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ABSTRACT

This paper presents the design of video processing hardwaie to best utilize an image dissector
camera in an image processing environment. Although most of the work was done with the idea of
using the results on a specific dissector camers much of it is applicable to a wide range of
photo-multiplier devices.

An analog integrator and digital timing circuit which measure the output current Ffrom an image
dissector tube and produce constant signal to noise ratios of 10. 32. or 100 (sclectable) are
presented. A digital circuit which msduces a number proportional to the log of the dissector
current is also presented.
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VIDEO PROCESSING HARDWARE FOR USE WITH AN IMAGE DISSECTOR CAMERA

1. INTRODUCTION

The problem dealt with i the Tollowing pages is the design of video processing hardware 1o
best utilize an image dissector camera in an image processing environment. Although most of the
work was done with the idea ol using the results on a specilic dissector camera, much of it s
appheable to a wide range of photomulttrnher devices.

An image dissector camera tube may be thought of as a photomultiplier tube whose output
is proportional to the intensity ol a small, preselected portion of the light sensitive surface. In a
conventional photomultiplier tube a hight sensitive surface, the photocathode. emits electrons
toward a more positively charged target. The average number of clectrons emitted per unit time is
directhy proportional to the mtensity ol hght talting on the cathode.

In the photonmltipher tube alt of the electrons leaving the photocathode are multiphied by
ane electron multipier mto an output <iznal current. In an image dissector. the electrons leaving the
photocathode travel toward a positively charged plate (First anode) with a small hole or aperture in
the center. Only those clectrons which pass through the aperture enter the clectron multiphier.

By applving a magnctic ticld perpendicutar to the lov of electrons as they travel from the
cathode to the tirst anode, the clectron stream can be deflected altowing electrons emitted from a
pomt somewhere other than directly in tront of the aperture 1o pass through it. Any point on the
surface of the cathode may be examined by choosing the correct magnitude and direction for the
nugnetic fiekd. By exanuning small parts of the total image on the photocathode. the image may be
“dissected™ thus making the inage dissector tube a uselul tool i an image processing system.

The tollowing chapters anabvze the form of the output signal and propose a reasonable
hardware solution to the problem of how best 1o get the video information from the camera into a
digital computer Tor analysis,

Things to consider n the design ol the hardwiare are: 1) signal 1o noise ratio on the video
output: 2) time reguired 1o process one point: 3) case ol use by the processing system: and 4) video
circuitry compasibility with the processing computer.




2. DISSECTOR OUTPUT ANALYSIS

2.1 Introduction

In this chapter we will anatyze the signal and noise characteristics of the image dissecton
camera tube. Betore mathematical retations are developed for the signal and noise. a briet discussion
is presented to establish an intwtive feel for what is meant by signal and noise in this application.

Light consists of quantized packets of energy called photons. The intensity of the hght is
proportional to the number of photons per unit time striking the iluminated object. It the photon
arnval rate were constant. the intensity of the hght coutd be determined directly by measuring the
time between two successive photon arrivals. Untortunately things are not so simple. The photons
striking the illuminated object arnve with an average rate directhy proportional to the mtensity, but
mdivadual arrnval times are random and statistically independent.

The tunction of the photocathode s to convert the impinging photon into a photoelectron
to be amplitied by the electron multiplicr into a cuarrent pulse at the output of the tube. Not only
must the photons” beliavior be characterized statistically. but the two conversion processes which
follow (the photocathode and the clectron multiplier ). belave in a stochastic manner so they too
must be characterized statistically

Ideally cach photon striking the vhotocathode would cause an electron to be emitted from
the photocathode toward the clectron multiplicr. The photocathode does not do this consistently
however, and has a conversion factor n relating the occurrence of an event at the mput and the
probability of the occurrence of an event at the output.

The clectron multiplier is not as disciminating as the processes before it. For an mput
clectron there will abvays be an associated current pulse at the output. The magnitude of this
current pulse is not constant however. and it too must be characterized statistically. Since the
clectron multiplier docs not change the relative time between pulses but only the relative size of
these pulses. its etfectson the overall statisticos of the image dissector tube are different than those of
the photon arrival distribution and the photocathode conversion process.

When all of these effects are combined. the resultant output consists of a series of current
pulses of varying height whose average rate of occurrence is directly proportional to the light
intensity of the photocathode. This average rate is the signal we wish to measure. The fluctuations
around the average create the noise we wish to minimize. A quantitative model for the signal and
noise will now be developed.

2.2 Photon Arrival Rate

Photons are emitted Irom a thermai source at random intervals and independently of any
other photon emissions. The probability of n photons in a time interval of length 7 is given by the
Poisson equation (1) (2) (3)*,

*The numbers in parenthesesin the text indicate references in the Bibliography.
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l’(n]r):—';_ [2.1]
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where 1 as the average photon arrival rate,
The average value for noand its variance is:
n=ur
h)
g = ur=n
Defining signal to noise ratio as;
. avenige
SN= — 5 [2.2]
standard deviation
the signal to noise ratio for equation 1 becomes
. urT —
SN==— =47 [2.3]
NH

2.3 Photoelectron Emission

The probability that an electron will be esuitted from the photocathode upon the arrival of
a photon at its surface is characterized by the quantum efficiency factor 5. 7 is a constant for
mcident hght below a certain wavelength. This  critical wavelength is dependent on  the
photocathode material but in the work presented here it is assumed that 7 is a constant within the
range of the wavelengths of light bemg measured. (4)

Swe the probability of an electron emission from the photocathode is independent of the
past history of electron emissions, the photoelectrons tollow the Poisson probability law just as the
incoming photons do. The only difference is that the average rate has decreased by a factor of 5.
Theretore the probability of o events in time 7 becomes:

(unr)le K0T
P(ﬂl‘f)z‘“”—'&_‘, l24]
n.

The signal to noise raiio for equation 4 becomes:
S/N =\/I”?_T~ [2.5]

2.4 Electron Multiplier

For cach clectron entering the electron multiplier there are on average A electrons which
feave it, where A is the gain of the multiplier. Reference (2) presents a summary of electron
multiplier statistics. In the reference it is shown that, with good clectron multiplier design, the
multiplicr will present relative noise free gain to the system. The paragraph summarizing the effects
of a» clectron multiplier on the total signal to noise ratio of a photomultiplier concludes: “The




e e M T

4-

noise added to the input signal is very small. It is in this sense that the multiplication chain is said to
provide noise free gain.” For the remainder of this discussion we will assume that the variability in
the multiplier gain introduces insignificant eftfects. We will examine the validity of this assumption
when experimental results are presented.

2.5 Dissector Characteristics

The average pulse rate out of the dissector is equal to the product of the quantum efficiency
factor for the photocathode and the average arrival rate of the photons striking the photocathode.
In the following discussion we will find the range of incoming light intensities we wish to measure.

Table 1 presents the necessary image dissector specifications we will need in the following
discussion.

TABLE 1

IMAGE DISSECTCR SPECIFICATIONS
Manufacturer: ITT Industrial Labs
Tube Model Number: F 4052
Photocathode Response: S11
Aperture: .0006 in. dia. round
Maximum useful photocathode diameter: 1.75 in. dia.
Average Electron Multiplier Gain: 2 x 108

Maximum Permiscible lllumination: 25 foot candles

The energy of each photon striking the photocathode is given by the equation:

gohe
A
where:
h=6.63 x 10'34joule seconds
X = wavelength in meters
c=3x 108 m/sec.

Evaluating the equation above we get:



6.6x103% x 3 x 108
3

_1.99x 1025

E _)\* joules/photon | (2.6]

Energy in one photon = E =

] lumen=1.5x IO'3 watts ,

1.5x 103 joules/sec .

Combining this with equation [2.6] we get the nuomber of pliotons per second
corresponding to a light flux of one lumen at a wavelength of S600A.

53 7
ASx 109 6x107) o

|5 photons
I35 P~ A—_——
1.99 x 107~ sec. lumen

The manufactu.er specifies the maximum light intensity which will not damage the tube to
be 25 foot candles. The relation between foot candles and lumens is;

1 lumen
I foot candle = -
Ui

o
The average photon current density at 25 fcot candles and S600A is therefore:

25 lt endl. T 10'5 photons e |Ol4 Ehot‘ons '
144 in.~ sec. lumen sec. in.

Reference (4) shows the quantum cffic&cncy of an S11 photocathode is approximately 0.1 below a

wavelength of approximately 6000A. Therefore the average current density leaving the
photocathode is:

0.1)(7.3 x IOM) =73x10!3 electrons/sec. in.2 :

These electrons pass through an accelerating mesh and then continue toward a positively
charged plate with the aperture at its center. The dissector manufacturer (ITT) estimates the mesh
transmission factor to be between 50% and 60%. The electrons which pass through the mesh and
finally the aperture are then multiplied by che electron multiplier. Using the aperture diameter of
0.6 mils, a mesh transmission factor of 55%, and the electron current density given above, the
number of electrons per second entering the electron multiplier is:

6x 1042
[(7.3 x 1013) (S—) 7] 055=113x 108 elec./sec.  [2.7]

The electron multiplier will change the charge associated with each of these pulses but it will
not affect their time relationship. Therefore th. maximum average pulse rate coming out of the
dissector is the pulse rate given by equation [2.%! 'Jsing the electron multiplier figure of 2 x 106,
the maximum average output current becomes approximately 3.6 micro amps.




The upper limit has been imposed vy the limitations of the dissector tube. The lower limit is
not as well defined and is imposed for the most part by the circuitry used to measure the average
currcint or pulse rate for very low light intensities.

1




3. PROCESSING TECHNIQUES AND REQUIREMENTS

3.1 Introduction

In chapter 2 we characterized the output current of the dissector. In this chapter different
ways of detecting or processing the output will be investigated. Three major catagories are
discussed:

1) Placing a low pass filter on the output of the tube and measuring the voltage rom
the filter;

2) Pulse counting; and

) Integration.

After these methods are discussed one is chosen which best suits the needs of the environment in
which the camera is to be used.

3.2 Processing Techniques

3.2.1 Low Pass Filter

In chapier 2 the current pulses from the output of the dissector were shown to be randomly
distributed in time and statistically characterized by the Poisson equation. The average pulse rate
per unit time interval iv:

average output pulse rate = pun .

If a low pass filter were placed on the output of the dissector it would tend to filter out the high
frequency components (noise) and leave a signal proportional only to the average pulse rate. The
lower the cutoff frequency of the filter the closer the output would represent only the average pulse
rate. The effectiveness of a low pass filter on the output may be evaluated analytically with the aid
of Campbell’s Theorem. (1) This theorem may be used to find the mean and variance of a filtered
Poisson process. If w(t) is the impulse response of the filter and u is the average of the Poisson
process x| (t), then Campbell’s Theorem states that the expected value and variance of the output
x9(1) of the filter will be:

E{xzm}=p7 w(t) dt
i
Var{Xz(t)}=p'7;v"(t) dt .

As an example of Campbell's Theorem applied to the image dissector, let the filter be a
simple RC low pass network with 2 time constant r. We will assume that the output pulse width of
the dissector is small relative to 7. The impulse response of the RC filter is:
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I -tfr
h(t) =e=¢ 0t [3.1]
7
We siiowed in Chapter 2 that the average pulse rate at the camera output was un where y is the
photon average arrival rate and n 1s the quantum efficiency of the photocathode. Using these facts
with Campbell's Theorem we get:

E{X»(t)}=—“n—7c’t/’ dt = un [3.2a]
2 -
Varlxyof= 4 [ ar= 22 13.2b]
= T £T
0

Defining signal to noise ratio as in equation | 2.2] we get the signal to noise ratio for this Tiltered
Poisson process:

S/N =+t = Tram . [3.3]
T
®

This technique of filtering the camera output and sampling the voltage from the filter is casy to
implement in an image processing system. One drawback of this scheme which is not immediately
obvious is a settling time proportional to 7 which must be allowed when the dissector is directed at
4 point of new intensity,

3.2.2 Pulse Counting

Since the desired signal is directly proportional to the average pulse rate at the output, a
theoretically simple way of determining this average is to count the number ol pulses that occur
in a given time period. Intuitively we see that for longer time periods we will count more pulses and
our measured average will come closer to being the true average ol the Poisson process.

Repeated trials ol this technique will produce varying results since we can only approximate
the average on cach try. The fluctuations in the results represent the noise in the system and the

magnitude of the lMuctuations will be inversely proportional to the period over which the pulses are
counted.

Equation [ 2.4} gives the distribution of the number of pulses which occur in a fixed time.
The signal to noise ratio lor this process is given by equation [3.4] .

S/N =vunr [3.4]

7 in this case is the period over which the pulses are counted.

It is seen from equation [3.4] that the signal to noise ratio is dependent on the average
pulse rate. Thus the signal to noise ratio will be greater for high light intensities. In many
applications a non constant signal to noise ratio is inconvenient.
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A constant signal to noise ratio may be obtained by measuring the length of time required
for a fixed number of pulses to occur. The distribution of the time t required to count N pulses is
given by the Erfangian distribution. (5)

an(untyN-! unt

PN = = (3.5]

The mean and variance tor this distribution are:

N
t= [3.6a]
un
s N
o= = 3 [3.6b]
(un)-

Using equations [3.6a] and [3.6b] the signal to noise ratio associated with equation [3.5] is
given by equation [3.7]. N

SI’N :L:\N_' l37]
¢

hl
fun )=

Equation [3.7] indicates tiat the signal to noise ratio is not a function of average pulse rate when
we measure the length of time required to count N pulses.
3.2.3 Integration

IT instead of counting the current pulses we integrate them with respect to time, the output
voltage of the integrator would be directly proportional to the number of pulses which have
occurred since the integration was begun.

The equations representing the process are the same as the ones for pulse counting. This is

merety an alternative to actually counting individual pulses.

3.3 Processing Technique Selection

The signal to noise ratio cquations given in this chapter for various processing techniques
can be divided into two categories: 1) those yielding a non constant signal to noise ratio, and 2)
those yielding a constant one. There are obvious advantages to a constant signal to noise ratic so
only the second category will be given any further consideration. This leaves us with pulse counting
a Tixed number of pulses or ntegrating the dissector current to a fixed voltage.

From a practical point of view the pulse counting technique is preferable over the
integration method for small average pulse rates. As the average pulse rate increases, the pulses




become closer together making it more dilticult to resolve and count individual pulses, At the same
time the average current rises, making it casier to integrate the current. Thus for high pulse rates and
currents it is casier to integrate than count the pulses.

We found the maxinmm average pulse rate to be 11.3 x 100 pulses per second as shown in
cquation [2.7]. Using this ligure we may get some idea ol the required resolving time ol a pulse
counting circuit designed 1o count a series of pulses whose average rate is that given above. From
cquation [ 2.4] we can find the probability ot no pulses occurring in time 7 {o be:

PO | 7) = U7 13.8]

I we wish to know with a 9997 likelihood that there will be no pulses in a time interval of length 7
we v set equation 1380 equal to 099 and solve tor 7. Doing this yields a value tor 7 of
approximately 900 preo seconds.

The design oF a counter which could detect and distinguish between pulses separated by no
greater than 900 pico seconds would be extremely diltficult if not impossible with today’s
technology. For this reason the current integration scheme has been chosen as the technique best
suited for the job. The detailed design of the integrator curcuit is presented in the nest chapter.




4. METHODS OF ANALCG INTEGRATION

4.1 Introduction

As is the case for most engineering design probles, the solution to the problem at hand
may be reached ina variety of ways and with various degrees of perfection. In this chapter we will

investigate several methods of analog integration and breifly discuss pros and cons of each.

4.2 Ideal Integrator

Theoretically the simplest and the best current integrator is a capacitance,

since the voltage
deross a capacitance is the time integral ot the current into it. In this and the

following sections an
cquation as a function of time will be given for a step of current at t = 0 with magnitude

Figure
Fitlustrates the ideal integrator and gives its output equation.

Iin'

Lit=20 l.
| = 5 * =¢ V(== i
‘ 0 :1<0 F (

Figure 11 Perfect Integrator

It is not possible to measure V,, without imposing some finite
This impedance changes the current-voltage transter characte
less than an ideal integrator.

impedance on the output.
ristics and makes the circuit something

4.3 R-C Network As An Integrator

Il we represent the input impedance of the cireuit used to measure the voltage
capacitor as a resistance and capacitance in parallel with the integrating capacitor. the equivalent
circuit is an R-C network with R being the input resistance of the measuring device and C being the
parallel combination of the integrating capacitor and the input capacitance of the measuring device.

across the

Figure 2 shows the equivalent circuit and the step response for the R-C network.
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Figure 2: R-C Network as an Lategrator

The voltage output equation given in figure 2 may be made to look like the one tor the idea
integrator it the exponential term is whitten in power series and a t/RC is Tactored out. When this
is done equation (4. 1) results.

7 :-ﬂ l t_ i _t_ 2
Votth == t[l-:! T el ol e
tin
Sy (4.1]

€ is an error term and goes to zero as R goes to infinity. Referring back to figure | equation [4.1] is
the same as the step response for the ideal integrator except for the error term.

4.4 Integrator Using An Operational Amplifier

If we wish to amplity or buffer the voltuge across the integrating capacitor, then all the
nonideal characteristics ol the amplifier used must be considered. There are two basic circuit
configurations for current integration using operational ampliliers as shown in figure 3

(a) (h)
Figure 3:  Two Op Amp Integrator Configurations
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In the circuit of figure 3-b the input voftage to the operational amplifier is held at virtual
ground. In figure 3-a the input voltage foflows the voltage across the capacitor. I the input voltage
is held at ground (as in figure 3-b) then no current will flow through any resistance which appears at
the input, It the input voltage is allowed to deviate from zero (as in figure 3-a) some of the input
current will be lost through the input resistance. For this reason the circuit shown in figure 3-b was
chosen for further anlaysis.

If an ideal amplifier with infinite gain, zero offset current and zero offset voltage were used
in the configuration of fgure 3-b, the input voltage would always be held at zero and the mput
resistance of the circuit would have no effect. H an ideal amplifier with finite gain were used. then
the equivalent circuit of the integrator would be the same as figure 2 with the exception that the
Afective resistance would be equal to the inpnt resistance multiplied by the gain of the amplifier.
Thus an ideal amplifier with finite gain would serve to decrease the effects of the imput resistance
and also bufter the output voltage,

In order to derive the transter characteristics of an integrator using a nonidezl ¢ Ldional
amiplitier. an equivalent circuit which includes all of its significant non idealities must be developed.
Such an equivafent circuit is shown in figure 4,

r— " T T T T T T T T 77

INO- + {1 e —Q OUT
v{]'ﬁ ¥
+ Aw
. (o]
C R (* Loy Vin <> _(’vil'. . o

_— | s r'.

|
1
| l
| I
w
| |
| l
[
| |

i e, S s e e o B e e 2 e

Figure 4 Operational Amplifier Equivalent Circuit

The equivalent circuit used includes. (1) parallel R<C input impedance. (2) offset current
Fost (3) offset voltage V (. (4) finite DC gain A: and (5) single pole transfer characteristic with 3 db
break point at w .

The equivalent circuit of the signaf source feeding the input may be represented by a current
source in paralel with a capacitor and resistor.

In deriving the transfer characteristics of figure 3-b a number of simplifying assumptions and
substitutions were made. These were: (1) total capacitance at the amplifier input to ground is equal
to Cy (this is the parallel capacitance of the internal input capacitance of the amplifier and all the
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extermal capacitances connected to the input); (2) CH, the feedback capacitor has infinite DC
resistaiice: (3) D is defined to be equal to 1+, /Cy: (4) total input resistance seen at the amplitier
input to ground is equal to Ry 1(5) w is defined to be equal to 1/R{C51(6) 'cq is defined to be the
] cquivalent input current equal to the actual signal source output plus the offset current; and (7) the
output impedance of the amphifier introduces negligible effects and may be ignored. The simplified
model is sumnuarized in figure S,

I {‘1
] — L
18
Icq G = Awg,
— y =
O : S + - —O' We *s
= ’ +
lcq = Iin “los Vos

: +
Vin C) GV, De paes

Figure S: Equivalent Circuit of Op Amp Integrator

- The results presented below were obtained through straightforward Laplace Transform
tecimiques applied to the circuit of figure 5.

The signal current was assumed to be a step of current of magnitude L, at t = 0. This
assumption was made for two reasons. First, the presentation and understanding of the results is
simplified by this assumption. Secondly. the shot noise process used to model the dissector output
current has a power density spectrum with an impulse at zero frequency and a constant level for
essentially alt other frequencies up to the cutoff imposed by the dissector. (6) The magnitude of the
impulse is the information we wish to obtain.

'f no simplifying assumptions are applied to the circuit of figure 5 the resultant outpu*
cquation is very cumbersome and hard to understand. If the assumption tiat the magnitude of the
DC gain of the amplifier is much greater than two times D as defined in figure 5 such that 1 + A/2D
may be approximated as A/2D then a significant reduction in the complexity of the output
equation can be made. Cy of figure S serves no useful purpose and in any practical circuit would be
the stray capacitances applied to the input of the amplifier. For this reason D will be small and the
assumption is reasonable.

With the assumption stated above, the output voltage equation for the circuit of figure 5
with an input step of current of magnitude I, applied at t = O is given by equation [4.2].
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In analyzing equation [4.2]. it is helpful to consider an effective current by as defined by
cquation |[4.3].

Aw V...
: 0 o 0 lcq) 14.3]
Awg twy RI

lery =

Equation [4.2] is valid within the constraints of the assumptions presented and provided
the amplifier behaves in a linear manner. The amplifier wilt remain linear as long as the
instantancous value of 'cl'l’/c’.’ does not exceed the maximum slew rate of the amplifier. It should
be remembered that the maximum dissector current of 3.6 micro amperes which was deteninined in
chapter 3 1s an average. This current consists of pulses whose amplitudes may be many times greater
than the average.

If the amplitude of an individua! pulse is greater than the product of the fteedback
capacitance and the amplifier’s maximum slew rate then the output voltage of the amplifier will not
be able to change fast enough to keep the differential voltage at zero. If the input current to the
amplifier remains at zero when the voltage deviates from zero then none of the chirge in the pulse
will be lost through the amplifier. In this case the change in voltage across the feedback capacitor
will be directly proportional to the amount of charge in the pulse but since the rate of change in the
output voltage is hmited by the slew rate, the input side of the capacitor will rise above zero until
the output voltage has time to rise (o the correct value and allow the input to return to zero.

The output pulse height of the image dissector is difficult to determine and the way in
which an operational amplifier behaves when it is over driven is seldom given in specification sheets.
It there were significant degradation in the output voltage when the amplifier was overdriven. it
would thow up when small values of feedback capacitance are used. since the value of lcl'f/CZ is
greatest at that time. After an amplifier and feedback capacitor have been chosen, an experiment
may be performed using the dissector to drive the integrator first with the chosen value of
capacitance and then with one much larger. If the difference in output voltage is related only to the
size of the feedback capacitors it may be assumed that no charge is lost due to non linearities of the
amplifier for the values of capacitance chosen.

Up to this point the ability of a circuit to perform as an integrator has been examined by
comnparing its output equation with the equation for an ideal integrator given by the equation in
figire 1. To facilitate such a comparison for the op a.:p integrator, equation [4.2] may be
rewritten as shown by equation {4.4] taking advantage of the definition given in equation [4.3).
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The left half of cquation [4.4] is similar to the equation for an ideal integrator given in
figure 1. the only difference being that the effective current integrated has been decreased (or
increased depending on the signs of V0 and 1) from the true current entering the integrator, The
right half of equation [4.4] is an error term which exponentially approaches the magnitude of V¢

It is both interesting and significant to note the transter characteristics of the integrator are
improved in all cases by increasing the value of Ry. the input resistance of the integrator. 1t s
therefore obviously important in a practical mtegrator circuit 1o keep the input resistance as high as
possible.

In order to more closedy exanmine the effects of the errors implied in equations [4.2] and
[4.4]. cauation [4.2] may be rewritten to form equation [4.5].

Lett ] CaVos .
Voll)“-;‘(‘—ll-(—-—f—)(l-c'u )| [4.5]
2 a ‘ceff
In this form it becomes more obvious that the ettect of the exponential and the terms multiplying it
is 10 delay the mtegrator ramp. After the exponentiaf has died out. the remaining term of the error
is no longer . function of time and this then becomes a fixed offset to the lincar tunction of time.

Figure 6 is a graph of the left and right halves enclosed in the brackets of equation [4.5].
The left term is represented by long dashes. the right term by short dashes. and their sum by the sol-
id line.

The delay time, 74, which is the difference between the solid line and the long dashed line
for equal voltages after the exponential has died out is given by equation [4.6].
1 2 Vos
Tg=—- 14.6]
d=y Lt
eft

Digressing for a moment we recall from chapter 3 that we wish to use the integrator to
integrate the output current from an image dissector tube and measure the time required for the
output voltage to reach a reterence level If we were to use an integrator with a step response of the
form of equation [4.5] and begin the time measurement as soon as the integration is begun, the
time measured would be increased due to the delay in the beginning of the ramp.

If the integration was begun and the exponential allowed to die out before the time
measurement was begun. the time measured for the outpui voltage to rise an additional amount
equal to the reference voltage would be the true time we wished 10 measure. (Except for the fact
that ¢y differs from the signal current as discussed before.)

Using this information chapter 5 will develop a uselul integrator circuit,
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Figure 6: Graph of Equation [4.5)
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5. CIRCUIT DETAILS FOR INTEGRATION SCHEME

5.1 Introduction

This chapter presents details of a eireuit designed to implement the current integration
scheme discussed in chapter 3. Figure 7 gives a black box representation of the circuii discussed in
this chapter.

The basic function of the circuitry as a whole is to measure the length of time required to j
integrate the input current to a predetermined level. The time is measured by counting the output
of a crystal oscillator during the period of integration. The number in the counter when the
integration is completed is then inversely proportional to the average current into the integrator
during the period of integration.

The implementation includes both analog and digital circuitry and details of each will be
considered individually.

5.2 Analog Circuitry

The integration in the circuitry described here is achieved using the op amp integrator
configuration presented and analyzed in Chapter 4. Other circuitry required is an analog comparator
to determine when the integration is completed and some means to discharge the capacitor when

completion occurs. A schematic of the circuit described here is given in figure 10 at the end of this
section.

Before we may proceed further, the output signal to noise ratio we wish to achieve must be
determined. Equation [3.7] indicates that the signal to noise ratio for this process is equal to the
square root of the number of current pulses counted or integrated. A greater signal to noise ratio
means more pulses, which in turn means a longer integration period.

There is an obvious tradcoff between speed and signal to noise ratio. Examining the
conditions under which the dissector will be used indicates that a high signal to noise ratio is
desirable for some purposes but a sacrifice in signzl to noise ratio for the sake of speed seems
desirable in others. It therzfore seems reasonable to offer the user a choice. Signal to noise ratios of
10, 32, and 100 were selected as reasonable values for implementation with the circuit described.

5.2.1 Integrator

The integrator circuit analysis presented in chapter 4 will be used in this section to analyze
the performance of a specific operational amplifier in the integrator configuration. Before this is
done however we will determine values for the feedback capacitors and the reference voltage.
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We have not yet said anything about the value ot C5 or the maximum V g (the reference
voltage V¢ ). The amount of charge we want to integrate is dependent on the d.sired signal to
noise ratio. From equation [3.7]) we know that the necessary number of pulses we niust integrate is
cqual to the square of the desired signal to noise ratio. We also know that cach current pulse
contains about 2 x 10© clectrons since the pulse is the resuit of an electron entering the electron
multiplier whose gain is 2 x 100,

The equation relating charge, voltage, and capacitunce of a capacitor is
Q !
C ='V— or Q = (V.

and in our case:

6
2 x 109 elee/pulse
CV=Q=(S/N)2x x 107 elee/pulse
6.25 x lOI8 elec/coul

CV=(S/N)=x 3.2x 1013, (5.1]

Thus the product of the capacitance and the reference voltage is fixed by the signal to noise ratio.
Table 2 gives values of capacitance for various signal to noise ratios and reference voltages.

Switching from one signal to noise ratio to another could be achieved by either changing
Vrcf or €5 or both. Implementation seems intuitively easier if one is changed and the other remains
constant. Therefore, for a change in signal to noise ratio by a factor of 10 (10 to 100), cither the
capacitor or the reference voltage would have to vary by a factor of 100.

As shown in figure 7. the output voltage of the integrator is compared against V . to
determine when V reaches its upper limit and to stop the integration. Any practical comparator
will have some window of uncertainty when it can not determine which of the two is greater. The
smaller the uncertainty relative to V¢ the greater the precision of the comparison. For thisreason

we wish to make V ¢ large.

TABLE 2

CAPACITANCE AND REFERENCE VOLTAGE VALUES
FOR VARIOUS SIGNAL TO NOISE RATIOS

i Vref C2
100 15 2100 pf
100 5.0

R 15

32 5.0

10 1.5

10 5.0

10 1.0
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A practical upper limit for Vet 18 15 volts since this is the upper power supply voltage For
most common operational amplifiers and a voltage higher than that would necessitate an additional
voltage source. Also, t5 volts is in the range of the maximum differential input voltage specified for
most practical comparators. IF we were to vary Vet to achieve the desired variations in signal to
noise ratio, vrcl‘ For a signal to noise ratio of 10 could then be no greater than 0,15 volts. At this
level the window of uncertainty becomes « significant part of the comparison voltage. For this
reason V. was fixed at a level as high as possible.

Once it is determined to fix Vieps the only alternative left is to vary the feedback
capacitance. Practically speaking, a lower limit on the capacitance is imposed by stray capacitances
on the circuit board containing the integrator. It is therefore desirable to keep C5 large enough that
the stray capacitances do not dominate in order to have control of the total feedback capacitance.

As 4 compromise between large Vrcf and large Cs. a value of 1.5 volts was chosen for Vier
and values of 21, 210, and 2100 pico farads were chosen for C» for signal to noise ratios of 10, 32,
and 100 respectively. (These values are included in Table 2.)

At this point we may proceed to the selection of an operational amplifier. We will present
an amplifier and examine its characteristics to show that it is suitable for the job.

The amplifier selected is an Analog Devices Incorporated 40K FET iput operational
amplifier. Figure 8 is a copy of an Analog Devices specification sheet for the 40K.

The single most important requirement for the amplifier is a very high input impedance and
consequently a low leakage current. This requirement was discussed in chapter 4 and Ied to the
selection of an FET op amp. The input resistance is specified to be of the order of 1o!! ohms. 10!
ohms in parallel with the dissector output resistance of the same order of magnitude yields a total
input resistance for the circuit of the order of 1010 ohms.

In equation [4.2], the term (Voo/Ry - Icq) appears twice. From the 40K specification sheet
we see the initial offset voltage with a fixed 500 ohms trim resistor is + 2mV. Temperature variation
adds little to this value. Using these values for R} and Vs the term vos/RI is of the order of 10713
amps. Therefore, for all practical purposes the term VOS/R| may be ignored relative to 'cq'

w only appears in equation [4.2] when it is summed with Aw,. Aw gy may be found from
figure 8 labeled “small signal, unity gain"'. The value given is 4 x 100, | was defined to be I/R 1CH.
The smallest value of C5 which would consequently yield the largest value of wpis 2l x 10-12
farads. Using this value for C, and 1010 for R gives a value of 4.8 for w |- Clearly w is negligible
relative to Awg and the term (Awg *w ) may be approximated as Aw,.

The term (1 + CI/C2) which we called D in equation [4.2] has its greatest effect when it is
large. We therefore would like to put an upper bound on it. C5 will be the smallest when the value
of 21 pico farads is used. C) is a function largely of the stray capacitances on the board plus the
capacitance of the line between the dissector and the integrator. Using the value of 50 pico farads as
a rcasonable value for illustration, D becomes

50
D=(1+C|/Cy)= 1+ =~ 34,
( 1/C9) Y 34




MODEL

OPEN LOOP GAIN
dc rated load, min
dc 10k load

RATED OUTPUT
Voltage, min
Current, min
Load capacitance range

FREQUENCY RESPONSE
Unity gain, small signal
Full power response, min
Slewing rate, min
Overload recovery

INPUT OFFSET VOLTAGE
External trim pot
Initial offset, 25°C
Avg. vs. temp {+10° to +60°C) max
vs. supply voltage
vs. time
INPUT BIASCURRENT
Input bias, 25°C, max
Avg. vs. temp
vs. supply voltage

INPUT DIFFERENCE CURRENT
Initial difference, 25°C
Avg. vs. temp

INPUT IMPED ANCE
Differential
Common mode

INPUT NOISE
Voltage, 0.01 1o 1Hz, p-p
5 to 50kHz, rms
Curreni, 0.01 to 1Hz, pp

INPUT VOLTAGE RANGE
Common mode voltage, min®
{1% error)
Common mode rejection® € +8, -10V
Max. safe differential voltage

POWER SUPPLY
Voltage, rated specification
V oltage, derated specification
Current, quiescent

TEMPERATURE RANGE
R ated performance
O perating
Storage
MECHANICAL
Case style - pin configuration
Mating socket
Weight
PRICE
1.9
10-24
*Specificstions seme ss for Modai 40)

1 Analog Devices pert no. 79PR 1K $3.00 (19|

5x10°
2x10*

<10V
*5mA
0.005uF

4MH
100kHz
6V /usec
4usec

1K

£ 2mV(5002trim)
+50uv/C'
+50uV/%
*+250uV /month

(0.-) 50pA

doubles every +10°C

*1pA%

*25pA

doubles every +10°C

10° '§2 0 3.5pF
10''2 1 3 5pF

6uV
3uv
0.1pA

+8, -10V
80d8
16V

£15V
*(12t0 18)V
5.5mA

010 +70°C
-25° 1o +85°C
-55° 10 +125°C

M2
AC 1003
0520:2.

$12.00
$11.80

40K

$19.00
$17.10

2 CMRR of 74dB nun @ 210V, specify model 40JV, $3.00 additional |11-24)
3 Sama mecification svailsble -25°C to +85°C. Consult factory or youtr nastest

Anaslog representative sbout Mode! 40A .

Specifications subject to change without notice.

Figure 8: Analog Devices 40K Specification Sheet
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Remembering that the output of an ideal integrator is characte

rized by the equation in ligure |
of chapter 4, we wish to substitute into equation [4.2] the

nonideal characteristics of the amplilier
as given by the specification sheet and compare the resulting equation to the ideal one.

Both I, and Vs are functions of temperature. Using 55 'C as a reasonable

upper limit to
the ambient temperature., |

os 4nd Vo become 80 pico amps and 2.4 milli volts respectively. (This
value of offset voltage is obtained when a fixed 500 ohm resistor is used as the olfset voltage trim.)
Using the Values ol D, I,sand Vos @8 found here plus the value of 4 x 100 for Aw, and ignoring
the w | and vos'lRI terms, we may write equation [5.2] trom cquation [4.2].

(., +8x 101
in 6
E ” —_— +8.2.‘(|0-3](|'L‘-I'ZXIO ()
5

el 107!t 1077
Volh=-(1, +8x 10 )F,H&S'\IO

[5.2]
The olTset current is insignilicant relative to any reasonable input current and can therelore
be ignored. The part multiplying the exponential ol equation [5.2] will have its greatest elfect
when it is large. With C» at its minimum value and I, at its maximum, the olfsct voltage will be
negligible relative to the term containing Ii, and C». Equation [5.3] may be written I'rom equation
[5.2] neglecting both the ofl'set current and olTset voltage.
I.
Volh=-——[t-85 x 107 (1. 1.2 x 100,
€3
In chapter 4 it was proposed to delay the time measureme
the integration had begun to allow the exponential to die

[5.3]

nt lor some period of time after

out. If this were done. tiie resultant error
would be approximately equal to the term multiplying the exponential in cquation [5.3].

We will now move on to the feedback circuitry of the integrator.

We determined previously the values ol feedback capacitance for the various signal to noise
ratios to be 21, 210. and 2100 pico larads, but we have said nothing about how the capacitance
values would be changed in  the circuit. Figure 9 illustrates two ways this switching of capacitor
vilues might be achieved.

e e Lo
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Figure 9: Two Mcthods of Changing Feedback Capacitor Value

Ia figure 9. the total teedback capacitance would be the effective parallel combination of
the capacitors connected, and in Tigure 9(b). the total capacitance would he the effective series
combination. The second alternative was chosen.

The advantage of the second configuration stems from a simplification in the adjustment
procedure for the calibration of various signal to noise ratios. The signal to noise ratio is determined
by the product of the reference voltage. Vi p. and the feeaback capacitance. Co. Three separate
adjustments are needed to calibrate the three desired signal to noise ratios. The three adjustments
may be chosen from four possibilities. these being the three capacitors and V. Since a trimmer
whose range is a significant part of 2100 pico farads is large physically, it was chosen to use a fixed
value for the farge capacitor. a trimmer for the smallest capacitor, a trimmer in parallel with an inter-
mediate capacitor. and a potentivmeter to vary the reference voltage.

With this choice of adjustments, the capacitor configuration of figure 9(a) yields an
adjustment procedure where the adjustments are interactive. In this configuration there is no single
adjustment for any signal to noise ratio. Each adjustment is dependent on anc ther.

The adjustment procedure Tor the second case is straightforward and non interactive. The
reference voltage is set with both switches closed to achieve the proper ) vrcf product tor a 100:1
signal to noise ratio. Wext the switch in parallel with the intermediate sized capacitor is opened and
the total capacitance is trimmed to achieve the correct product for a 32:1 signal to noise ratio.
Finally, the second switch is opened and the trimmer for the smallest capacitor is adjusted.
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The switches selected are nicreury wetted relays. The contacts have an initial on resistance
of no greater than 0.100 ohms. The off impedance is 10 ohms in parallel with 3 pico farads. The
capacitive part of the off impedance will sum with the capacitor it is shunting and the resisitive part
is large enough that it may be ignored.

We have to this point presented an operational amplifier and a feedback network to achieve
a useful integrator. We will now proceed to the design of the circuitry required to reset the
integrator when the integration is completed.

5.2.2 Reset Circuitry

Once the output voltage of the integrator has reached its upper limit, the timer is stopped
and the integrator must be rese* in vreparation for the next integration cycle. The integrator 1s reset
by discharging the feedback capacitor. Concepruafly this may be achieved by placing a switch in
parallel with the capacitor. Ideally the switch would have mfinite open impedance. zero closed
impedance. and zero switching time.

A mechanical switch comes close to achieving the first two goals but does poorly on the
third. Conversely, an electronic switch does poorly on the first two and better on the third. A
sccond drawback for the mechanical switches is failure rate. The average number of contact closures
for a practical mercury wetted relay is in the order of 107 to 108, (7) This number is much too
small for any practical failure rate for the integrator circuit. For these reasons an electronic switch
was chosen.

An FET offers the best characteristics for the function the switch is to perform. The most
important characteristic is the source-drain feakage current in the off state. The lowest leakage
current found for an FET commercially available (as of 6-1-72) was 0.1 nano amps at 25°C. This
current sums with the input current and causes a corresponding error. The current is temperature
sensitive and approximately doubles vor every 107C rise in temperature. A leakage current of this
size is the dominant factor in imposing the lower current which can be measured.

The FET is used to short circuit the feedback capacitor C5 and thus bring the output
voltage of the integrator to zero. To limit the discharge current, a resistor of a few hundred ohms is
placed between the drain of the FET and the input of the op amp.

Because of the gate to drain capacitance of the FET. it was necessary to capacitively coupl-
to the drain a signal of opposite polarity to cancel out any charge induced into the input of the
integrator during turn on and turn off of the switch. A trimmer capacitor was used so that its value
could be adjusted to compensate the effects of the gate-drain capacitance.

The time required to reset the integrator is on the order of 4 to § micro seconds.

We will now p:uceed to the design of the comparator circuitry used to determine the gating
of the timing circuit.

5.2.3 Comparator Circuitry
The requirements for the comparator circuitry have already been briefly discussed. It was

determined that the timer should measure the time required for the integrator output voltage to rise
1.5 volts after the expiration of the required delay.
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The proper gating for the timer may be achieved using two comparators whose comparison
levels differ by 1.S volts, The comparator at the lower level serves a dual purpose. First the desired
delay as achieved by setting the lower level in such a way that the time required to integrate I'rom
zero to that levelis at least as great as the delay time needed. Secondly. by detecting the lower level,
the need for the integrator to be reset 1o an exact level is minimized. A drawback to this method is
that the time reguired for the integrator to reach this lower level is dependent on the input current
and may be considerably longer than necessary. Itis therefore desirable to keep this level as low as
possible. For the implementation deseribed here the fow level was chosen at 0.25 volts and the high
level to he varable from approximately 1.5 to 2.0 volts.

The comparators used for gating the timer as described above should be able to compare the
voltage with insignificant error relative to 1.5 volts and do the comparison in an insignificant
amount of time relative to the minimum integration time. This minimum integration time occurs
with the smallest feedback capacitor and the maximum input current which are 21 pico larads and
3.0 micre amps respectively. These figures give a time of approximately 8.7 micro seconds. The
comparators chosen were National Semiconductor’s LM311. Not only do they meet the
requireme nts stated above but their power supply voltages are the same as the integrator’s and their
outputs are casily made compatible with the TTL circuitry used for the timer.

5.2.4 Summary of Analog Circuitry

We have to this point developed the necessary analog circuitry for the integrator shown in
Plack box form in Figure 7. Figure 10 is a schematic showing this circuitry in detail. The intention
of the preceding discussion was to point out some of the significant design problems und criteria
and 1o illustrate how these problems atfect the performance ol the circuit. The circuit ol Figure 10
was the first circuit built to test the basic ideas of the dissector current integration scheme. As will
be shown in u later chapter. this circuit did verify the uselulness of such a scheme. Some thoughts
on maodifications and improvements to this circuit are given in the final chapter.

5.3 Digital Circuitry

The digital circuitry suggested by the right hall of Figure 7 is sufficient to produce a number
inversely propertional to the average current into the integrator. It is not, however, sufficient to
implement other desirable functions for an image processing system. A discussion of the circuit
requirements necessary to implement only the basic Tunctions ol Figure 7 will be presented here.
Circuit details will be delerred to Chapters 6 and 7 where the implementation of this and other
functions will be presented.

By the nature of the digital scheme outlined in Figure 7. the range of dissector output
currents will be quantized into a range ol digital numbers. The number of quantization levels
governs the clock Trequency and more importantly the resolution of the circuit as a whole. To
simplify the Tollowing discussion, a specific number ol quantization levels for a specilic range of
average dissector currents will be considered. It should be straightforward to see how a change in
these numbers would afTect the circuit.
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The lower limit on the current which the circuit can measure without significant crror is
uposed largely by the leakage current of the FET used in the reset circuit. This current was given
previously as 0.1 nano amps at 25 C and doubles for every 107°C rise in temperature. Allowing lor a
20 C rise in temperature the maximum leakage current would be 0.4 nano amps. The maximum
current from the dissector found previously was approximately 3.6 micro amps. An incident light
intensity of 19 of the maximum would therefore produce a signal current into the integrator of 36
nano amps. The maximum error in measuring that current, due to the leakage current, would then
be approximately 1.1% (0.4/36 * 1007%). A signal current smaller than this would yield even a larger
relative error and it is theretfore unlike!v that the measurement of a significantly smaller current
would be attempted.,

Counting a 78.125 kilo hertz reference (10 mega hertz = 128) from 1 to 128 (200 base 8)
covers a range of input currents of approximately 2.5 micro amps to 19 nano amps at a signal to
noise ration of 10:1. A count of one would represent a current just below the maximum dissector
current and a count of 128 would represent a current down in the range where significant errors
begin to accumulate as previously shown for the 36 nano amp example.

If the output of a 78.125 kilo hertz clock were gated on and off to control t'ie input to the
counter, there would be an uncertainty of 12.8 micro seconds in the time of the first positive clock
transition to the counter. This arises from the fact that the oscillator runs asynchronously relative
to the gating signal which may occur any time within the 12.8 micro second period of the clock. If,
on the other hand, a crystal clock were used with a frequency higher than necessary and the output
of the oscillator were gated and then prescaled down to the proper frequency before being fed to
the counter, the uncertainty would be one period of the higher frequency.

Starting with a 10 mega hertz clock and dividing that by 128 produces an output clock
frequency of 78.125 kilo hertz and an uncertainty of 100 nano seconds between the gating signal
and the first positive clock transition.

The integration times for signal to noise ratios of 32:1 and 100:1 are 10 and 100 times as
great respectively as for a signal to noise ratio of 10: 1. In order to produce the same digital number
for a given average input current, independent of signal to noise ratio, the clock frequency may be
divided down by an additional factor of 10 or 100 for the higher signal to noise ratio. The division
for various signal to noise ratios may be achieved by using a three to one digital multiplexer with
the inputs be'ng 10 mega hertz, 1 mega hertz, and 100 kilo hertz and the output of the multiplexer
going to the divide by 128 circuit.

Figure 11 indicates the circuitry necessary to implement the timing function just described.
Chapter 6 presents a simple circuit for producing a number proportional to the log of the input
current to the integrator.
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Figure 11: Timing Circuitry
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6. LOG CIRCUIT

6.1 Introduction

The number derived trom the circuit described in chapter Five is inversely proportional to
the light imtensity . Inomany applications it is desirable to have a number proportional to the log of
the intensity .

The scheme proposed here s a novel way of deniving the logarithm and when used in
comunction with the crcuit described in the previous chapter will have the log of the number
avinlablke as soon as the integration is complete. The scheme s entirely digital and its
mmplementation s simple relative to the estabhished methods of log taking.

6.2 Analog Representation of the Log Scheme

FFirst an analog scheme will be proposed and an analytical model derived Yor it. Then it will
be shown how the analog scheme may be approximated digitally.

Consider two ramps, one with a slope t and the other with a slope Bt where B is a constunt
greater than one. 11 every time the steeper ramp intersects the other it is reset, the graph of the two
relative to cach other would look as shown in Figure 12,

v

G- Y Li+] time

Figure 12: Graph of Ramps for Log Scheme




Setting the twe functions equal at L (where ) is the time of the ith intersection) w e obtain:
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Equation [o.1] indicates that the number of times the two ramps intersect is proportional
to the log of the time. 1t is interesting 10 note that cquation [6.1] is exact at the times the two
ramps are cqual. K is a constant offset to i and Ky is dependent on the ratio of the two ramp
speeds and may be adjusted to achieve the desired base for the logarithm.

6.3 Digital Approximation

The two analog ramps of the preceding section may be approximated by the outputs of
digital counters. When the number in the two counters are cqual, the faster counter is reset and a
third counter is incremented to form the log. The desired ratio ol the counting speeds may be
achieved in one ol two ways. The faster counter may be incremented in larger steps than the slow
counter and reset when its value is equal to or greater than the latter or. the laster counter may be
incremented i unit steps at a greater rate than the slow counter and reset when their values are i
equal.




The first method requires an equal clock frequency for both counters; the second method
requires a higher clock frequency for the fast counter than for the slow one. Generally, when taking
the log of a number, it is desired to achieve the result in as little time as possible. Since the slow
counter must count up to the number we wish the log of, it is then generally desirable to make the
slow counter as fast as possible. If the faster counter must actually count at a higher rate than the
slow counter. the maximum counting frequency is imposed on the fast counter and the slow
counter’s maximum counting frequency must then be some fraction of the maximum counting rate
attainable. Thus, using the same type counters for both methods, the first method would yield the
result sooner than the second. The disadvantage of the first method is that its increments are coarser
than the second method and therefore it does not approximate a linear ramp as well.

A digital computer program whose flowchart is shown in Figure 13 was written to test the
effectiveness of the second alternative just described, The output of the program was a function of

two numbers: 1) the argument of the log (N): and 2) the ratio of speeds for the two counters (B).
Table 3 presents the results from this program for a number of combinations of N and B. ‘

TABLE 3

DATA ATTAINED FROM ALGORITHM OF FIGURE 13

2 4 8 16 32 64
1 1 1 1 1 1 1
2 1 3 7 15 31 63
4 2 6 13 28 57 116
8 3 o) 19 40 81 164
16 4 11 24 51 104 210
32 5 14 30 62 126 255
64 6 16 35 73 148 300
128 7 19 40 84 170 344
256 8 21 45 95 192 388
512 9 23 51 105 214 432
1024 10 26 56 116 236 476
2048 11 28 61 127 258 520

The values for N given in Table 3 are integer powers of 2. The log of N should increase
lincarly as N increases exponentially. The columns of the table show a non linear increase in the log
for small values of N but for large N the numbers increase at an approximately constant rate as
desired.

|
|



START

t 0~ LG
| 0~ FC
I - SC
| B~ LOOP

!

FC+ 1 - FC
LOOP - 1 + LOOP

B - LOOP
SC+1-8C

Definition of Variable Names:

0= FC FC -~ Fast Counter
LC+1-+LG SC - Slow Counter
B - Ratio of Speeds
> N - Argument of Log

LG - Log (N)

Figure 13: Log Scheme Algorithm
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6.4 Application of the Log Scheme for Use with the Dissector

|

] The circuit discussed in Chapter S developed a number inversely proportional to the current
from the dissector camera. This number was obtained by counting the output of a crystal oscillator
during the time the input current was integrated From zero up to a lixed reference voltage. The

; addition of the log circuit just described adds little complexity to the circuit as a whole.

The counter used in the circuit of Chapter S may be used as the slow counter Tor the log
circuit and still function precisely as described previously. Therelore, in order to :mplement the log
scheme three new functions must be added to the bluck box diagram of Figure 11 at the end ol
Chapter 5. These functions are @ 1) a counter For counting at the faster rate; 2) a digital comparator
to determine when the two counters are equal and to reset the Tast counter; and 3) a counter to
count the number ol times the Tast counter is reset,

It was previously pointed out that the analog log scheme could be approximated in two
ways. The first approximation allowed a Faster counting rate for the slow counter (and thereby
produced the result in a shorter time) but was not as accurate as the second alternative. In the
application ol the log scheme to the dissector hardware, the speed ol the slow counter is dependent
on the integration time and the desired resolution. A clock Irequency of 78.125KHz was chosen for
the maximum counting rate Yor the counter. If we choose the better approximation for the log
scheme the Fast counter must then be capable of counting at a rate of at least B times 78.125KHz
where B is the ratio of counter speeds.

Figure 14 is a modilication ol Figure 11 to include the necessary functions of the log
circuit. Care must be taken in the implementation of the added Tunctions shown. Since it is
necessary for the digital comparater to compare the output of the slow counter with the output of
the Tast one between cach increment ol the Fast counter. the sum ol the propagation tinie from
clock to output of the counter and propagation time thiough the comparator to the reset input of
the Fast counter must be less than one period of the Fast counter. A ripple through counter would
have been sufficient for use in the circuit implied by Figure 11 but because of the comparison
requirements just stated, synchronous counters are required for the fast and slow counters of Figure
14,

Precaution should also be taken to ensure the validity of the comparator output. The output
ol the counters is unpredictable during the transition from one count to the next and may therefore
produce an crroncous cquality at the output of the comparator. This problem can be prevented in
one of two ways. II' the propagation delay discussed above is less than half the clock period, the
positive transition ol the clock may be used to increment the counter and the negative (or low) half
of the cycle may be used to gate the comparator output to the reset input of the fast counter. The
sccond alternative is to use synchronous counters which can be set to zero on a positive clock
transition. Using the synchronous counters, clock pulse p would produce an equality and the output
of the comparator could then be fed to the “‘clear” input of the counter to perform the clear
operation on clock pulse p+ 1.

R L T TR e
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Not only must the tast counter be reset when an equality oceurs, but the log counter must
be incremented as well. The possibility for erroncous counting is the same here as was the
possibility for crroncous clearing of the fast counter above, The circuit in Figure 15 produces a
negative pulse during the negative half” of clock cycle p + 1 if the input “EQUAL™ was high at the
end of clock cycle p. This output pulse may be used to correctly increment the log counter.

l‘QL’A L

CLOCK

Figure 15:  Increment Cireuit for Log Counter

The next chapter will present details of the digital circuitry designed to implement the ideas
of this chapter and the previous one. Numerical results from the application of the video processing
hardware as a whole will also be g ven. :

B o i
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7. HARDWARE IMPLEMENTATION AND EVALUATION

7.1 Introduction

In this chapter details of the digital circuitry discussed in Chapter 6 will be presented. Also
discussed will be details of interfacing techniques implemented to interface the video processing
hardware as o whole to a PDP-12 digital computer. Finally, data taken by the computer from the
processing hardware operating in an image processing environment will be presented and evaluated.

7.2 Digital Timing and Log Circuit Realization

Figure 16 is a slight modification of Figure 14 to include three new Function blocks. The
circuit implied by Figure 16 was the circuit constructed. The desire Tor the limit register and limit
comparator arose from the tfrequently occurring image processing requirement of determining if 4he
intensity of a point lies above or below a fixed threshold (or limit). With these added functions. an
upper limit tor the slow counter may be placed in the limit register. If an integration cycle has not
completed before the slow counter reaches the value contained in the limit register, an cquality
output signal from the imit comparator will end the cycle. When a cycle is completed in this way, a
bit may be set to indicate that the intensity of the examined point is at least as dim as the intensity
represented by the number in the limit register.

Not only does the technique just described provide a simple way to determine if the
mtensity of the examined point lies above or below the threshold. it also limits the maximum time
for an integration cycle. Time will not be wasted on determining the exact intensity of a point
which is dimmer than the threshold.

The third functional block is a 2 to 1 data multiplexe; used to gate cither the number
inversely proportional to the intensity or the log of it onto the data out lines.

Figure 17 is a schematic diagram showing in detait the circuit realization of everything
below the dotted line in Figure 16. The circuit was constructed on a Digital Equipment Corporation
wire wrap card model number W941, Figure 18 indicates parts locations, Figure 19 gives a parts list
and indicates pins which are tied ol to cither ground, plus S volts, or to a 1K ohm resister to plus 5
volts. Figure 20 gives signal names For cach of the card edge connector pins shown in Figure 17.

Certain aspects of the circuit deserve special note. The integrated circuits used for the fast
and slow counter are SN74161 TTL synchronous 4 bit counters with synchronous load and
asynchronous clear. The asynchronous clear is important so the counters may be preset to zero
before the clock starts. The synchronous load is used to load all zeros into the fast counter on the
next positive clock transition after an equality from the comparators.

At this point a word about the comparators seems in order. Two comparator functions are
shown in Figure 17. One is needed to determine when the fast and slow counters are equal and the
other to determine when the slow counter equals the contents of the limit register. The
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Figure 18: Timing Board Component Locations
1C Packuages Ground
No. Type Packages Pins
3
I SN741061 15-1(2 ‘:'54‘5'(‘
? SN74161 3
: SN74I;I 17.18 10.11.14.15
< 18 9
4 SN74110
) : 4,11.12,20-22 7
6 SN 7485 b e s
7 SN7485
+ 3(IKQ2 to +5)
8 SN741061 . Fing
9 SN741061 Ackages -
10 SN74161 19 3.1¢
I SN74130 8.9.10 3.4,5.6.7.9
12 SN74136 3.10 7.10
13 SN74175 4 . 9.11
14 SN74175 Jsifad \
15 SN74175 5.6.7 b 8.4
16 SN74175 17.18 5
17 SN74193 17 9
18 SN74193 22 1.10,11.13
19 SN74123 21 3.9.10.11.12
+5
20 SN7402 -
)| SN7425 Packages Pins
gié SN74;4 1-3,5-10,13-19 16
o 4,11,12,20-22 14
Figure 19: Parts List and Pins to be Tied Off
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GND
+3 (Source)

DATA 0 (LSB)
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DATA 2
DATA
DATA 4
DATA
DATA o
DATA 7 (MSIY
LIMRCH
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‘N

CLR
CLR
+5

GND

GND
INTIG

+5
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Figure 200 Signal Names on Card Edge Connector for Figure 17
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(IN)

FSTCLK
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LIMSIET
MAXSET
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requirements of the former are more stringent than those tor the latter since the first must make its
decision ina fraction of one period of the high frequency and the second need only make its
deaision ina traction of one period of the lesser frequency.

Before we procede. note that both the fast and stow counters are shown as 12 bit counters
in Figure 16, This was done to minimize the error in the result of the log. Referring back to Chapter
0 it was pointed out that there was a noticeable error in the log of N for small values of N. The
eftects of this error have been reduced by using |2 bit counters and taking the result from the most
significant 9 bits. In this way. N has been scaled down by 8 and the errors associated witn taking the
log of N equal | to 7 only impose an additive constant to the result (log (N)).

For the faster comparator. SN7485%s were used. These are 4 bit cascadable digital
comparators which produce greater than, less than, and equality outputs. If the individual
comparators were vascaded to produce a 12 bit comparator, the propagation delay time would be
too great. Since only the equality outputs were needed. cach of the three outputs from the
individuai comparators are ANDed together to produce a low output when the two counters are
equal. This output is fed to the “load™ input of the fast counter and the D™ input of the flip-flop
tor the log counter.

The other comparison was accomplished using collector ORing of open collector exclusive
OR gates. The limit register is loaded with the complement of the desired limit and the output of
this register is fed to one side of the exclusive OR's. When all bits mateh. the output of the NAND
gate. which combines the various exclusive OR outputs, will go low and during the negative half
cvele of the clock this “equal™ signal will reset the “integrate-stop™ flip-flop. By ANDing the
“equal”™ signal with the negative han of the clock cycele, the output of the comparator has time to
settle during the positive half cycle.

The “integrate-stop™ tlip-flop in Figure 17 is a minor variation of the simple set-reset
flip-flop. An integration cycle is begun by providing a start pulse to the one shot which produces
clear or initialize pulses to all counters and sets the “integrate-stop™ tlip-flop. The output of the
flip-flop which enables the integrator is inhibited until the one shot returns to its normal or stable
state. The flip-tflop is reset by one of three signals: (1) preset: (2) signal indicating integrator has
reached its upper limit; or (3) signal indicating slow counter has reached the limit held in the limit
register. It is significant to note that no counter is reset until the beginning of a new cycle. In this
way. the counters serve as output registers for the data generated.

Another point worth mentioning is the counter circuit used to keep track of the number of
times the fast counter is reset and thus form the log. First of all, note the type D flip-flop serving
the function discussed in Chapter 6 and illustrated in Figure 15. To insure that this circuit functions
correctly. the sum of a number ol delay times must be less than one period of the highest frequency
to the fast counter. This period is 100 nano scconds. The delay time is the sum of: (1) clock to
output of the fast counter (same as clock to output of slow counter so it may be ignored): (2) input
to equality output of the SN7485 comparator; (3) input to output of SN74H10 NAND gate; and
(4) set up time for the D input to the flip-flop. The maximum specified times for cach of the above
are: (1) 23 nano seconds; (2) 30 nano seconds: (3) 10 nano seconds; and (4) 20 nano seconds. Thus
the maximum delay time from positive edge of clock pulse p to correct setup of the D input to the




flip-flop is 83 nano seconds which is sufficient time in preparation for the data to be clocked in on
the positive edge of clock pulse p+ 1.

The second significant point about the log counter is that it is used as a down counter. Since
taking the log of a number inversely proportional to the intensity produces minus the log of the
intensity, counting down trom a preloaded value in the log counter will produce a number
proportional to plus the log of intensity. The log counter is preset to 200 octal during initialization
just prior to an integration cycle.

7.3 Interface to the Computer

The communications between computer and video processing hardware will be discussed in
this section. The method by which this communication is established would of necessity vary
somewhat from one type of computer to another. However, the information passed between
computer and the hardware should essentially stay the same.

The communications about to be described were achieved with the use of minor additional
circuitry to that already discussed. This circuitry was designed tor the specific purpose of
interfacing the video processing hardware to a DEC PDP-12. The circuitry includes nothing more
than some data complementers, decoders tor decoding bus information from the computer. a
set-reset tlip-flop for interrupt enable and disable. and a few registers tor storing mode bits (such as
signal to noise rutio).

Betore we procede to describe what the circuit interfaced to the computer does do, it is
significant to mention one thing it does not do. In a working system. of which this hardware is a
part. the dissector’s deflection coils must be deflected to the desired point and be given time to
settle before the integration cycle is begun. The hardware described here assumes that when it
receives a start signal the deflection circuits have already settled to their final value. Suggestions for
some interaction between deflection circuitry and video processing hardware are made in Chapter 8.

The correct operating procedure for this processing hardware interfaced to the PDP-12 will
now be given.

Data is passed to and from the computer via the accumulator. Figure 21 indicates the
function of the accumulator bits tor transfers into and out of the computer.

After the accumulator has been loaded with the appropriate information, an 1/O instruction
is executed to load the accumulator bits into the proper interiace registers. The sign bit of the
accumulator-out determines whether the limit register on the timing card is loaded with the
contents of the least significant cight bits of the accumulator or set to its maximum value of 3778.
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The two bits labelled ©S/N™ select the desired signal to noise ratio as defined below. A code
of 10" is undetined.

S/N CODE
10 00
32 0l
100 I

The “LOG™ bit determines whether the number returned to the computer is inversely
proportional to intensity or proportional to the log of it.

An 1/O test instruction may be executed to test for the completion ol an integration cvcle.
This is a skip type instruction and both senses are available (skip it ready or skip il not ready).

ATter it has been determined that an integration cycle has completed, an instruction may be

executed to retrieve the data. The intensity information is loaded into the least signilicant 8 bits of

the accumulator. The present status of the “LOG™ and “*S/N™ registers within the processing
hardware are placed in the bits so marked in Figure 21. The sign bit ol the accumulator-in indicates
whether or not the cycle was stopped by the limit register. IT the bit is returned low. the least
significant & bits will be a true representation of the intensity of the examined point. By placing this
information in the sign bit it is easily tested.

The efficiency of the system as a whole may be improved considerably by operating in the
interrupt mode. After the interrupt has been enabled, the video processing hardware will interrupt
the computer at the end ol the integration cycle. In this mode ol operation the computer is free for
other functions at all times other than when it is handling the interrupt. During the interrupt it
must take the new intensity information, select @ new point to be examined, and start the new
integration cycle.

Now that the system operation has been prescaied, we move on to presentation zad
discussion of results obtained from the circuitry while performing in an actual image processing
environment.,

p—




7.4 Presentation and Discussion of Results

In this section we will treat two parts of the processing hardware separately. First we
examine the performance of the log circuit. Secondly. we will evaluate the performance of the
processing hardware as a whole and discuss its effectiveness as i useful imige processing tool.

7.4.1 Data From the Log Circuit

In order to evaluate the ability of the log circuit to take the log of a number given it, a
program was written to implement the algorithm indicated in the tlow chart of IFigure 22, Since the
value of the Jog is truncated to an integer. there will be several vatues of N Tor which log (N) will be
the same. The program is therefore written to print out the first value of N which produces a new

vilue of log (N). At the same time N is printed. its associated value for the log is also printed.

Table 4 contains some selected values of N and their associated tog and Figure 23 presents a
senii-log graph of that data. The values of N given in Table 4 were selected on the basis of which
vialues woukl make approximately lincar increments in the value of the log. The other datu
produced by the program described above was omitted from the gra ph only for the sake of clarity.

Due to the fuct that the valee produced by the log cireuit is truncated., the true value of the
log could be as much as one more than calculated. Because of this. the graph of Figure 23 indicates
an uncertainty of one in the value of LOG(N).

The graph indicates an error for small values of N, but for all values of N greater than 3 on
the graph. the line intersects all experimental values as shown.  The third column of Table 4 was
obtained by evaluating equation [7.1] below for cach value of N given. (Calculations were done on
a Hewlett Packard model HP-35 cualculator.)

LOGIN)=94.2 - 1547 In(N). [7.1]

Note that for all values of N greater than or equal to 7 the value obtained by truncating the third
column of’ Table 4 is the same as the corresponding value in the second column. The log circuit,
when used to take the fog of a number, as the number is accumulating in a counter, has obvious
advantages over other log calculating schemes. These advantages include: (1) small amount of
hardware required to implement the algorithm: (2) stability and repeatability inherent to digital
circuitry: and (3) log is developed simultancously with the number accumulating in the base
counter.

7.4.2 Adjustment of the Integrator

Before any uselul data may be taken from the video processing hardware, the integrator
should be properly adjusted. As discussed in Chapter S there are 4 necessary adjustments. These
adjustments include: (1) a trimmer capacitor to compensate for gate-drain capacitance of the reset
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E
f TABLE 4
l DATA OBTAINED WITH ALGORITHM OF FIGURE 22
|
g EXPERIMENTAL CALCULATED*
N LOG (N) LOG (N)

! 1 92 94.2
2 82 83.5
3 76 77.2
4 72 72.8
5 69 69.3
6 66 67.2
7 64 64.1
8 62 62.0
9 60 60.2
10 58 58.6
13 54 54.5
15 52 52.3
18 49 49.5
20 47 47.9
25 44 44.4
30 41 41.6
36 38 38.8
44 35 35.7
50 33 337
60 30 30.9
73 27 27.8
&3 25 25.8
95 23 23.8
115 20 20.8
139 17 17.9
180 13 13.9
205 11 11.9
249 8 3.8

L

* LOG (N) = 94.2 - 15.47 In(N)
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transistor: (2) a variable resistor for adjusting the reference voltage: (3) a trimmer capacitor for
adjusting the feedback capacitance for g signal to roise ratio of 32: and (4) a trimmer capacitance
For adjusting the feedback capacitance for a signal to noise ratio of 10. The order of adjustments is
the same as the order of presentation here.

With no input current to the integrator. the FET trimmer should be adjusted so there is no
apparent discontinuity to the integrator output voltage when the FET is turned off at the beginning
of the integrator cycle. The signal to noise ratio adjustments may be made using a known input
current to the integrator and adjusting the appropriate component for the correct number out of
the timing curcuit for the given input current.

The clock period for the slow counter may be found from cguation 2,
J I N1 2 “
Telk = 0128 XA(S/N)= s, 17.2]

Fquation [5.1] indicates that the charge integrated is a constant for any given signal to
noise ratio. Since charge is equal to the product of current and time. the integration time becomes:

i R a i
_(S/N-x 32X 1077

Tint = I ) [7.3]
in

The number produced by the counter then becomes:

Tt 32x 1013 25400 -
N = = — . .
rak 0128x100 Ly 1,

With cquation [7.4] and remembering the N is truncated to n integer value, a value of lin
and 4 corresponding value of N may be chosen for the adjustment procedure. If a value ol Iy i
chosen such that when properly adjusted. the counter output will oscillate between nand n+ 1. the
adjustment procedure becomes very simple. As an example of such a combination of I and n. 1,
could be chosen at 125 nano amps and the integrator should be adjusted such that the number

produced by successive integration cycles would oscillate between 19 and 20 (23 and 24 octal).

With a current standard supplying 125 nano amps to the integrator input, the adjustment
procedure becomes: (1) continuously cycle the integrator in the 100 to | signal to noise ratio mode
and display the number produced at the end of cach cyele: (2) adjust the trim pot until the number
displayed oscillates between 23 and 24 octal: ¢ 3) switeh to signal to noise ratio of 32 to | and adjust
appropriate trimmer capacitor until the number again oscillates between 23 and 24 octal: and 4)
repeat step 3 For signal to noise ratio of 10. This completes the adjustments.

7.4.3 Data From Integrator and Timing Circuit

The First set ol data to be presented was obtained by supplying a number of diflerent
known input currents to the integrator and recording the corresponding numbers produced by the
timing circuit. The data obtained from this procedure is presented in Table 5.




TABLE 5

DATA FROM INTEGRATOR AND TIMING CIRCUIT
WITH CURRENT SOURCE SUPPLYING INPUT CURRENT

lin(0A) Ng
2000 1
1000 2
500 5
250 12
125 24
62.5 46
31.3 111
15.6 202

Fach succeeding value for Fy i the feft column of the table is one half of the preceeding
vatue. Since the count produced by the timing cireuit is mversely proportional to I+ We would
expect that N would theretfore double in cach succeeding row (within the bounds of the truncation

Crror).

Befow an input current of 125 nano amps. an crror begins to appear in the right column of
table 5. For an input current of 15.6 nano amps we would expect a value for N of 3408. The fact
that the numbers generated by the timing circuit are smaller than expected would indicate that
there s a leakage current into the integrator with the same polarity as the signal current, The signal
current required to produce an output count of 240¢ was determined to be approximately 11.1
nano amps. The difference between the predicted value of I, and the measured one required to
produce the output count of 2404 indicates that the feakage current is approximately 4.5 nano
amps.

A leakage current of 4.5 nano amps corresponds to an error of 0,1 percent of the maximum
input current 3.6 micro amps found in Chapter 2). Although this may be a significint error for
some purposes, it should be pointed out that the integration and timing scheme used produces high
resolution for fow input currents and in many image processing applications the resolution is more
significant than the absolute accuracy. The needs of the individual image processing system should
determine if it is desirable or necessary to invest the time and effort to improve the circuit and
decrease this error term,

output while it was directed at a fixed point of constant intensity. By taking repeated samples, a
histogram of the number generated by the processing hardware versus the number of times that
number oceurrcd was produced. After such a histogram was generated tor cach of the three signal to
noise ratios, a statistical evaluation program, written in FORTRAN. was executed on the data and
produced the numbers in the right three columns of Table 6.

The second set of data to be presented was obtained by repeated integration of the diseector




TABLE 6

DATA FROM STATISTICAL EVALUATION PROGRAM

THEGRETICAL MEASURED S/N t NUMBERS OF
S/N (in mitli sec.) SAMPLES TAKEN
10 11.35 1.01 109,656
32 33.84 10.24 68,183
100 89.42 103.70 4,987
100 90.61 103.73 12,366
100 90.66 103.69 21,427
100 87.25 103.61 33,454

The first column ot Fable 6 is the desired signal to noise ratio selected by the S/N mode bits
to the lardware. The second column is the Nignal to noise ratio calculated by the FORTRAN
program by taking the ratio of the mean of the data to its standard deviation as suggested by
cquation [2.2]. The third column s the calculated average infegration time in mithi seconds. (Using
cquation 'I".3|. the average current can be shown to be approximately 31 nano amps which
corresponds to approximately 0.977 of maximum.) The fourth column of the table is the total
number of samples used for the statistics.

One objective in compiling the data presented in Table 6 was to determine the ability of the
processing hardware to measure the intensity of a point within a certainty dictated by the selected
signal to noise ratio. For theoretical signal to noise ratios of 10 and 32, the observed signal to noise
ratio was shghtly higher but for a theoretical signal to noise ratio ot 100 the observed signal to noise

ratio was fess,

There are tour rows of data given for a signal to noise ratio of 100 with cach successive row
being the results of an additional accumulation of samples from the previous one. This data was
obtained by recording the progress of the histogram on four occasions during exccution of an
experiment,

It is significant to note that the first three rows of data For the 100:1 signal to noise ratio
indicate a4 move toward a reasonable value of measured signil to noise ratio but the fourth row
indicates a downwiard movement away from the theoretical value. The cause of this unexpected
observation has been attributed to variations in the high voltuge power supply due to ambient
temperature changes.

As is shown in Appendix 9.1, the dissector’s output current is hightly dependent on the
voltage supplied to it. If the ambient temperature of the high voltage power supply changed
significantly during the middle of an experiment such that there was a measurable change in the
average dissector output current, the width of the histogram (the variance of the data) would
increase and subsequently cause the observed signal to noise ratio to decrease. Such variations in the
output current were observed and directly correlited to the air conditioning cycles within the room
where the experiments were performed.




Phe variations in the dissector’s output current due to ambient temperature changes did not
significantly attect the data in Table 6 for signal to noise ratios of 10 and 32. This may be explained
by considering two factors. First, the time required to accumulate the data Tor the lower signal to
noise ratios is significantly less, Fach sample for a signal to noise ratio of 10 takes 10 and 100 times
less than the average sample times for 3201 and 100:1 signal to noise ratios respectively. Because the
data may be accumulated in a shorter period of time. the probability of a significant ambient
temperature change during the time of the experiment is less.

The second factor accounting For the apparent poorer performance Tor the higher signal to
1 noise ratios is that o small shift in the average output current will cause a higher pereentage change
in the variance of the data for high signal to noise ratios as opposed to lower ones.

7.5 Chapter Conclusions

For its simplicity in both conception and implementation. and because of the Tavorable
performance indicated by the duta presented in this chapter. the new log scheme seems to be well
suited for this application. The data presented in Table § indicates favorably the ability ol the
integrator and timing circuit to measure input currents in the range of interest. Table 6 however.
suggests sonie problems exist in the performance ol the image processing system as a whole. Chapter
8 will discuss these problems and suggest how they may be corrected. Also presented in Chapter 8
are suggestions Tor additions to the processing hardware to make the system perform in ¢ more
useful and efticient manner.

]




8. RECOMMENDATIONS FOR FUTURE WORK

8.1 lmprovement of High Voltage Power Supply

It was suggested in Chapter 7 that the cause for the observed temperature instability of the
dissector current was poor regulation ol the high voltuge power supply. Appendix 9.1 shows the
dependency of the dissector on the voltuage supplied to it. The findings of Appendix 9.1 will be
summarized here,

Lquation [8.1] represents the absolute voltage change which would produce a factor of K
change in the output current of the dissector (e.g. K = 1.0 for a 1% change).

AV =170.8S Ink. [8.1]

The dependency of focusing on high voltage is also discussed in Appendix 9.1 and it is
suggested there that o 0.00677 change in the high voltage supplied to the dissector will produce i
noticeable degradation in the resolution ol a properly focused camera.

The requirements for power supply stability are imposed largely by the focus dependency
on high voltage. For the resolution of the camera to be limited only by the physical size of the
aperture. the variability of the output voltage with respect to line variations and temperature (load
constant) must be less than 0.006%7 over the entire range of environments the dissector will be
subjected to.

The temperature coelficient of the high voltage power supply used Tor the experiments of
Chapter 7 was at best 0.027/ C which indicates that, independent of line variations. a 2C change
in ambient temperature would decrease the resolution by a Factor greater than two and the average
output current would change by approximately 0.5%. For an image processing system whose
performance is limited by the limitations of the dissector tube, a signilicantly better power supply is
mandatory.

It should be noted that in later dissector cameras manufactured by 17T, a voltage regulator
is used to regulate the first anode potential relative to the photocathode and thus decrease focusing
instability.

8.2 Improvements to the Integrator

8.2.1 Use of Faster Operational Amplifier

The output voltage equation as a function of input current and nonidealitics of the amplifier
for an operational amplifier integrator is approximated by equation [4.5] and may be represented
by the equation of an ideal integrator delayed by a time 74- The cquation for that delay time is
given by equation [4.6] and rewritten as equation [8.2] for convenience.
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Plus delay was the primary reason tor the additional comparator at the lower level If the time T4
could be made negligible relative 10 the integration period the lower compuarator would not be

NCUCUSNIY .

Ve, and Vo cquation [82] are the small signal unity gain and the oflset voltuge
tespectively tor the operational amphticr used. For many high performance ampliliers. the offset
voltage s adiustable o zeros 1 the null adjustment of the offset voltage became part of the
adiustment procedure. the ettective delin 7 Would be dependent only on «. By choosing an
ampliticr: whose small signal umity gain would vield 7 insigniticant relative 1o the smallest
mtegration tmie. the lower comparator would then be unnecessary .

Remembermg that the mmmmum clock period for the slow counter is 12.8 micro sceonds, it
s sutficient tog 7d 10 beneghgible relative o that time. The meaning off “negligible™ is dependent
on the speattic system user's requirements. We may choose o 7d 1 100 nano seconds tless than 14
of mimmum ctock period) as an example 0 provide some feeling tor the necessary Aw . Using
values of 34 and 48 tor representatine values of D oand w respectively (these values were

deternimed in Chapter 3y the value of Aw 1o produce a7y of 100 nano seconds is approxinmately
34810

An obvious reason for using o better operational amplitier and consequently doing away
with the lower level comparator is a reduction in circuit conmiplenity. There are two other reason not
Aas obvious but at least as significant as the tirst.

Completion of an integration ey cle is established by cither the integrator reaching its upper
It or by the slow coanter reaching the value contained in the limit register.

Consider what would happen it there were little or no input current to the integrator
(dissector directed at a very dark point), It the output voltage ot the integrator never reached the
fevel of the lower comparator, the counter would never be gated on and the ¢yele would never be
terminated. I the counter s enabled at the heginning of the eyvele. as it would be if there were no
lower level comparator. a termination of one kind or the other is assured.

The third advantage 10 the exclusion ol the comparator is a savings in time. Without this
cCoOmparator. no time is wasted integrating up 1o the lower level.

8.2.2 Rearrangement of Feedback Capacitors

Figure 9 of Chapter S suggests two alternatives for the method of switching feedback
capacitor values. The method shown in figure 9-b was chosen for the circuit built. It was suggested
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m Chapter 5 it was undesirable to switch both the Feedback capacitor and the reference voltage to
achieve different signal to noise ratios. Since only one was to be switched. the method of switching
capacitors suggested by figure 9-b was chosen because it allowed Tor a noninteractive adjustment
procedure. We now wish to present an alternative method which has several advantages to the
circuit described in Chapter 5.

Consider a capacitor feedback arrangement where the capacitors are in parallel as in Figure
9a. 1 the relays used to switeh in and out the capacitors had DPST contacts then one contact could
be used tor the capacitors and the other halt could be used to switch a new reference voltage to the
comparator for cach value of total feedback capacitance. A simplified schematic of the modilied
integrator is presented in Figure 24,

The primary advantage to this circuit is the mechanical layout of the circuit board required.
With the new circuit the input ends of all capacitors may be tied together and electrically isolated
from the board. This is important because it reduces the possibilities tor leakage paths which could
impode the proper operation of the integrator with very low input currents.

It the value for the three Feedback capacitors are properly chosen. the refative shift from
one reterence voltage to another will be small. Figure 24 shows the addition ot a temperature
compensated zener to establish a stable voltage which is used to provide the various reference levels.

8.2.3 Conclusions

By using a better operational amphifier and the circuit configuration of Figure 24, reduction
i the complenity of both analog and digital circuitry may be achieved with an overatl improvement
n circuit performance,

8.3 Circuit Additions
8.3.1 Buffering of Input and Output Data

A latency period between the completion of one integration cycle and the beginning ol the
nent exists in the operation of the video processing hardware described in previous chapters. This
fateney period is the time required for the computer to take the data generated from the previous
cycle. deliver new X and Y coordinates to the deflection circuitry. and start the integrator.

The computer service time may be done in parallel with the integration if the data to and
from the video processing hardware is butfered. After the initiation of the nth integration, the
computer may load the detlection butters with the coordinates tor the (n+1 yth point to be examined

th jntegration cvele the processing

and then procede to other operations. At the end of the n
hardware would store the Z information in the output register, indicate to the computer that the
cyvele had completed. and then begin on the (n+l yth

computer.

operation without any intervention from the

8.3.2 Asynchronous Deflection Circuitry

For speed optiniization, the use ol the video processing hardware developed in previous
chapters should be asynchronous relative to the computer driving it. Given that the overall use ol




the circuitry is already asynchronous, a potentially time saving addition is to make the dellection
circuitry asynchronous as well by varying the settling time in relation with the distance the camera
Is deflected. By allowing for small settling times for small deflection increments the system will
operate faster than it a maximum deflection settling time were allowed after the selection of cach
new point.
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9. APPENDIX

9.1 Dissector Instability with Voltage and Tempera ture

The purpose of this appendix is to investigate potential variations in the dissector's
performance with changes in ambient temperature and high voltage.

Figure 9 1.1 is a graph taken from reference (2) indicating the anode SCNSItivItY in amperes
per lumen and the typical amplification characteristics of 2 photomultiplier as a function ol applied
voltage. 1t was pointed out in Chapter | that an image dissector may be represented as a
photomultiplier tube with the ability to examine only small portions ol its photosensitive surface.

Using Figure 9.1, we wish to obtain some feeling For the dissector sensitivity to variations
i the high voltage power supply. To do this it is sulficient to Find the slope of the lines presented.
The equation characterizing the lines in Figure 9. 1.1 are of the form indicated by cquation 19.1],

mMA=mV+h . 19.1]
where Ais the gain or sensitivity and Vs the applicd voltage.

The slope may be found by taking two points from one of the lines (slopes of all lines are
cqual within the necessary precision for this discussion) and applying them to equation [9.2].
|Il(/\| ‘Al)

V-V,

m = 19.2]

where mis the slope. A and Asare the gains, or sensitivities from the two points and V) and Vs
are the corresponding values for the voltage for those two points (equation [9.2] was derived by
solving the two simultancous cquations InA) =mV | +band InA5=mVs +b for m).

Using the hine labeled “MAXIMUM SENSITIVITY™ in Figure 9.1.1 the following values
were taken for use with equation [9.1].

Ay =2x107 Vi =116x i03

Ay=4.2x10° Vy=5x 107,

These values Tor A and V yield a value of 5.853 x 10°3 Yor m.

I:xponentiating both sides ol equation [9.1] . equation 19.3] results

A :L.(mV+b)=ch_mV=C|cmV. 19.3]
Solving equation [9.3] for V in terms of Ci. A and m yields equation [9.4].
| A
V==—In — . [9.4]

M C,




-59.

SUPPLY VOLTAGE (E) ACROSS VOLTAGE DIVIDER
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Using cquation 19.4] it is now desired to find the change in V Tor a Tactor ol K change in A.
This is shown in equation |9.5].

| KA A
AV =—|:|ll Sl lllf
ML ¢ C

1
=—In K. [9.5]
M

Knowing the maximum allowable change in the output current due to power supply
instability . cquation 19.5] may be used to calcufate the maximum allowable power supply
variations, As an example, assume that a variation in output current ol no greater than one pereent
due to the power suprly is desired. One pereent change implics K = 1.01 and yields a AV ol 1.7
volts which is 0.08% of the nominal 2100 volts supplied by the high voltage power supply to the
dissector. Fabfe 91,1 presents simikar data Tor various values of K.

TABLE 9.1.1

DISSECTOR DEPENDANCY ON HIGH VOLTAGE POWER SUPPLY

K AV 7ol 2100 VOLTS
1005 ().K5 0.04
1010 1.70 008
1015 2.54 0.12
1.020 13K (.16
1030 5.05 0.24
1050 H.34 .40

Table 9.1.1 suggests that a well regulated power supply is essential il a predictable output
current versus photocathode illumination is desired from the dissector.

IFor the dissector camera used lor the experiments ol Chapter 7 voltage instability may be
even more signiticant inits elTects on resolution than it is on average current.

The model ol the dissector (ube deviates Trom the model ol a photomultiplicr when the
aperture ol the dissector is considerad. As discussed in previous chapters, the signal current 'rom the
disscctor is established by deflecting clectrons 'rom a selected point of the photocathode in such a
way that these clectrons will pass through the aperture and the clectron multiplier and appear as a
signal current at the output ol the tube.

The resolving power or resolution ol the tube is determined by the relative size ol the
photocathode compared to the elfective aperture size. The word “effective™ is used here because
the true physical size ol the aperture will be equal to the elfective aperture size only il there is
perlect clectron focusing between the photocathode and the aperture.
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As the clectrons travel toward the aperture they are subjected to a magnetic Focusing Field.
Fhe effects of this field on the motion of the clectrons is dependent on the clectron’s volocity
which is in turn dependent on the accelerating voltuge between the photocathode and the first
anode which contains the aperture at its center. In the dissector camera used For the experiments of
Chapter 7 the aceeleration voltage is 600 volts which is developed using i resistor divider across the
2100 volt high voltage power supply. The manufacturer (ITT Acrospace/Optical Division) was
consulted to determine the dependence of Focusing on aceeleration voltage and the Following is a
quotation from the manufacturer in a written reply dated March 15, 1973, I practice it is Found
that a change in inuge section volts ol about 40mV causes a barely detectable change in effective
aperture size - henee resolution. A change of 0.2 volts nearly doubles the effective size of a small
(c.e.. .00 1 yaperture™,

0.2 volts change out of 600 is 0.03 percent which relates directly to the percentage change
in the high voltage required to double the etfective aperture size or cut the resolution in half.

Alter having observed experimentally temperature instability in the output current of the
dissector and realizing the importance of a well regulated power supply. the high voltage power
supply was removed from the camera and its output versus temperature curve was plotted. (The
power supply was loaded with an equivalent resistance ol the resistor divider chain for the
dissector.) The measured temperature coelTicient was 0.04%/ C. This would suggest that i the
ambient temperature for the room in which the dissector camera is used were to change by 1°°C the
average output current would change by approximately 0.5% und the resulution would decrease to
less than halt the original value!

In order to confirm or disprove the above evaluation of the high voltage power supply, ITT
wirs consulted on the specitied temperature coefficient for the power supply provided by them with
the camera. An FTT representative informed the author verbally that they had no such information
(this was Four and a hall’ years after initial dehivery ol the camera) but if it was Felt that this
information was significant he would arrange For a representative sample of the power supply to be
tested.

In a written reply from ITT the high voltage power supply temperature coefficient was
specified to be approximately 0.02%/'C. This meant thet the ambient temperature of the power
supply could change by 27°C instead of 17°C, as predicted by the author, to experience a halving of
the resolution,
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