS N.0,Yu1’/)

R t b o ( ’ , 9 1) I J ( 5 )
IJ L ( 10) ‘14(5)
IF (IJ (5 ).EQ ,0) RETURN
W R I TE (6 ,  8004)

8004 FORMAT ( ADD IN INPUT NOISE V’S Nat ‘/3
KEAO (e,9j) 14(6)
WRITE (6, 8005)

8005 FORMAT (’ £0Q IN THE SHOT NOISE Y’0 N I1’/)
REAO (b,91) 14(1)
wRITE (6,0006)

8S~O5 FDkMA T(’ ADD IN ~~~ TRA NSFEK NOISE 110
REAOC6. 91) T J ( R )
WR ITE (6,8O~ 7)

~~
• -I

~
P F - ’ ~~T (  ~~~ j - j  THE ~ ,-~~PUT 5- ’~’7~~ Y:~’ ~i~~ ’/ )

Ar(b ,Vl) IJ (9)
piQ I T F  ~~~~K~~0 K)

blO0S FO NMAT (’ £00 iN THE FILTEW NOISE YaM NIt ’ / ~
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RE AD C 6 ,91) 14(10)
SWITE(6,5009)

6009 POR’IAT (’ ADO IN INTERFACE NOISE •/)
READ C 6,91) 2 4 ( 1 1)

Ki lt
DO 57 I’6,I1
IJL (K)aIJ(X)
Kull. • 1

57 C O N T I N U E
RETURN
END

Ca
Ce
Ce CCDI9 .FTN
Ca
Ca
Ce COMPUTES CT! FOR SURFACE AND BURIED DEVICES
Ce
Ce 02/22/77
Ce
C.

SUORDUTINE CTICZL,ZPENC,14)
INTEGER 13(5)
REAL ZL (20)

X.ZL(b)
IP ( I J ( t ) , EQ ,t )  GOT O 100
IFtX .GT ,4,) GOTO 1
ZFERC’3.6E~ 4
RETURN

1 IF (X.GT .5.3 GOTO 2
ZPEQC’—2.7E~ 4.X • I,4E.3
RETURN

2 IF(X ,GT.10.) GOTO 3
Zp:RC s—1.E .5*x • I.4E.$
RETURN

3 lP t R C .3 , 9E~ 5
RETURN

100 IP(X,GT,4.) GOTO 101
F- ZPERCI.I.bt.5eX + 1.1E 4

RETURN
101 IP(X.GT.13.S) 5010 102

ZPERCI.2.IL.SaX + 5,6E.S
RETURN

102
RETUR N
END
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Ce
C.
Ce
Ce CCDSI.PTP4
Ce
C.
C.

SUBROUTINE REPEAT
REAL A (3)
COMMON ~8IF1STR/XX(3S),lJ(3I~
COMMON /RANO/R1 (43,RRC6)
COMMON ,PASS,sTAD(aS),ISTAD (ao),IvAR ,Iv ARI ,00WC7),IkW(a)
DAT A £/4MTEMP,4M02,O,4~lATS0/

CALL SITFIL (2,A,!ER2,’DK’,S)
DEFINE FILE 2(S0,b4,U.IVAR)
IP(IJ(21).GT.IJ(19)) 5010 1005

KIIJ(28)

CALL FINDER (PR,Y,K,KK 3
IF ((IJ(213.EQ ,13.AND .(IRW(3).EQ.0)) ROv.(7)aY

RETURN
1000 CONTINUE

IRW (3 )1IRWCI) • I
IP(IRWC3),GT.IRW(1)) GOlD 2000

K’IRW (2)
KK’IRW (3)

CALL PINDER (ROW ,Y,K,KM)
K ’ !J (2 2 )
KK’7
13(213.0

CALL FINDER (NOW,Y ,K,MK)
RETURN

2000 CONTINUE
IJ(9)$’t0000

RETURN
END
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MISSION
of

Rome Air Development Center

R&~~ plans and conducts research, exploratory and advanced
developrient prcgrax~ in camnand, control, and ccaununications
(C3)  acti vities, and in the ~~ areas of I f ormation sciences
and intelligence. The princip al technical mission areas
are cowaunications, electromagnetic guidance and control,
surveillance of ground and aerosp ace objects, Intelligence
data collection and handling, inf ormation system technology,
ionospheric propaga tion, solid state sciences, microwave
p hysics and electronic reliability, maintainability and
comp atibility.
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