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1. ABSTRACT AND INTRODUCTION 

This final report summarizes the work accomplished by Itek on the Image Velocity Sensor 
(IVS) Development Program, contract no. 	 during the period 15 August 1967 
to 31 January 1969. This program represents an extension of the work performed on the same 
contract reported in Itek document no. 9415-67-148. 

The image velocity sensor, which is the subject of this report, is intended to be used in a 
high resolution photographic system consisting of a tracking mirror and frame camera. The 
available command signal for the tracking mirror is able to remove 99 percent of the image 
velocity resulting from the relative velocity of the earth and the vehicle. However, the resolu-
tion requirements of the system are such that further reduction of the image velocity is required. 
The Image Velocity Sensor measures the residual velocity at the center of the camera format, and 
its outputs are used to correct the tracking mirror rates in order to reduce that velocity to zero. 

Since the Image Velocity Sensor is used in a nulling servo loop, the primary performance 
characteristics are bias, which affects the null accuracy, and linearity and gain, which affect the 
servo stability. The Itek sensor exhibits the following characteristics: 

Bias g 0.004 inch per second 

Linearity = 10 percent 

Gain factor = 16.67 volts per inch per second t  25 percent for a wide variety of 
input conditions 

These characteristics are discussed in detail later in this report. Report no. BIF-059-9585-68 
is a briefing of the acceptance test results obtained 3 December 1968. 

Included in this report is a discussion of the theory of operation of the sensor and the results 
of experimental investigations. During the reporting period, two generations of the IVS were 
fabricated and tested. The differences between these two units, and their impact on performance, 
are presented in detail. Tests involving a picturephone camera are summarized and the develop-
ment of an intensified vidicon camera is discussed. Potential sensor improvements are examined. 
Further mathematical model computer study results are presented. Results of an investigation 
made into the effects of helium on a vidicon are also discussed. 
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2. THEORY OF OPERATION 

2.1 SIMPLIFIED ANALYSIS 

The Itek Image Velocity Sensor (IVS) employs a vidicon tube as the image motion sensing 
device. Fig. 2-1 illustrates the vidicon principle of operation. An optical image focused on the 
surface of the photoconductor generates local conductivity changes in the photoconductor material. 
This action results in a charge pattern which is read out by a scanning electron beam. An equiva-
lent circuit is shown in Fig. 2-2. Momentary passage of the electron beam over a spot charges the 
capacitor to the target voltage. Until the beam returns, the capacitor discharges through a resis-
tance whose value is an inverse function of the local illumination, providing a charge reduction 
proportional to the time integral of illumination. Signal current is generated when the charge on 
the capacitor is restored by the beam. Integration also results from the combination of photocon-
ductive and readout lags. 

Smear, resulting from image motion, reduces the high frequency content of the video signal. 
The diagrams on Fig. 2-3- show this effect on a single scan line. The reduction in average value 
after passing the video signal through a high-pass filter and rectifier is a measure of the smear. 
In order to sense the direction of the image velocity, a modulator is provided which sinusoidally 
increases and decreases the input velocity (see Fig. 2-4). Subsequent demodulation of the recti-
fied video signal provides direction sensing. 

An approximate expression for the rectified video voltage as a function of smear is 

E Eo (1 — k S2) 	 (2.1) 

where E = rectified video voltage, volts 
E0  = rectified video voltage with zero smear, volts 
S = smear, inches 
k = constant, inches-2  

The modulated image velocity, V, produces a smear during the integration time, ti, of 
magnitude 

S 	Vdt = J  (Vi + Vm  sin cot) dt 

t—ti 	t—ti 

(2.2) 

where Vi = input velocity, inches per second 
Vm  = peak modulation velocity, inches per second 

= modulation frequency, radians per second 

9 



NRO APPROVED FOR 
RELEASE 1 JULY 2015 HANDLE via BYEMAN 

CONTROL SYSTEM 

BIF-059-4035-69 

Optical image 
forming cone 

Glass faceplate 

Transparent gold layer 

1
\– Coupling 

capacitor 

Mesh 

Highlight 

Load 
resistor 

• Electron 
beam 

Thermionic 	–=. f Target 
cathode 	 voltage 

  

   

10 

Fig. 2-1 	Vidicon principle 

Load resistor 

Target voltage, ET  

E lectron beam 
switching 

Dark 

1/30 sec 

Fig. 2-2 — Equivalent vidicon circuit 

D/SECRCT 



Rectifier 
low-pass 
filter 

NRO APPROVED FOR 
RELEASE 1 JULY 2015 HANDLE via BYEMAN 

CONTROL SYSTEM 

D/SECRET  BIF-059-4035-69 

Moving 
image 

Vidicon TV 
camera 

High-pass 

(

01614LeAlk 

50 gsec 

Rectifier 
low-pass filter 

Stopped 
image 

E 

V 

Time 

Fig. 2-3 — Rudimentary sensor 

NOTE: Cylic image motion added with modulator 

11 

High-pass 
filter OVidicon 

TV camera) 

Modulation 
frequency 

Demodulator 

Fig. 2-4 — Sensor with modulation 

1 



NRO APPROVED FOR 
RELEASE 1 JULY 2015 HANDLE via BYEMAN 

CONTROL SYSTEM 

 

BIF - 059-4035- 69 

Arm 
S 	t —co cos cot] t 

t-ti 

Vi t - Vi(t - ti) -Vm cos cot Vm cos w(t ti) 

2Vm 	coti/ ti  ~Viti+ w sin —2— sin w - 

Substituting Equation (2.5) into Equation (2.1) and collecting terms yields 

2kco . Sit ( 
2 )J  E 	1- k 

2 
ti   

cal ti  E_I-4k
co
Vm ti sin (-21 vi sin co (t 

L EAL 2 	 ti 
+ E0 	sin 2 cos 2w - 2-) co 2 

+ Ef + E21 

The following relationships are evident: 

1. The fundamental component, Ef, is proportional to Vi. 

2. Dividing the magnitude of Ef by the magnitude of E2f yields a signal which is independent 
of the scene characteristic, E0. 

esti 
Ef 4Vi 2 
E2f v wt 

m sin 2- 

3. Epc can also be used for normalization. 

-4k Vm 	esti 
Ef 	(4) 	 ti sin -i- Vi 	esti 

EDC 	2 .9 -2k Via 	2 \ 2 ) 
1 - k Vi 21 --2-- sin w 

-4k Vm ti 	esti 
	 Vi sin — co 	 2 

2.2 EXPERIMENTAL INVESTIGATIONS 

2.2.1 Bias  

The Itek sensor provides an output response to any image velocity however small. Thus, it 
can be stated that the sensor has a zero threshold. However, like nearly all analog instruments, 
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it does have what is variously called bias, offset or null (a small output, dependent on a number of 
conditions, even in the absence of image velocity). Since the previous report, dated 15 August 
1967, a concerted effort has been made to determine the causes of bias and to reduce it well below 
the tolerable limit. This effort has been successful as the test results described in Section 3.3 
indicate. Bias was found to have a systematic as well as a random component. 

2.2.1.1 Systematic Bias 

As described in the previous report, the signal from the vidicon is split electrically into two 
channels corresponding to two different patches on the vidicon raster in order to provide two-axis 
sensing. The original sensor split the raster on a line basis—the signal from the first half of 
every scan line was used to sense cross-track velocity and the signal from the last half of every 
scan line was used to sense along-track velocity. This method has the advantage of a higher sam-
pling rate over the alternative, split-field approach. Bias tests were made with the TV camera 
in the brassboard sensor head which was mounted on the simulator. During the testing, it became 
increasingly apparent that the bias in one channel was nearly invariably positive, and the other was, 
with few exceptions, always negative. To eliminate the possibility that the two channels in the 
electronics were causing this condition, one channel was used with an external gating signal whose 
width and position in the video line could be controlled. The offset remained opposite in sign in 
the two half lines. The camera was then rotated 180 degrees, to cause the first half of the line to 
scan the image seen previously by the second half line. The polarity of the offsets for each half 
line reversed, thus eliminating the possibility that the electronics was treating one portion differ-
ently than the other. Also, when the glass plate in the modulator was removed, the bias disap-
peared. The source was therefore confined to either the vidicon camera or the optical system. 
The camera was removed from the brassboard sensor head and returned to the breadboard setup, 
viewing the film target belt through a Schneider lens. The same results were obtained. Therefore, 
the problem appeared to be due either to some peculiarity of the vidicon camera such as nonuni-
formity of sensitivity of the target surface, or to some nonuniformity effect on the image by the 
modulator-lens combination. 

A test arrangement was built to isolate the bias cause to one of the two possibilities. This 
setup allowed for translation of the TV camera head in 1/8-inch steps normal to the optical axis 
and parallel to the raster scan lines. Bias measurements were made at each of five different 
camera head positions: 0, +1/8, +1/4, –1/8, and –1/4 inch. The scene, imaged on the vidicon 
face, was kept stationary and, thus, the image stayed fixed in space except for modulation. By 
means of an external gating signal, the sensor processing electronics was made to look at a por-
tion of the raster which was a window 0.375 by 0.150 inch. The 0.150-inch dimension was in the 
direction of the scan lines. The total raster area is 0.375 by 0.500 inch. The gating signal was 
varied to adjust the window position in the scan direction in steps of 0.025 inch. Bias measure-
ments were made at each of the five camera positions. By this means, it was possible to compare 
the bias for the same portion of the scene imaged at different places on the vidicon raster. Had 
the bias remained constant at different positions on the raster, the vidicon could be ruled out as 
the bias cause. However, such was not the case. The bias varied in a fairly consistent manner as 
a function of position on the raster, thus indicating that a vidicon characteristic apparently is 
involved in the systematic bias generation. Further tests on the systematic bias are summarized 
below. The optomechanical configuration and the block diagram of the test setup are shown in 
Figs. 2-5 and 2-6. The reference mark on the raster is simply to show the orientation of the TV 
camera, since for some tests the camera was rotated 180 degrees about the tube axis. The arrow 
on the raster labeled "scan" shows the first scan line. Normal scan is as shown. Some tests used 
reversed horizontal and/or vertical scan reversed electrically. 

D/SECRET 	 13 
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1. Bias as a function of the position of the video information on the raster has the character-
istic shown in Fig. 2-7. This characteristic is obtained whether the vidicon camera axis is aligned 
with, above, or below the lens optical axis. Other TV cameras all had this same characteristic. 
The variation in bias with position in the raster is not due to a phase shift but rather to an ampli-
tude change in the signal prior to demodulation. 

2. The above characteristic is decreased for a camera horizontal alignment change which 
causes the raster to shift to the "right" as in Fig. 2-7. It is increased for the opposite alignment 
change. In general, the bias polarity can be reversed by an alignment control change. 

3. The camera electronic focus has a small effect on bias. If the horizontal alignment is 
adjusted to give zero bias for some portion of the raster used, an adjustment of the focus voltage 
up and down causes the bias to go plus and minus slightly. Whether an increase in focus voltage 
causes a positive or negative bias depends on what portion of the raster is used. Vertical align-
ment changes also alter bias slightly. However, neither of these controls affects bias nearly as 
significantly as the horizontal alignment. 

4. If the TV head is rotated 180 degrees about its axis, for a random scene, the bias for a 
given position on the raster stays at roughly the same magnitude but reverses in polarity. 

5. For a scene which is a slit of light at right angles to the scan direction, the bias is more 
positive if the direction of scan is the same as the image motion direction which gives positive 
sensor output. The bias with a real scene does not change appreciably with change in scan 
direction. 

6. The bias characteristic is not altered if the modulator is in a telecentric beam. Making 
the modulator asynchronous with the TV frame rate does not eliminate bias. 

Some of these test results are illustrated in Figs. 2-8 through 2-11. The effect of alignment 
control on the dark signal from the camera is shown in Fig. 2-12. 

From the above, it is concluded that the bias as a function of position of information on the 
raster is caused by the inherent nature of the electron-optical scanning process which causes a 
gradient of sensitivity along the scan lines peaking in the center and dropping off on both sides. 
Therefore, with the split line method, an alignment control setting which gives zero average bias 
along full lines would result in both channels producing a bias, but of opposite polarities, as was 
noted experimentally above. One solution considered was to dynamically vary the alignment as a 
function of horizontal scan position. Since the bias due to either the first half line or the second 
half line information could be zeroed by the proper alignment setting, the proper dynamic variation 
of alignment should be able to produce simultaneously zero bias in both charuiels. This technique 
was attempted but it was found unfeasible to vary the alignment current at the line rate to the 
extent required. Another solution was to change to field splitting and to invert the aspect ratio. 
Instead of using a 4 by 3 horizontal to vertical, a 3 by 4 horizontal to vertical aspect ratio is used. 
The advantage is that with shorter horizontal lines, there is a smaller gradient, and, since full 
lines are used in each channel, the bias can average to zero along the lines with the proper align-
ment setting. This latter solution was the one actually used, and proved quite successful. It was 
found unnecessary to change alignment current from one half field to the next. This could easily 
have been done at the field rate. 

2.2.1.2 Random Bias 

In addition to the systematic bias discussed above, there is a bias which varies in magnitude 
and sign as a function of the particular portions of the image which oscillate about the edges of the 
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raster due to the modulation process. The average detected video can vary at a fundamental rate 
(resulting in bias) due to information coming into and out of the raster at the edges. One solution 
considered was to use a mechanical mask at the vidicon face to confine the image passing through 
the mask to be slightly smaller than the raster length. The mask would oscillate in synchronism 
with the optical modulation so as to keep the same image on the face of the vidicon. The edges of 
the image as defined by the mask would be confined to remain within the raster, and thus, no 
information would pass into and out of the raster. This technique was tested experimentally, 
simply by placing a corresponding mask on the scene which remains fixed. This approach is 
equivalent to moving the mask at the image. This had the effect of increasing the systematic bias 
due apparently to the effect of a sharp transition in signal when the scanning beam passed from the 
masked region of the raster to the unmasked region. Due to this, and the added complexity of 
actually implementing the method, the idea was not pursued further. 

This bias can be decreased by decreasing the modulation amplitude, thus minimizing the 
information coming into and out of the raster. However, the linear range of the sensor is directly 
proportional to the modulation amplitude, and due to the required range, this method could not be 
employed. 

Two techniques which did prove very effective were: (1) set the demodulator phase in quadra-
ture with the random bias phase; and (2) raise the low cut-off end of the video bandpass filter from 
100 to 700 khz. Because the edge effect bias is a function of modulation displacement, whereas 
the velocity sensitive signal is a function of modulation velocity, it would be expected that there 
would be a phase difference between the two fundamental signals. Previously, the demodulator had 
been set to be in phase with the fundamental detected video signal for a high velocity image in 
order to give maximum sensitivity. Measurement of the phase of the bias relative to that of the 
velocity signal showed that the bias could be removed with only a minor sacrifice in output 
sensitivity. 

Figs. 2-13 and 2-14 show phase measurements at 7.5 and 15 hz, respectively, of the funda-
mental with image velocity and with no image velocity and the image positioned to give a high edge 
bias. 

Fig. 2-15 shows an early test result illustrating the effect of changing the demodulator phase 
from that which gave maximum sensitivity to that which gave minimum edge bias. The edge bias 
was drastically reduced while the sensitivity was reduced by only 17 percent. The edge bias pro-
duced predominantly low frequency video information. Raising the low cut-off end of the video 
bandpass, therefore, reduced the edge bias at a further decrease in sensitivity. The signal-to-noise 
ratio was still quite good, however. 

2.2.2 Linearity  

An important system requirement is that the sensor output versus velocity is linear. 
Experiments determined that two criteria must be met in order to acquire linearity: (1) the 
average illumintion on the face of the vidicon must be at least 1 foot-candle; and, (2) the peak 
image modulation velocity on the vidicon face must be roughly double the dynamic range on the 
vidicon face over which linearity is required. The first of the above is covered in detail in Section 
3.1. Fig. 2-16 illustrates the second criterion. The two curves show sensor fundamental output 
versus image velocity for a particular scene at an illumintion of 2 foot-candles on the vidicon. 
Three conclusions can be drawn: (1) the maximum sensor output occurs for an image velocity 
roughly equal to the peak modulation velocity; (2) at low image velocities, the sensitivities at the 
two conditions are almost equal; and (3) adequate linearity occurs for image velocities up to about 
half the peak modulation velocity. 
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form illumination source with a nonilluminated stripe approximately 0.030 
inch on raster at right angles to scan direction, without gating 
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Fig. 2-9 — Test result (scene was a slit of light approximately 0.007-inch 
width on raster and at right angles to scan direction, without gating) 
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Fig. 2-13 — Null and velocity phase relationships, 7.5-hz modulation 
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Fig. 2-14 — Null and velocity phase relationships, 15-hz modulation 
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Fig. 2-15 — Demodulated output 

Fig. 2-16 — Dynamic range as a function of modulation amplitude 
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Since the edge bias varies directly with modulation amplitude, the modulation velocity should 
be minimized consistent with other requirements. The required dynamic range at the interface is 
0.3 ips, which is 0.158 ips at the vidicon due to the 1.9 to 1 minification. The choice of 0.28 ips 
peak modulation gave a sensor output which became only slightly nonlinear at 0.3 ips. 

2.2.3 Automatic Gain Control (AGC)  

The Itek sensor does not inherently produce an output signal with a constant volt/inch/second 
sensitivity or gradient. The inherent sensitivity varies as a function of image content and illum-
ination. Therefore, some sort of automatic gain control is necessary in order that the sensitivity 
remain within specifications: nominal, ±25 percent. The previous AGC utilized a feedback scheme 
which essentially varied the sensor gain in order to keep the second harmonic component of the 
detected video a constant. The shortcomings of this scheme are discussed in Section 3.2. Because 
of these shortcomings, some other method had to be developed. Section 6 of Appendix A provides 
the theoretical basis for an AGC based on the mathematical model of the sensor. The normaliz-
ing (or AGC) signal is derived from a separate bandpass filter and detector connected to the output 
of the video amplifier and bandpass filter which is used to derive the velocity signal. The analysis 
in Section 6 of Appendix A shows that the average output of the above detector is proportional to 
the sensitivity if the proper separate filter is used. 

In the experimental investigation of this approach, simultaneous recordings were made of the 
sensor fundamental with scene velocity, the average output of the above special filter-detector, 
and also the average output of the normal video detector from which the fundamental is derived. 
The two average detected video signals varied nearly identically except for a constant scale factor 
as the scene was moved. Also, this variation was the same as the envelope of the fundamental. 
Fig. 2-17 shows one test recording of fundamental and average rectified video. These signals vary 
similarly with scene. These results gave indications that the approach was feasible. However, 
even in the absence of scene information, there was a significant amount of detected video due to 
amplifier noise, and to imperfections of the fiber optics when an intensifier was used. Therefore, 
a feedback scheme to vary amplifier gain to maintain a constant detected video output could not 
be used. Instead, the contribution due to amplifier noise and fiber optics had to be subtracted from 
the gross detected video in order to obtain a net signal due only to scene content. This signal is 
then proportional to the sensor gradient. In order to obtain a fixed gradient, the gain within the 
sensor must be divided by this net signal using an analog divider. 

Experiments were run with the above approach, using a separate bandpass filter and detector 
and also using the normal bandpass filter and detector from which the fundamental is derived. The 
latter gave results at least as good as using the separate bandpass filter and detector. This latter, 
simpler, method was used. The analysis in Section 6 of Appendix A shows that the use of the 
separate filter-detector should give better results. The discrepancy between theory and experi-
ment is attributed to the extraneous video due to noise and the fiber optics. The test results on 
the final system for a wide variety of conditions indicated good performance for the AGC used. 
This is discussed in detail in Section 3. 
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3. ENGINEERING TEST MODEL AND ENGINEERING 
PROTOTYPE EVALUATION MODEL 

An engineering test model sensor, designated Engineering Test Model A (ETMA) was deliv-
ered to the General Electric Company for evaluation. This unit was the only deliverable hardware 
produced during this program phase. 

The ETMA sensor head, shown in Fig. 3-1, is the same as the brassboard unit shown in 
"Image Velocity Sensor, 15 August 1966 to 15 August 1967," report no. 9415-67-148 with the follow-
ing exceptions: 

1. A counterweight has been added to provide first moment balance of the rotating section. 

2. The handwrapped magnetic shielding around the torquer-tachometer has been replaced 
with a custom fabricated shield. 

3. The painted surfaces were replaced with black anodize to eliminate the problem of paint 
flakes on the optical surfaces. 

The unit was aligned using the same approach as shown on page 4-1 of the above referenced 
report. 

The electronics portion of the sensor was packaged in a rack with plug-in modular universal 
printed circuit boards. 

Prior to delivery, the ETMA sensor was tested at Itek on the two-axis simulator developed 
on the earlier contract phase. The results of this testing are presented in a separate document 
(Itek document no. 9415-68-225, Test Report, Image Velocity Sensor, dated 27 March 1968). The 
report contains a description of the tests, a discussion of the test results, and copies of the test 
procedure, data sheets, and photographs of the scene material. All tests were performed in the 
open-loop mode; i.e., the sensor output was not fed back to reduce the input velocity. 

The ETMA sensor was delivered to the General Electric Company at Valley Forge, Pennsyl-
vania on 18 January 1968, where it underwent further tests on the GE Beta subsystem tester. 
These were also open-loop tests. 

Both the Itek and GE tests indicated areas of performance which required improvement, 
notably null accuracy, linearity, and gain control. To this end, further development testing and 
the design of an Engineering Prototype Evaluation Model (EPEM) were initiated following the 
delivery of ETMA. These efforts were performed under a subcontract from the General Electric 
Company. 

The development testing has been discussed in Section 2 of this report. The EPEM sensor, 
shown in Figs. 3-2 and 3-3, was tested at Itek and delivered to the General Electric Company on 
3 December 1968. A photograph of the test setup is shown in Fig. 3-4. The simulator is the one 
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designed and built under contract 	 with the exception that a haze source and 
pellicle beam splitter were added to provide control of the image plane contrast. 

The following sections compare the design features of ETMA and EPEM as they relate to 
the performance characteristics of the sensor. Since the two units were not tested under the same 
scene and illumination conditions, direct comparison of test results is not possible. However, the 
primary performance characteristics, linearity, null accuracy, and gain control, were evaluated 
for both units, and test results are presented. 

Fig. 3-5 is a block diagram of the ETMA sensor and Fig. 3-6 shows the EPEM block diagram. 
The major differences between the two are shown in Table 3-1 and are discussed in detail in the 
following sections. 

3.1 LINEARITY 

One of the significant differences between the ETMA and EPEM sensors is the addition of 
an image intensifier to the EPEM. The ETMA unit contained an 8567 vidicon in the sensor head. 
The same type vidicon was used in the EPEM unit, except for a fiber-optics faceplate which was 
added to mate with the output face of the single stage image intensifier that preceded it. In addition 
to the obvious improvement in low light level performance, the image intensifier provided two 
significant benefits. The first, which will be discussed in detail in a later section of this report, 
is the capability to control the illumination on the face of the vidicon. The second, a relatively 
high illumination on the vidicon face, results in a sensor output signal that is linear with input 
velocity. It is this characteristic that will be discussed here. 

Testing of ETMA revealed that the output signal was nonlinear, and that the degree of non-
linearity was a function of the illumination level. Fig. 3-7 is a plot of sensor output versus image 
velocity at the vidicon face as a function of vidicon illumination. These tests were performed 
without gain control, so the results are indicative of the basic characteristics of the ETMA sensor. 
It is evident from the curves that an illumination level of at least 1 foot-candle is required to 
produce a linear output signal. The addition of gain control increases the low light level signal 
and decreases the output signal with high illumination, but does not affect the basic characteristics. 
Curves of sensor output with AGC versus vidicon image velocity for the same conditions as Fig. 
3-7 are shown in Fig. 3-8. Again, the curve for 1 foot-candle is straight, and the nonlinearity at 
low velocity inputs increases as the illumination level decreases. 

From a system standpoint, nonlinearity in the output of an IVS is undesirable, and a variable 
nonlinearity is intolerable. Since the degree of nonlinearity was clearly a function of illumination 
level, some means of controlling that level was needed. One alternative was to reduce the illumina-
tion to the minimum value by means of an IRIS diaphragm or a variable neutral density filter. 
This approach, however, would force the IVS to perform under the worst possible conditions 
100 percent of the time; and the nonlinearity, though it may be consistent, still remains. The other 
alternative, increasing the illumination level, required a light amplifying device, and a design 
change was implemented which included an image intensifier in the EPEM. 

The success resulting from this change is evident from the results of the EPEM acceptance 
test performed on 3 December 1968. Sample recordings of one linearity test are shown in Fig. 
3-9. As the input velocity was reduced, the recorder sensitivity was increased by the same factor. 
Therefore, perfect linearity would be indicated by all recordings having the same deflection. Fig. 
3-10 is a plot of the data shown in Fig. 3-9. A straight line with a slope representing a gain factor 
of 15 volts per inch per second is also shown. The variation from this line is less than 10 percent. 
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All other tests, performed under different scene and illumination conditions, exhibit the same 
degree of linearity. The manner in which the gain factor varies is discussed in Section 3.2. 

3.2 GAIN CONTROL 

3.2.1 ETMA 

The analysis of Section 2.1 indicated two possible means of controlling the gain of the sensor: 
(1) normalization with the average rectified video signal, and (2) the second harmonic. Both of 
these techniques were used in Engineering Test Model A (ETMA). 

Fig. 3-11 is a schematic of the ETMA video amplifier. The output of the detector diodes, 
CR1, is amplified and filtered, and the resulting voltage is applied to the base of transistor Q3B. 
As this voltage is increased, Q3B draws more current from the collector of a transistor in the 
integrated circuit amplifier, WC1146T, thereby reducing the gain of the amplifier. This, in turn, 
reduces the output of the detector and the base voltage of Q3B. This approach has two major 
drawbacks. First, the removal of current from the integrated circuit amplifier introduces signal 
distortion at all but the lowest signal levels. Second, the high noise content of the video signal 
at low illumination levels severely limits the dynamic range of the AGC loop. 

Normalization with the second harmonic signal is accomplished as shown in Fig. 3-12. The 
30-hz, second harmonic signal is selected by a Q = 5 bandpass amplifier. The selected signal is 
then synchronously detected and the fullwave rectified output of the detector is filtered by a low-
pass amplifier. A set point reference is also provided by this amplifier. The resulting dc output 
voltage is applied to the gate of an FET operating in its ohmic region as a voltage-controlled 
variable resistor. The drain to source resistance of the FET determines the feedback ratio, and 
consequently the gain, of the forward path amplifier. This loop tends to maintain the amplitude of 
the second harmonic constant. 

The effectiveness of second harmonic AGC is limited by the following factors: 

1. The long time constant required to effectively filter a fullwave rectified 30-hz signal to 
dc severely limits the capabilities of the system to respond to sudden changes in scene 
conditions. 

2. The 30-hz frame rate of the TV camera introduces a 30-hz component in the video signal 
which is independent of scene information. 

3. The amplitude of the 30-hz component, introduced by the modulation process, of the video 
signal varies with input image velocity. 

Examination of Figs. 3-7 and 3-8 show that, while some gain control was accomplished, the 
results were inadequate. The only variable in the data shown is illumination level. When scene 
content and contrast are also changed, the output sensitivity varies from 3 volts per inch per 
second to 20 volts per inch per second. 

3.2.2 EPEM  

Gain control is accomplished in the EPEM sensor by controlling the vidicon illumination and 
normalizing the output with a portion of the average rectified video signal. 

Vidicon illumination is controlled by varying the accelerating potential of the image intensifier. 
A block diagram of the control loop is shown in Fig. 3-13. The set point voltage is adjusted to 
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provide the maximum accelerating potential of 15 kilovolts with the minimum illumination on the 
input face of the intensifier. In the EPEM unit, this is set for 0.017 foot-candle in the interface 
image plane. An increase in input illumination causes the output of the vidicon to increase. After 
amplification and clamping, the video signal is applied to a low-pass filter, the output of which is 
a dc voltage indicative of the average illumination on the face of the vidicon. The increase in this 
signal causes the control voltage input of the high voltage power supply to decrease, which in turn 
decreases the accelerating potential of the intensifier and, therefore, the illumination on the vidicon. 
The high gain of the loop tends to maintain the vidicon illumination and video signal at a constant 
dc level. This process removes one of the input variables from the video signal, and greatly 
simplifies the remaining task of controlling the sensor gain under varying scene content and con- 
trast conditions. 

The approach used to accomplish this task has been outlined in Section 2.2.3 of this report. 
The experimental work discussed reveals that the average value of the rectified video voltage is 
proportional to the fundamental component with the exception that the average rectified video volt-
age varies from some dc level other than zero. This offset is the result of rectifying the signal 
produced by the fiber-optics faceplate of the vidicon. That is, when a uniform illumination is 
applied to the image intensifier, a hexagonal grid pattern is visible on the TV monitor. This 
pattern is stationary and therefore makes no contribution to the output velocity signal. Further-
more, the dc voltage that is produced by rectification of the resulting video signal is a constant 
as long as the average illumination on the face of the vidicon and the gain of the circuitry prior to 
rectification remain constant. Since both of these conditions are satisfied in the EPEM sensor, 
the unwanted signal is easily removed. 

The portion of the rectified video voltage that remains is filtered to separate the 15-hz and 
dc components. The 15-hz component is then divided by the dc component producing a 15-hz 
signal whose magnitude is proportional to input velocity and relatively independent of input scene 
conditions. 

Figs. 3-14 and 3-15 contain typical samples of the actual data recorded during the acceptance 
test of the EPEM unit. The sensor output signal for a constant input velocity is shown as a func-
tion of the input scene conditions listed in the tables. The New Haven and Lancaster scenes re-
ferred to in the figures contain different amounts of information, one being a view of a heavily 
built-up city and the other consisting largely of open farm land. The data shown in the charts 
represent approximately 7 percent of the total recorded in testing both axes. Examination of all 
the data yields the following results: 

1. For the New Haven scene, 97 percent of the data taken with contrast ratios above 1.027:1 
were within the 25 percent tolerance specified by EC701A, revision 6. 

2. For the Lancaster scene, 68 percent of the data taken with contrast ratios above 1.08:1 
were within the tolerance. 

3. For the extremely low contrast levels, although the sensor output did not conform to 
specification, a usable signal was obtained. 

3.3 BIAS 

The general problem of sensor bias and the sensor parameters that affect it have been dis-
cussed in Section 2.2.1 of this report. The sensor configuration with regard to those parameters 
and the bias test results for the ETMA and EPEM units are summarized here. 

-1 
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3.3.1 ETMA  

The ETMA sensor divided the vidicon raster on a line basis. The output demodulator was 
set for maximum sensitivity, i.e., in phase with the 15-hz signal at a high input velocity; 67 percent 
of the bias data obtained during the ETMA acceptance test were less than 0.010 inch per second 
per axis. The bias was less than 0.020 inch per second per axis 87 percent of the time. 

3.3.2 EPEM  

The EPEM sensor split the raster on a field basis. An alignment current adjustment was 
included to minimize the systematic bias. The output demodulator was set for minimum random 
bias, i.e., in quadrature with the zero velocity signal. During the EPEM acceptance test, the 
bias was never greater than 0.004 inch per second per axis, and was equal to or less than 0.001 
inch per second per axis 75 percent of the time. Some samples of the bias data are shown in 
Fig. 3-16. 

3.4 OUTPUT NOISE 

In the ETMA, the gain to the 15-hz signal is provided prior to the selection of that signal 
from rectified video. Consequently, in order to avoid amplifier saturation, it is necessary to 
reject the 60- and 120-hz components of the rectified video signal, which are larger than the 15-hz 
components. 

In the EPEM, the 15-hz signal is selected before it is amplified, and the Q = 5 filter does 
most of the filtering. Some 30-hz signal gets through, however, which when demodulated by 15-hz 
signal would produce a 15-hz output. Therefore, the 30-hz signal is selected, inverted and added 
back into the total signal, thereby eliminating the 30-hz component. 

The demodulation of the 15-hz signal produces a 30-hz component at the sensor output which 
is sizable even after filtering. Therefore, the signal selection, inversion, and summation process 
is also performed at the output—considerably improving the sensor signal-to-noise ratio. 

3.5 RELAY OPTICS 

Both the ETMA and the EPEM utilize a relay system to re-image the aerial interface image 
on either a vidicon or intensifier. A commercial Wollensak 35-mm 1/2 lens in conjunction with 
a custom designed field lens and field flattener is used in the ETMA design (see Fig. 3-17). The 
EPEM used all Itek designed elements (see Fig. 3-18). 

An additional difference between ETMA and EPEM is the use of an "on-axis" and an "off-
axis" prism in ETMA and a beam split "on-axis" prism in EPEM. 

The MTF of the relay optics is considerably greater in EPEM because of specific applica-
tion design. Fig. 3-19 shows the relative MTF for the two units. The EPEM design provides 
a higher signal-to-noise ratio for the stimulus material at the intensifier photocathode. 

Another significant difference between EPEM and ETMA is the transmission of the relay 
optics. Transmission is 60 percent for ETMA and 85 percent for EPEM. It should be noted 
that the 85 percent does not include the beam splitter which provides approximately a 30-30 split. 

3.6 UTILIZATION OF INTERFACE IMAGE (OFF-AXIS RATES, CROSS COUPLING) 

It is required that the sensor indicate the center of format velocity which is the only point in 
the format indicative of the net vector tracking rate error. If one considers a coordinate system 
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which is aligned with the direction of displacement of a point resulting from tracking mirror pitch 
and roll, then the following is true. Cross-track velocity at any point on the along-track (or pitch) 
axis is equal to cross-track velocity at the center of format. Along-track velocity, however, can 
only be sensed at the center of format. (See Fig. 3-20.) 

This fact makes it possible to locate the cross-track patch off axis providing the center of the 
patch is on the along-track axis. The center of the along-track patch must be at the center of 
format. Utilization of this approach requires rotation of the sensor to compensate for rotation 
of the along- and cross-track axes with tracking mirror roll. 

In order to avoid the light loss that accompanies the use of a beam splitter, which is required 
to sense the velocity in both directions at the center of format, the offset patch approach was incor-
porated into ETMA. 

The above approach is valid only if the sensor does not respond to velocities perpendicular to 
the direction of modulation and scan. While this is true in general, a scene which contains a 
significant amount of diagonal information does induce a cross-coupling output. This effect is 
immediately obvious if one considers a scene made up entirely of lines at 45 degrees to the direc-
tion of interest. Fig. 3-21 illustrates such a situation. The situation of Fig. 3-21(b) can be reached 
from that of Fig. 3-21(a) by moving the lines either down or to the right, or any combination of 
the two. If the view is limited by the rectangles, it is impossible to tell which of the three possi-
bilities is actually occurring. 

With the cross-track patch located off axis, an along-track velocity is present even when the 
center of format is being perfectly tracked, and it is possible for the tracking to be upset by the 
cross-coupling phenomenon. 

When the image intensifier was incorporated into the EPEM unit, illumination was no longer 
a critical matter, and a beam splitter was also included so that both patches could be located at 
the center of format. Accordingly, once perfect tracking has been achieved, tracking cannot 
be disturbed. In addition, the roll capability was no longer required and was eliminated with a 
considerable saving of weight, power, and complexity. 
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Fig. 3-1 — Engineering test model A 
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Fig. 3-2 — EPEM sensor head 
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Fig. 3-3 — EPEM electronics rack 
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Fig. 3-4 — ETMA test setup 
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Fig. 3-6 — EPEM block diagram 
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Table 3-1 — Major Differences Between ETMA and EPEM 

Engineering 
Test Model 

December 1967 

Vidicon 

Line -split 

Offset patch 

Commercial lens 

Second harmonic AGC 

60-hz reject prior to 
demodulation 

Demodulation in phase 
with high velocity signal 

Engineering Prototype 
Evaluation Model 

December 1968 

Image-intensifier-vidicon 

Field-split 

Central patches 

Itek-designed lens 

AGC with average rectified video 
and illumination control 
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New Haven scene 
Illumination from scene = 0.19 ft-c 
Illumination from haze = 0.27 ft-c 
Contrast = 2.55/1 

+0.300 ips 
2 v/in. 

+0.150 ips 
1 v/in. 

+0.075 ips 
0.5 v/in. 

+0.030 ips 
0.2 v/in 

+0.015 ips 
0.1 v/in. 

–0.300 ips 
2 v/in. 

–0.150 ips 
1 v/in. 

–0.075 ips 
0.5 v/in. 

–0.030 ips 
0.2 v/in. 

–0.015 ips 
0.1 v/in. 

Fig. 3-9 — EPEM linearity test recordings, with image intensifier 
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New Haven scene 
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A Sensitivity = 15 volts/ips 
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Input velocity, ips 

Less than 10% variation 
from best straight line 
for any given condition 

Fig. 3-10 — Linearity data plotted from EPEM test recordings, with 
image intensifier 
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Fig. 3-13 — Automatic illumination control block diagram 
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Scene illumination, ft-c 0.185 0.185 0.185 0.115 0.115 0.115 0.019 0.019 0.019 0.019 0.019 0.019 

Haze illumination, ft-c 0.540 0.214 0.017 0.540 0.271 0.086 0.540 0.427 0.171 0.086 0.021 0 

Total illumination, ft-c 0.725 0.399 0.202 0.655 0.386 0.201 0.559 0.446 0.190 0.105 0.040 0.019 

Contrast ratio 1.63 2.50 10.9 1.40 1.77 3.24 1.06  1.08 1.21 1.41 2.57 20 

Fig. 3-15 - EPEM test results-y-axis gain factor 
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Input velocity = *0.015 ips 
Recorder sensitivity = 0.1 volt/inch 

New Haven scene 

X Axis 	X Axis 	X Axis 	Y Axis 
0.781 ft-c 	0.271 ft-c 	0.023 ft-c 	0.023 ft-c 
1.81:1 	2.55:1 	1.65:1 	1.65:1 

Bias for all scenes 	100% :5 0.004 ips 
75% < 0.001 ips 

Fig. 3-16 — EPEM test results—bias 
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Fig. 3-17 — ETMA optical schematic 

Fig. 3-18 — EPEM optical schematic 
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Fig. 3-20 — Off-axis image plane velocity for perfect tracking 
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Fig. 3-21 — Cross-coupling effect 
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4. PICTUREPHONE CAMERA 

4.1 DESCRIPTION 

As previously indicated, the use of an image intensifier in the sensor was largely dictated by 
the need for linearity versus image velocity in the output signal. At the required low operating 
illuminations, the 8567 vidicon, which uses an Sb2S3  photoconductive layer, performed nonlinearly 
due to the large photoconductive lag. The intensifier solved this problem at the expense of added 
volume, weight, power, complexity, and the attendant necessity for a high voltage power supply. 
It would be desirable to solve the problem simply by using a vidicon which does not have the prob-
lem at low illuminations. Such a device, called the "Picturephone tube," has recently been devel-
oped by Bell Telephone. Texas Instruments has also developed essentially the same tube which 
uses an array of photodiodes instead of a photoconductive surface. The advantages cited for this 
tube are: 

1. No image persistence due to photoconductive lag 
2. Higher sensitivity 
3. Wider spectral response, including sensitivity to a near IR gamma of unity 
4. Low dark current 
5. Longer life. 

These advantages appeared satisfactory, and a Picturephone tube was acquired from Bell 
Laboratories, Whippany, New Jersey; also, a modified GPL 1000 camera was purchased from 
General Precision Laboratories. This was the same type camera used with the Picturephone 
tube at Bell Laboratories. This camera has the capability of being operated at 60 frames and 
120 fields per second, as well as the conventional 30 frames and 60 fields per second. 

4.2 EXPERIMENTAL RESULTS 

Due to the lack of an image splitting prism and relay lens, the initial tests could not directly 
compare the IV and the Picturephone tube on the simulator. However, the tests so far using a 
Picturephone tube in a sensor have shown the following: 

1. The sensor operates well at the lowest required illumination. 
2. The output is linear with velocity at this illumination. 
3. The bias is acceptable. 

Fig. 4-1 shows the sensor output at three different velocities on the same scene. The tests 
were run with an illumination at the Picturephone tube of 0.023 foot-candle. The sensor gradients 
at ± 0.031, 0.065, and 0.130 inch per second on the Picturephone tube were 55, 51, and 48 volts 
per inch per second, respectively. Fig. 4-2 shows the same test at ± 0.007 inch per second on the 
Picturephone tube, indicating that the bias is low. Fig. 4-3 is a test at *0.0033-inch-per-second 
image velocity at the Picturephone tube of less than 0.02 foot-candle illumination. 
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Fig. 4-3 — Sensor output at }0.0033-inch-per-second image velocity 
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5. LOW LIGHT LEVEL CAMERAS 

5.1 STUDIES 

A study was conducted on TV camera tubes for low light level WS operation. This study 
was summarized in Itek document no. 9415-67-173 dated 15 November 1967. 

Various tube types such as lead oxide and antimony trisulfide vidicons were evaluated. The 
gain to be effected by use of image intensifiers with these devices was also determined. 

The WS mathematical model has indicated that the TV camera tube should exhibit low 
discharge lag and good integration and storage for maximum performance. The SEC vidicon 
exhibits all of these characteristics; however, its membrane target element raises questions 
regarding ruggedness. In addition, as it is a relatively new device, very few camera designs 
exist and insufficient data and history are available with regard to reliability. A short test gave 
inconclusive results which indicated possible operational problems when viewing low contrast 
scenes. That is, the modulation created by internal screens or grids may be greater than the 
modulation in the image. 

The PbO vidicon (plumbicon) promised low discharge lag, low dark current, slightly higher 
sensitivity, and a gamma of unity. These characteristics suggested considerable improvement 
in performance when compared with an Sb2S3  vidicon such as the 8567. For this reason, an 
industrial plumbicon camera was obtained from the Amperex Corporation and subjected to several 
days of evaluation. Considerable improvement in subjective picture quality was observed on the 
monitor. However, its performance in the IVS was similar to that obtained with the 8567 tube. 
That is, the predicted improvement did not materialize. This can be attributed to the short stor-
age time of the plumbicon. As this attenuates the smear effects, the IVS sensitivity is reduced. 

Thus, it was concluded that the Sb2S3 vidicon offered the best alternative at this time. 

In order to extend the illumination range of the 8567 vidicon, image intensifiers were in-
vestigated. It was concluded that a single stage, 25-millimeter, in and out image intensifier 
would provide the performance required. 

5.2 ITEK INTENSIFIER VIDICON (N) CAMERA DEVELOPMENT 

An Itek intensifier vidicon camera system has been designed and developed. Fig. 5-1 shows 
the intensifier vidicon system schematic. The camera is packaged into two units consisting of a 
camera head and an electronic control box. The camera head consists of the housing, N, pre-
amplifier, and horizontal and vertical deflection circuits. The remainder of the camera elec-
tronics are contained in the electronics box. Where possible, integrated circuits are used to 
decrease the size and power consumption of the camera system. Several power supply configura-
tions were designed to eliminate the series regulator but were not incorporated in the camera due 
to extreme ripple problems. High voltage and failsafe circuits are shown in Fig. 5-2. 
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5.2.1 Specifications  

The design specifications of the IV camera are as follows: 

1. Capability to function on a dc input supply voltage of 22 to 31 volts 

2. Standard of 525 lines per frame; positive 2:1 interface; 30 frames per second, 60 fields 
per second 

3. Horizontal resolution limited by IV response is 500 TV lines at center of format at 
highest light level 

4. A 25-millimeter (1:1) intensifier mated to an 8567 vidicon with fiber optics in and out 

5. A 7-mhz video bandwidth to accommodate 500 TV lines center resolution 

6. Scan linearity within 1 percent of best fit straight line 

7. DC restoration of clamping is keyed and adjustable 

8. Crystal controlled sync generation from a master oscillator 

9. No aperture connection or automatic target control 

10. The IV is capable of operating at a light level of 5 x 10-3  foot-candle at the intensifier 
photocathode. 

5.2.2 Circuit Description  

Horizontal Deflection Circuit  

The horizontal deflection circuit (Fig. 5-3) was designed as a positive feedback current inte-
grator with the deflection yoke as the integrating element. It is also a ringing type of deflection 
circuit to decrease the power consumption. The linearity and size of the deflection current is 
adjustable as well as the position of the raster. 

Vertical Deflection Circuit  

The vertical deflection circuit (Fig. 5-4) consists of a positive feedback voltage ramp gener-
ator driving a negative current feedback power amplifier. The ramp generator is similar to a 
boatstrap integrator with loop gain equal to one. The amplitude, linearity and postion of the 
deflection circuit is adjustable. 

Maximum use of integrated circuits is used in each of these circuits, where applicable. 

Power Supply 

The power supply is a dc to dc converter with input regulation only. The converter is driven 
at the half frequency of the horizontal line frequency so that switching transients of the converter 
occur during the vidicon blanking time. 

When power is switched, the converter is driven from a relaxation oscillator to obtain the 
necessary output voltages to start the sync generator. Then the sync generator horizontal drive 
pulses are fed back to sync the power supply to half frequency of the horizontal time rate. This 
eliminates any RFI time switching transients (conducted or radiated) from being introduced into 
the video signal. 
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Time Base Generator (Sync)  

The sync generator is controlled by a crystal oscillator. The outputs of the generator are 
the horizontal and vertical drive pulses and blanking pulses, mixed blanking pulses, and mixed 
drive pulses (mixed sync). The generator is designed with integrated circuits and all timing 
signals are solely dependent on the crystal clock; no one-shots or delay lines are used. The 
output is capable of driving heavy loads and the logic level is 6 volts. 

Preamplifier  

A low noise preamplifier (Fig. 5-5) with compensation to nullify the vidicon rolloff charac-
teristic was designed. An F.E.T. input stage was used to achieve the low noise characteristic 
and input high impedance to low output impedance transformation. The bandwidth of the pre-
amplifier was designed for 7 mhz since the IV cannot resolve any more than 500 TV lines at 
the center of format. 

Video Processor  

The video processor (Fig. 5-6) was designed with a 10 mhz bandwidth and includes a keyed 
clamp, mixed blanking, mixed sync for tip insertion and a gain adjustment. It is capable of driv-
ing a 50-ohm coaxial cable of a relatively long length (30 feet) with no bandwidth or amplitude 
degradation. 

5.2.3 IV Camera Test Results  

This section contains the results of performance measurements on the Itek IV camera. The 
camera contains an RCA 8567 vidicon mated to an RCA image intensifier. Measurements are 
given for each of two vidicons, differing slightly from one another in resolution. Data were taken 
using a Telemeasurements, Incorporated 1962 resolution chart with a light box and a Wollensak 
50-millimeter Cine Raptar lens. Comparative data using a Spectra Optoliner with standard 
RETMA resolution chart is also given on one of the tubes. 

Slightly better resolution was measured with the light box, probably due to the better lens. 
All measurements are taken with the light box and Wollensak lens, unless noted. Resolution, 
dynamic range, and sensitivity were measured for each tube and are summarized in Tables 5-1 
and 5-2. Measurements were taken using the experimental arrangement shown in Fig. 5-7. 

Resolution was measured at each of several spatial frequencies in the center of the tube and 
at one spatial frequency along each of the four sides. Percent modulation was measured using 
the delayed-time-base oscilloscope and displaying only single lines. The single lines were 
identified with respect to the total raster by using the GATE A output of the oscilloscope, which 
provided z-axis blanking on the monitor of the single line being displayed on the oscilloscope. 
Resolution was normalized to 100 percent modulation using a black-to-white transition in the 
upper portion of the resolution chart. 

Signal current, dark turrent, and limiting (5 percent modulation) resolution were each 
measured versus target illumination (I) and target voltage (VT). Target illumination was mea-
sured by using the Spectra Optoliner (calibrated at 2,870 °K) to determine signal output current 
at a calibrated light level (1 foot-candle). Measurements were then taken using the Wollensak 
lens and lightbox, adjusted so as to give an identical signal current. Lower illuminations were 
obtained by using either neutral density filters or discrete increments in lens stops. Signal cur-
rent measurements include dark current. 
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Table 5-1 — Summary of Test Results for Higher Resolution Vidicon 

1. Resolution (1 foot-candle at 2,870 

Lines 

At center 

{ 

°K, VT = 13 volts) 

Light Box, 
Per Raster 	percent modulation 

200 	 50 
300 	 25 
400 	 15 
500 7 

Top center 200 35 
Bottom center 200 40 
Left center 200 40 
Right center 200 35 

2. Signal current / dark current /limiting resolution versus target illumination (2,870°K) and 
target voltage (na/na/TV lines) 

I, foot-candle 

10°  

VT = 13 volts 

240/2/525 

VT = 25 volts 

Saturated 

VT = 46 volts 

Saturated 

VT = 60 volts 

— 

10-1  85/2/– 240/7/525 Saturated — 

10-2  25/2/– 80/7/– 220/40/– — 

10-s  7/2/– 22/7/– 70/40/– –/–/300 

1.25 x 10-4  3/2/– 9/7/– 44/40/– –/–/200 

3. Number of gray scales at 1 foot-candle (2,870 °K): 9 

4. Peak-to-peak noise: 325 my 
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Table 5-2 — Summary of Test Results for Lower Resolution Vidicon 

1. Resolution (1 foot-candle at 2,870 °K, VT = 13 volts) 

Lines Per Raster 

200 

Optoliner, 
percent modulation 

28 

Light Box, 
percent modulation 

40 
At center 300 16 20 

400 6 14 
Top center 200 26 30 
Bottom center 200 30 32 
Left center 200 40 40 
Right center 200 34 32 

2. Signal current (na) versus target illumination (foot-candle at 2,870°K) 

I, foot-candle VT = 13 volts VT = 25 volts VT  = 46 volts 

100  225 Saturated Saturated 

10-1  130 220 Saturated 

10-2  32 100 220 

10-3  10 27 98 

3. Number of gray scales at (2,870 °K): 9 

4. Peak-to-peak noise: 140 my 
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Fig. 5-7 — Intensifier vidicon camera test arrangement 
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The number of gray scales and peak-to-peak noise are both measurements that are more or 
less subjective. Gray scales were counted if there was any obvious modulation difference that 
was above the noise. Peak-to-peak noise is especially subjective and does not include all of the 
peaks. It is probably more representative of the three sigma limits of the noise distribution. 

Improvements  

Improvements could be made in the power supply and the preamplifier. The efficiency of the 
power supply could be increased by eliminating the series regulator and incorporating a switching 
regulator. A completely switching regulated power supply has been designed and tested in the IV 
but with adverse effects. The ripple at the output introduced noise in the video signal, and in-
stability of the horizontal sweep generator required a more complicated redesign of the power 
supply which time did not permit. 

The noise of the preamplifier has been of major concern in the IV. The equivalent input 
noise current is above 1 nonoampere for a signal bandwidth of 7 mhz. Several other preamplifier 
circuits have been designed and tested but the above noise current is the minimum value so far 
achieved at Itek. 

5.3 INTENSIFIER RADIOMETRIC CHARACTERISTICS 

5.3.1 Purpose of Measurement  

A single stage 25-millimeter image intensifier was tested to evaluate its radiometric and 
photometric characteristics. The characteristics evaluated were: (1) photometric gain of the 
tube as a function of applied voltage; and (2) radiometric characteristics of the photocathode 
(input surface) and phosphor screen (output surface). 

5.3.2 Equipment Used  

1. EG&G model 585-11 monochromator housing with visible and ER gratings 
2. EG&G model 585-63 detector head 
3. EG&G model 585-00-63 controller 
4. EG&G model 585-30 beam input optics 
5. Spectra brightness meter model SB1/2 
6. Bausch & Lomb model 31-33-53 microscope illuminator 
7. Machlett Intensifier serial no. H1346 
8. Spectra 100 foot-lambert calibrated lamp 
9. Schneider componon, 80-mm, f/5.6 lens 

10. Diffuse incandescent source. 

5.3.3 Test Procedure 

Photometric Test 

The unit was tested by introducing the input face of the intensifier into the image plane formed 
by a Schneider Componon lens. The lens imaged a diffuse incandescent source at 1.18:1 conjugates. 
This condition forms an f/10.2 image (see Fig. 5-8). 
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Brightness at the output of the intensifier was measured with a Spectra brightness meter. Input 
illumination was determined by measuring scene brightness and lens transmission with the bright- 
ness meter and computing E as follows: 

Btarget = 225 foot-lamberts 

Bimage  = 190 foot-lamberts 

T lens = 85 percent 

Conjugate ratio = 1.18:1 

Image f/no. = 5.6 M  m+ 1  

= 10.2 

Elm. age = 4 B(f/no.) 
 	 - 0.45 foot-candle 

where B = brightness, foot-lamberts 
= transmission 

M = magnification 
E = illumination, foot-candles 

Perpendicular brightness was measured at various high voltage supply settings from 3 to 15 
kilovolts. Brightness was also measured at various angles to determine if the output was lambertian. 

Radiometric Test  

Photocathode Response. The intensifier photocathode response was determined by placing the 
photocathode at the output of the monochromator and illuminating the photocathode surface (see 
Figs. 5-9 and 5-10). A Bausch & Lomb microscope illuminator was used as an energy source. 
The output was measured in foot-lamberts with the brightness meter. Intensifier voltage was 
maintained at 15 kilovolts. Various wavelengths (350 to 1,200 millirnicrons) were used, and the 
output brightness was measured for each wavelength. The intensifier was removed and radio-
metric measurements on the monochromator output were made with the EG&G detector head. 
These readings were taken at the same wavelengths previously use to illuminate the intensifier. 
These two.data runs provided a relationship of intensifier output to intensifier input. 

Output Phosphor Response. The intensifier photocathode was illuminated with a 100 foot-
lambert source and the output response was measured with a spectroradiometer (see Fig. 5-11). 
The test was run with intensifier voltages of 15 and 6.7 kilovolts. 

5.3.4 Test Results 

5.3.4.1 Photometric Gain Characteristics 

Fig. 5-12 is a plot of the gain data obtained from perpendicular output brightnesses for various 
control voltages. Fig. 5-13 is a plot of viewing angle versus brightness. 

The test data show the relationships of gain in foot-lamberts per foot-candle for various 
voltages. However, output energy in foot-lamberts is not meaningfull in evaluating vidicon per-
formance. A meaningful term is gain in foot-candles per foot-candle. 
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It would be simple to make this conversion if the output were lambertian; however, as shown 
in Fig. 5-13, this is not the case when the output interface is air. For the lambertian case, the 
output brightness in foot-lamberts is exactly equal to the illumination in foot-candles. 

Examination of the fiber output plate shows a Fresnel type reflection loss which varies with 
ray angle when the rays exit from the fiber optics. This loss would not be the same in a coupled 
IV, since all the surfaces are in optical contact. 

Illumination with an air interface can be evaluated as shown in Fig. 5-14. Illumination through 
a small area A can be determined by integrating the total flux falling on the hemisphere. 

Tr/2 
F = 	(II)) (d 12)  

0 

where F = flux in lumens 

= intensity at angle cP 

12 = solid angle 

(22r R sin cb) R (dp) 
df2 - 	R2 

Examination of a normalized brightness versus viewing angle curve shows that the brightness 
falls off approximately as a function of cos cP, i.e., B4 B1  cos cP . This is a conservative approxi-
mation. The perpendicular intensity of small area A is II  = Bi A. The intensity varies by a cos 
cp term as the area viewed by the brightness meter increases by a cos cP term, i.e., 	= (BO) 
(cos (0) (A). But Bo as determined experimentally is B1 cos . Therefore, Icb = Bi cos2  (p A. 
This results in the following expression: 

. (22r R sin 0) (RdcP)  221. 	cos3  
E = F/A = f 

Ir 	
2 B1  cos 	R2 	 3 

0 

E =
2ir  Bl 

where Bl = brightness, candles/ft2  
E = illuminance, foot-candles 

if Bl  is expressed in foot-lamberts 

E = —3 B1  

As can be seen from the analysis, the conversion from brightness to foot-candles is between 
0.66 and 1.0 times the perpendicular brightness in foot-lamberts. The actual illumination at the 
vidicon photosensitive surface would be less than this range due to losses within the vidicon face-
plate. However, it is estimated that these losses are relatively small and the above stated range 
is valid, particularly in light of the conservatism of the cos ' approximation of brightness. 
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Fig. 5-8 — Photometric test arrangement 
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Fig. 5-9 — Photocathode response test arrangement, output brightness 

Fig. 5-10 — Photocathode response test arrangement, photocathode irradiance 

D/SECRCT 	 83 



120 

100 

G
ai

n,
  f

oo
t-

la
m

be
rt

s/
fo

ot
-c

an
dl

e  

80 

60 

40 

20 

0 

NRO APPROVED FOR 
RELEASE 1 JULY 2015 

BIF-059-4035-69 

HANDLE via BYEMAN 
CONTROL SYSTEM 

D/SECRET 

Lamp   Intensifier 

L         I 
Photocathode— Spectroradiometer 

— Output phosphor 

Fig. 5-11 — Output phosphor test arrangement 
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Fig. 5-12 — Gain versus voltage for perpendicular output brightness for 
various control brightnesses 
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5.3.4.2 Radiometric Test 

Figs. 5-15 and 5-16 are plots of the radiometric test data showing normalized response. 

Photocathode response is claimed by the vendor to be S-20 with extended IR response. The 
experimental response curve was nearly indentical to an S-20 curve except it was displaced toward 
the IR by approximately 75 millimicrons. 

Output phosphor response is claimed by the vendor to be P-20. The experimental curve had 
nearly the same shape as a P-20 but was shifted approximately 30 millimicrons toward the blue. 
As can be seen on Fig. 5-16, there was no appreciable difference in phosphor response at 15 kilo-
volts versus 6.7 kilovolts. 
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Fig. 5-15 — Relative response—intensifier photocathode 
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6. POTENTIAL POTENTIAL SENSOR IMPROVEMENTS 

6.1 FIELD OF VIEW 

The ETMA and EPEM sensors employ a 2 to 1 reduction between the interface aerial image 
and the face of the vidicon. A greater reduction would present more information to the vidicon and 
would reduce the magnitude of the error velocities seen by the vidicon. 

The presence of more information at the vidicon face could provide two significant benefits. 
First, improved gain control can be expected because the possibility of encountering a scene with 
no information, such as an open field, is reduced. Second, scene features such as city streets, 
which, if viewed diagonally, can produce cross-coupling, comprise a smaller portion of the total 
scene and contribute less to the total sensor output. 

Dynamic range and random bias variations are both dependent on modulation amplitude (see 
Section 2). The lower vidicon image velocities resulting from the greater minification allow a 
reduction in modulation amplitude, and, consequently, less random bias variations, with no 
sacrifice of dynamic range at the interface. 

The choice of a minification ratio has always been a tradeoff between illumination level, off-
axis velocities, and bias. Although the use of the image-intensifier has virtually eliminated light 
level as a consideration, the others are still important. However, the EPEM test results have 
indicated that the bias is low enough to seriously consider an increase in the minification ratio. 

6.2 VIDICON CATHODE MODULATION 

As indicated in Section 2, systematic bias was offset in the EPEM unit by adjustment of the 
vidicon alignment current. However, misalignment introduces aberrations into the vidicon 
electro-optical system. Limited tests have indicated that it is possible to alter the systematic 
bias by modulating the vidicon cathode potential at the line rate. This approach may provide 
greater vidicon sensitivity and an improved video signal-to-noise ratio. 

6.3 FREQUENCY RESPONSE 

The major deficiency in the sensor frequency response as it presently stands is the presence 
of a time delay caused by the scanning process. Doubling the camera frame rate would reduce 
the delay by approximately a factor of 2. In addition, a higher modulation frequency could be used, 
resulting in higher noise frequencies at the output, which would allow the time constant of the 
output filter to be reduced. 
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Appendix A 

SYSTEM ENGINEERING AND ANALYSIS 

1. INTRODUCTION 

A description of the essential elements of the mathematical model used in a computer study of 
the Itek image velocity sensor has been reported previously.* The model and the associated com-
puter programs during this initial phase of development were primarily concerned with the gen-
eration of modulation transfer functions for various conditions of image modulation and various 
values of constant input image velocity. These parameters are the determining elements which 
allow the sensor to behave as a velocity detector. The second area of development was the genera-
tion of the sensor output as a function of time through one complete modulation cycle. The third 
area of concentration was the harmonic analysis of the periodic output into the sensors components. 

Previous to the referenced report, the primary effort has been a detailed study of the effects 
of the image motion modulation parameters, i.e., modulation frequency and velocity, on sensor 
performance. 

A single discrete frequency analysis at 3.75-hz modulation was performed at this time, i.e., 
the input scene consisted of a target of a single, discrete, spatial frequency of unity brightness. 
This analysis proved valuable since it was the precursor for a later effort in determining sensor 
bandpass characteristics which led to a sound approach to the problem of automatic gain control 
(AGC). 

During this period, the image motion completer program was developed further to introduce 
the effects of vidicon lag (i.e., incomplete erasure of a particular blur pattern during readout), 
such that a blur pattern carried over from one raster scan to the next at reduced intensity. 
Although this modified image motion program was completed, it was not used in any studies until 
the next stage of effort. 

Also, during this initial period, no specification for the input scene spectra existed. Conse-
quently, these first studies were made using uniform amplitude Wiener spectrum, i.e., "white" 
scenes, which was a convenient way of temporarily ignoring the effects of a real scene. However, 
the spectra were later specified and were introduced as an essential element of the sensor model. 

The computer study program and the mathematical model initially proved themselves in a 
number of ways, some of which are indicated below: 

1. Through bandwidth studies of image motion MTF curves, adjustment in video amplifier 
bandwidth brought about improved signal to noise ratio. 

*Itek Report "Image Velocity Sensor," 9415-67-148, 15 August 1967. See Appendix A—System 
Engineering and Analysis, Sections land 2, and Appendix C—Computer Programs for Sensor Analysis. 
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2. Plots of the second harmonic indicated that amplitude changed with input velocity and, 
consequently, pointed out the inadequacy of using the second harmonic as a signal for AGC 
over the required range of input velocities. 

3. It was shown that the amplitude of the input velocity which started to show saturation effects 
is directly proportional to the modulation velocity. This led to an increase in the modula-
tion velocity for an increase in the sensor dynamic range. 

With this measure of success, the mathematical model was used in a series of practical 
problem solving efforts: 

1. The sensor response due to a degradation of the Itek designed lens for purposes of estab-
lishing a minimum amplitude lens MTF which would be acceptable for use with the final 
product was studied. 

2. By way of comparision with the lens degradation, a vidicon degradation study was made. 

3. The effect of lens defocus over a range of *0.050 inch in the interface image plane was 
studied. 

4. A study of a possible mechanism for producing a bias signal was made. This effort was a 
relatively small one. 

5. The possibility of a "fine-coarse" mode of operation for achieving improved sensor per-
formance, i.e., greater dynamic range during target track and improved null accuracy after 
acquisition, was investigated. 

The results of these studies are all reported in this report. They give an idea of the wide 
range of material that can be handled with relative ease and with a minimum of effort. 

During this period a method of AGC was developed not based on use of the second harmonic. 
The mathematical model was extensively used to study the feasibility of the new technique. It was 
necessary to determine the sensor bandpass characteristics with varying degrees of vidicon lag 
and, also, to determine the dynamic range of sensor sensitivity as a function of the newly specified 
Wiener spectrum. It is the function of the AGC to maintain a constant sensitivity despite changes 
in the input scene. As a by-product of this study some interesting properties were uncovered 
relative to signal phase shifts with vidicon lag. 

The last area that was studied during this phase of the effort was linear detection. This was 
a rather limited effort because of a lack of time. However, in the time available some meaningful 
comparisons of sensor performance were made between square law and linear detection. One very 
important result of this effort was to demonstrate that the AGC method developed previously when 
considering square law detection works equally well with the linear detector, i.e., independent of 
the type of detector used. 

2. LENS TOLERANCE STUDY 

The purpose of this study was to determine the relative effect of a range of lens MTF curves 
on sensor sensitivity and, consequently, under conditions of noise limited operation, the relative 
range of null error due to noise. 
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An average MTF curve over the region of the vidicon raster in the direction of image modu-
lation was obtained for the triplet design lens which represented a fairly good lens with a half-
power bandwidth at 25 lines per millimeter.* This is shown in Fig. A-1 labeled "average," together 

with several other degraded MTF curves labeled 25, 50, 75, and 87.5 percent. Each curve with a 
given percentage degradation was arrived at by taking a point on the average curve and reducing 
the given value of frequency by the indicated percentage maintaining the same amplitude of MTF, 
i.e., the 50 percent curve is obtained by multiplying the frequency scale of the "average" curve 
by 0.5, etc. 

Each of these curves was then used in turn in the mathematical model to determine a normal-
ized sensor sensitivity shown in Fig. A-2. These curves were generated for conditions of 15-hz 
modulation, 1/4-inch-per-second peak modulation velocity, zero lag and an average Wiener spec-
trum with exponent of 1.5. (See Section 6.2 of this Appendix or system specification no. EC701A, 
revision 5.) 

Since the sensor null error under noise limited conditions is inversely proportional to the 
sensitivity, the second curve of Fig. A-2 shows the relative increase in null error with lens 
degradation. 

The interesting feature of these curves is that between the "average" and the 25 percent 
degraded curves there is no noticeable change in sensitivity or null error, i.e., the sensor is quite 
insensitive to lens MTF variation in this region. The 50 percent degraded curve shows only a 
7 percent increase in null error. 

Image Defocus  

A family of defocus MTF curves, each one representing the average MTF over the field of 
view of the vidicon, was derived for the Itek designed triplet lens. The average MTF has been 
computed at focus increments of 0.003 inch over a range of *0.015 inch from paraxial focus. The 
nominal focus position is given by a defocus of —0.003 inch from paraxial focus, (see Fig. A-3). 
Because of the scale factor the defocus in the interface image plane covers the range of *0.050 
inch in increments of 0.010 inch. 

These curves were used in the sensor mathematical model to determine the consequent change 
in sensitivity. The nominal operating conditions for the study were 15-hz modulation frequency, 
1/4-inch-per-second modulation velocity, zero lag and a real scene with an average 1.5 exponent 
(see Fig. A-4). 

The system sensitivity decreased by a factor of 1.8 from the nominal focus position. It can be 
seen from the curves that initially the sensitivity does not change rapidly but the relative change 
increases with increasing defocus. The minimum sensitivity for the 0.050-inch defocus in the 
interface image plane is equivalent to the 87.5 percent lens degradation reported previously. 

3. VIDICON TOLERANCE STUDY 

A vidicon tolerance study (similar to the lens tolerance study in Section 2) was made to deter-
mine how rapidly the sensor sensitivity deteriorated with degradation of the vidicon MTF curve. 
The conditions of this computer run were again similar to those of Section 2, i.e., 15-hz modula-
tion, 1/4-inch-per-second peak modulation velocity, zero lag, and an average Wiener spectrum 
with an exponent of 1.5. 

*Internal Memo No. OSED-2-68-39, 31 January 1968. 
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Fig. A-5 is a curve of the normal vidicon MTF curve for the grid voltages as shown. This 
curve was degraded by 10, 20, 30, and 40 percent in the same sense that the lens was degraded 
(see Section 2). 

Fig. A-6 shows the change in sensitivity with percent vidicon degradation and, assuming noise 
limited operation, a second curve shows the respective increase in the null error. 

In comparison with the lens, the sensor sensitivity drops off more rapidly for changes in the 
vidicon MTF than for equivalent percent changes in the lens MTF. 

4. FINE-COARSE MODE 

Previous system studies with the mathematical model have indicated the possibility of a fine-
coarse mode of operation which would provide the sensor with a degree of flexibility and improve-
ment in performance. This fine-coarse mode would consist of a change in the peak modulation 
velocity of the modulator during the track of a particular target. 

Fig. A-7 is a plot of sensor sensitivity as a function of peak modulation velocity under the 
conditions of 15-hz modulation frequency, zero lag and a flat Wiener spectrum. The figure indi-
cates that the sensitivity increases with decreasing peak modulation velocity. 

Fig. A-8 is a plot of the input saturating velocity versus the peak modulation velocity under 
the same conditions of operation. The input velocity required to produce saturation increases with 
an increase in the peak modulation velocity. Therefore, it was believed that at the start of a track 
a relatively high modulation velocity would give rise to a wide dynamic range of operation prior to 
saturation even though the sensitivity would be low. Under noise limited operation the low sensi-
tivity gives rise to a poor null but during the initial phases of track or lock-on this is of small 
concern. As the relative velocity of the target is decreased through control of the tracking mir-
ror and the wide dynamic range is no longer required, a decrease in the peak modulation velocity 
gives rise to increased sensitivity and consequently improved null accuracy for the concluding 
stages of the track. 

With the inclusion of the definition of the Wiener spectrum in specification EC701A, revision 
5, a repeat of the computer study that resulted in the data in Fig. A-7 was made with the substitu-
tion of the Wiener spectrum for the flat spectrum. The two limiting cases of the spectrum were 
used to show the bounds of sensor sensitivity, i.e., minimum and maximum rate of change of the 
spectrum with spatial frequency as expressed by the exponents —1.1 for minimum and —1.7 for 
maximum. 

The results are shown in Fig. A-9. The original increase in sensitivity at the lower modula-
tion velocities is seen to have been lost particularly with the —1.7 spectrum and no improvement 
in null accuracy could be expected. Although the curve of constant —1.1 spectrum indicates some 
increase in sensitivity at 1/8 inch per second relative to 1/4 inch per second, this increase 
amounts to only about 10 percent. However, the increase in sensitivity on the —1.7 curve at 1/4 
inch per second relative to 1/8 and 1/16 inch per second indicates that operation around 1/4-inch-
per-second modulation velocity is nearly optimum. 

The difference in Figs. A-7 and A-9, indicates that the total sensitivity results from the com-
bined effect of the sensor bandpass characteristic and the scene spectrum as given by 

K = f (/)(co) K(w) dco 

where OM = Wiener spectrum 
K(co) = sensor bandpass characteristic 
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Fig. A-7 — Fundamental sensitivity versus peak modulation velocity 
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In Fig. A-7 the spectrum is assumed flat and normalized to unity such that the sensitivities 
at the various modulation velocities represent the value of the integral of the sensor bandpass 
characteristic for each value of modulation velocity. The sensitivities in Fig. A-9 are the integral 
of the product of the scene spectrum and the bandpass characteristic which is representative of the 
real situation. 

5. BIAS STUDIES 

A possible source of bias considered is the modulation of an image on a vidicon whose modula-
tion transfer function chances as a function of distance from the center of the raster. Therefore, 
in the mathematical model the vidicon MTF was made to vary in a sinusoidal fashion at the same 
frequency as that of modulation. Thus, as the image is displaced sinusoidally, parts of the image 
(depending on the nature of the nonuniformity of the MTF and depending on the distribution of 
scene information across the face of the vidicon) are subjected to sinusoidal variations in spatial 
filtering. The amplitude of the MTF generally decreases as a function of distance from the raster 
center. Therefore, for image displacements away from the center greater attenuation occurs, and 
towards the center, amplification occurs. 

Initially, to demonstrate the characteristics of this phenomenon, the vidicon MTF was assumed 
to degrade linearly from the raster center to the edge over all frequencies within the range of 
vidicon response. Also, the total degradation in performance at the edge relative to the raster 
center was assumed to vary in steps of 80, 60, 40, 20, and 0 percent. 

Since the image modulation is limited to a peak-to-peak displacement of 0.006 inch, the peak-
to-peak change in the vidicon MTF as seen by any portion of the scene is given by 

Maximum displacement  x percent change in MTF from center to edge 
Length of 1/2 raster width 

Thus, for the above assumed maximum percentage changes in MTF and with an assumed 
1/2 raster width of 0.24 inch, the maximum percent change in vidicon MTF over the modulation 
cycle corresponds to 0.5, 1.0, 1.5, 2.0, and 2.5 percent, respectively. 

The results of the computer study show that some fairly high levels of bias are achieved based 
on the model used. It was shown that the bias over each half of the raster is of opposite polarity, 
as anticipated, since the direction of change in the MTF is reversed relative to the direction of 
modulation. 

It can be stated that for equal percent degradation in the vidicon MTF over each half of the 
raster, the bias reduces to zero in using a full line rather than a split line since the negative 
bias of one side cancels or compensates the positive bias of the other side. 

The model also predicts that the bias for a split line decreases with a decrease in the peak 
modulation displacement. 

6. AUTOMATIC GAIN CONTROL (AGC) 

This study was undertaken to investigate possible improvements in AGC, and to develop a 
rationale for the operation of an AGC circuit. It has been observed, from previous mathematical 
model studies, that the second harmonic, which had been used as an AGC signal, changed in 
amplitude by 40 to 50 percent over an input velocity range from zero to one-half the peak modula-
tion velocity. Therefore, despite the performance of the second harmonic in accommodating 
changes in signal strength due to changing scene characteristics, it was also causing gain changes 
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with scene velocity to add to difficulties of maintaining a constant sensor sensitivity and linearity 
over a reasonable velocity range. The variation in second harmonic amplitude with velocity has 
also been confirmed experimentally to approximately the same magnitude. 

The available signals for use as an AGC signal are not many. There are the higher harmonics 
available such as the third and fourth as well as the second harmonic and also the average do and 
the average ac of the video signal. 

It was observed from the mathematical model that the average video ac power was constant to 
better than 10 percent over the same velocity range as quoted above in connection with the second 
harmonic. Therefore, it was decided to investigate the possibility of using the average video power 
to determine how the average video power changed with scene parameters in relation to the funda-
mental, and to determine if the two were compatible. 

6.1 Theory of AGC  

Since AGC is required to make the sensor sensitivity independent of changes in scene param-
eters (average brightness, contrast or modulation and scene content) it is necessary to relate 
sensitivity to the scene. Any scene can be described in terms of its Wiener spectrum. The sys-
tem specification provides, in terms of the Wiener spectrum, a range of scene characteristics to 
be encountered in practice at least as well as can be defined at the present time. Therefore, with 
the sensor bandpass characteristic and any given scene spectrum the total sensitivity is given by 

Ktotal 	
K(w) dw 	volts  

inch/second 

where OM = scene Wiener spectrum in (brightness)2/cycle/mm 
K(w) = bandpass characteristic expressed as volts/inch/second/(brightness)2  out of a 

square law detector 

Similarly the total average power is given by 

p  total = cp(w) P(w) dw 

where P(w) = the bandpass characteristic of the average video power expressed as volts/ 
(brightness)2  out of a square law detector 

The sensitivity, Kota', and the average power, 13tot2j, will be the same function of the scene 
spectrum (for purposes of AGC) provided 

P(w) = a K(w) 

where a = a constant multiplier 

As will be shown later, P(w) has a low pass filter characteristic and K(w) is a bandpass filter 
such that the equality above does not hold. By inclusion of a filter in a branching channel (see 
Fig. A-10) such that 

P(w) I MTF  I biter = a K(w) 
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then 

15total = f (P(co)  P(w) I MTF12  dw =  K, a total 

and 

°total = a diCtotal 

Therefore, the average video power changes with scene spectrum are comparable to changes 
in the total sensitivity. Also, the required filter characteristics are determined directly from 
KM and P(cv), 

)1 "2  
k IMTF I - 

K(C0 
P(co) 

where k = a normalizing constant 

6.2 Bandpass Characteristics  

To study the feasibility of the above method of AGC, the mathematical model was used to 
determine the bandpass characteristics of the fundamental component of the signal and the average 
video power. 

Fig. A-11 is a plot of the amplitude of the fundamental component at the output of a square law 
detector versus input velocity for a range of discrete spatial frequencies used as the input scene. 
The brightness amplitude of each input frequency is normalized to unity. Also, a zero discharge 
or readout lag p = 0.0 is assumed. 

It is noted that for frequencies of relatively high sensitivity, the curve is linear to an input 
velocity ratio of approximately 0.5 (fractional part of the peak modulation velocity). The extended 
linear range of the low frequency of 2/3 cycle per millimeter is of considerable interest which 
indicates that, generally, the linear range of low frequencies is greater than that of high 
frequencies. 

A polarity inversion is observed over a small range of spatial frequencies for a portion of 
the input velocity range (see curves for 71/3  and 8 cycles per millimeter). This is of not much 
significance because of the relatively small amplitude of signal in comparison to some of the other 
frequencies. 

Fig. A-12 is similar to Fig. A-11 with the addition of a 0.2 factor of lag, i.e., 0.2 of the signal 
remains after readout. The most significant effect of the lag is the decrease in linearity over the 
velocity range 0 to 0.5 and also the introduction of phase shift both as a function of input velocity 
and as a function of spatial frequency. As a consequence of this phase shift and the use of a phase 
sensitive detector in the signal processing, the fundamental amplitude has been corrected by the 
cosine of the phase shift from an average phase which maximizes the output. The corrections 
were made only over the velocity range 0 to 0.5. 

Fig. A-13 is the same plot with additional lag, i.e., p = 0.4. Again the data have been cor-
rected for phase shift over the velocity range 0 to 0.5. The most significant effect of the increased 
lag is the marked decrease in the linear range. The low frequencies, i.e., 2/3 and 4/3 cycles per 
millimeter, still show better linearity. Also, the frequency of 18/3 (6) cycles per millimeter 
which showed no polarity inversion for p = 0.2 (Fig. A-12) does go through an inversion when 
p = 0.4. 
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Fig. A-11 — Detector output versus input velocity for a range of discrete 
spatial frequencies 
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From each of the figures it is possible to determine a linear sensitivity for each of the spatial 
frequencies which determine the bandpass characteristic, K(w), at each value of lag. From the 
harmonic analysis of the detector output which gives the amplitudes of the fundamental for Figs. 
A-11, A-12, and A-13 the average video power is also obtained. The bandpass characteristics for 
the fundamental and the average video for zero lag are plotted in Fig. A-14. A plot of the AGC 
filter for modifying the average video as derived from the fundamental and average video bandpass 
characteristics is shown in Fig. A-15. Fig. A-16 is a plot of sensitivity and average video power 
with and without the filter of Fig. A-15 as a function of scene spectrum. The scene spectrum is 
defined in the system specification no. EC701A revision 5 as an inverse function of spatial fre-
quency to the (m + 1) power 

(brightness)2  
4)(w)  o(nrni-I cycles per millimeter 

where 1/3 w lc 15 cycles per millimeter at vidicon with 24,000:1 scale factor and 1.1 m + 1 
1.7 

It can be seen, from Fig. A-16, that the average power without the filter only changes half as 
much as the sensitivity in going from the 1.1 to the 1.7 spectrum. With the addition of the filter, 
the change in average power agrees very closely with the change in sensitivity (to within two deci-
mal places) over the range of scenes. 

Similarly for discharge lags of 0.2 and 0.4, the bandpass characteristics for the fundathental 
component and the average were determined, together with the AGC filter characteristics. 
Finally, the sensitivity and average power with and without the AGC filter were determined. These 
are plotted in Figs. A-17 through A-22. 

The principle results are shown in Figs. A-19 and A-22 where it is again demonstrated that 
changes in the average video power with the filter follow very closely the changes in sensitivity 
(within 3 percent as the scene spectral density changes. With an increase in the lag, the accuracy 
of determining the AGC filter characteristics decreases, first of all, due to the required amplitude 
correction of the fundamental component for phase shift and, secondly, due to the increased error 
in linear approximation of the sensitivity at each spatial frequency over the velocity range of 
interest (see Figs. A-12 and A-13). For the case of 0.4 lag, the linear range is reduced such that 
linear approximations to the sensitivity were made over the velocity range 0 to 0.2 of the peak 
modulation velocity. 

6.3 Linearization and Extended Dynamic Range  

An interesting byproduct of the AGC signal which is described in Section 6.2 above is its 
effect on linearizing the fundamental, and thus extending its linear range beyond the input velocity 
ratio of 0.5 to at least a velocity ratio of 1.0 which was the upper limit of velocities used in these 
studies. 

This comes about as a consequence of the fact that the AGC signal shows some increased 
dependence on velocity as lag is introduced. Assuming that the AGC is connected in a feedback 
loop such as to modify the forward loop gain in inverse proportion to the level of the average video, 
the fundamental was multiplied by the inverse of the relative change in the average detected video. 
The results are shown plotted in Figs. A-23 and A-24 for the two extreme cases of input scene 
spectrum, i.e., scene spectrum of 1.1 and 1.7. It can be seen that not only is the linearity improved 
over the velocity range zero to 0.5 but, also, the dynamic range is considerably extended. 
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This particular result should be investigated further both experimentally and with the mathe-
matical model for the cases of 0 and 0.4 lag. 

7. PHASE SHIFT WITH LAG AND SENSITIVITY 

Because the phase of the fundamental shifts with lag and, the output stage of the sensor is a 
phase sensitive detector (PSD) (whose gain decreases as the input signal becomes out of phase 
with the driving reference voltage) comparisons of PSD outputs under various conditions of ref-
erence voltage settings and lag were made. 

For this comparison, data generated at 15-hz and 1/4-inch-per-second modulation and an 
average input scene spectrum of 1.5 were used for the cases of 0.0, 0.2, and 0.4 lag. 

Fig. A-25 is a plot of the integrated output over all spatial frequencies fora real scene spec-
trum of 1.5 for constant values of lag. It is assumed that the reference voltage to the phase sensi-
tive detector is adjusted for each value of lag to optimize the output. It can be seen that the linear 
range of operation decreases with lag and the sensitivities near null are approximately equal. 

Fig. A-26 is a similar plot of integrated output over all frequencies with the reference voltage 
set to optimize the output for zero lag only. Therefore, the outputs for p = 0.2 and 0.4 have been 
decreased correspondingly by the cosine of the relative phase shift. The linear range of operation 
is not changed but the sensitivity is decreased for increasing lag. 

In Fig. A-27 the reference voltage has been set to optimize the output for 0.4 lag. Therefore, 
the outputs for p = 0.0 and 0.2 have been correspondingly decreased by the cosine of the relative 
phase shift. Again the linear range of operation has not been affected for any of the values of lag. 
However, it is observed that the sensitivity of the zero lag has been reduced below that of the 0.2 
and the 0.4 lag. 

8. DETECTION 

8.1 Linear Detection  

In the mathematical model, a square law characteristic had been assumed for the video detec-
tor as a mathematical simplification. In practice it is difficult to achieve a square law detector 
which will perform as such over a wide range of input signals, and consequently a linear detector 
is used. 

In order to resolve some of the questions concerning possible relative advantages and disad-
vantages of each type of detector, a computer run was made with the following modification to 
simulate performance with a linear detector. 

It is shown by Davenport and Root* that the average output of a linear detector is proportional 
to the standard deviation of the input where the input has a Gaussian probability density function. 

The density function of video signals of a scene may well be approximated by a Gaussian func-
tion and, therefore, the mathematical model was modified to provide a detector output proportional 
to the standard deviation of the input. 

*Davenport, and Root, "Random Signals and Noise," pp. 267-269. 
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Fig. A-25 — Integrated output for 1.5 real scene spectrum (0.0, 0.2, 
and 0.4 lag factors) 
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Fig. A-26 — Integrated output for 1.5 real scene spectrum, optimized for 
0.0 lag factor 
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Fig. A-27 — Integrated output for real scene spectrum, optimized for 
0.4 lag factor 
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Since, in the square law detector case, the instantaneous power into the detector was calcu-
lated throughout a modulation cycle, summed over all spatial frequencies for a particular input 
velocity, the standard deviation could be obtained simply by taking the square root of the power. 
For real scene inputs and with lag equal to zero, such a computer run was made and the detector 
output was then harmonically analyzed to determine the average output, the fundamental and its 
harmonics. 

Some results of this run are shown in Figs. A-28, A-29, and A-30. The general character of 
the curves has not changed from that of the square law case except for changes in the ordinate 
scales. 

It is interesting to note the behaviour of the second harmonic and the average output with 
velocity for purposes of an AGC signal as described in Sections 6.1 and 6.2. Similar to the results 
of the square law case, the average detector output is much more uniform with velocity than the 
second harmonic and would, therefore, seem to be much better to utilize for AGC. 

Table A-1 gives a comparison of some essential characteristics between the linear and the 
square law detectors. 

The following observations are made: 

1. The square law gives approximately 2x the percent modulation of the linear for a given 
scene and input velocity. 

2. The square law detector gives 1.0 to 1.5x the sensitivity of the linear detector depending 
on the scene, i.e., the factor increases with decreasing exponent of scene spectrum. 

3. The linear detector shows slightly less change in sensitivity for given change in scene, 
i.e.: 

a. Linear 
	

2.4:1 
	

1.1 to 1.7 scene 
b. Square law 
	

2.8:1 
	

1.1 to 1.7 scene 

4. The average output of the square law detector is approximately equal to the square of the 
average output of the linear detector. 

8.2 Detector Theory  

Several relationships can be derived by comparing linear and square law detectors. 

The output of a square law detector is proportional to the input power, y = kx2. From the 
mathematical model, the output of the sensor under normal operation using a square law detector 
with a real scene input and at some constant input velocity is harmonically analyzed into its com-
ponents. Referring the sensor output through the detector gain, to the input of the detector i.e., 
average power into the detector, the components of the video power have the following form: 

Di(t) = ao  + ai sin wm t a2  sin 2com t + . . . 

Sq. law 	 (A.1) 

=E an eicent 

n 

where Di(t) = square law detector input (video power through a modulation cycle) 
Sq. law 
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Table A-1 — Comparison of Linear and Square Law Detectors 

Note: Msq  law  = 2  Mlin 

Linear Square Law 

Scene 

Sensitivity 
Kiln  

v/in./sec 
Average 

Pun 

Mlin/v 
Percent 

Modulation/ 
milli-in. /sec 

2 Klin  
Pun 

Sensitivity 
Ksq  law  

v/in./sec 
Average 
Psq  law  

Msq law/v 
Percent 

Modulation/ 
milli-in./sec 

1.1 

1.3 

1.5 

1.7 

0.58 

0.44 

0.32 

0.24 

0.74 

0.68 

0.62 

0.58 

0.078 

0.065 

0.052 

0.041 

0.86 

0.60 

0.40 

0.28 

0.87 

0.60 

0.42 

0.31 

0.55 

0.46 

0.40 

0.35 

0.16 

0.13 

0.11 

0.089 
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The a° term is the average power in the ac video signal and does not include any dc power 
associated with the average brightness of a scene. 

In Section 8, the output of a linear detector was described as proportional to the standard 
deviation of the input which can be described by a Gaussian density function. Therefore, for the 
sensor with a real scene input (approximately Gaussian) and using a linear detector, the output will 
be proportional to 

Di(t) = VIh(t) 
Linear Sq. law 

= (ao + at sin wm t + a2 sin 2com t + . . .)1/ 2 
	

(A.2) 

a  eJwilt)an
n 

 

where Di(t)-s input to linear detector (rms level of the video signal through a modulation cycle) 
Linear 

Again the mathematical model shows that the harmonic analysis of the linear detector output 
can be broken down into similar components, i.e., 

Di(t) = b0 +131 sin com  t + b2 sin 2com 
Linear 

E= bn  eiwnt  

n 

	
(A.3) 

Since DI(t) 	= Di(t) 	= 
Linear 	Sq. law 

2 (E, ejcont) 

an expansion of the above is equal to the following 

128 

2 

Di(t) 	= Ebneiont =14+2130 b1 sin coy' t + 2bo b2 
Sq. law 

+132 sine  wM  t + by sine  2coM  t + . . . 

+ cross product terms 
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Equating similar similar terms in Equations (A.1) and (A.4) 

ao =131 
	

(A.5) 

a1  = 2130  b1  

a2  = 2b0 b2 	 (A.6) 

From Equation (A.5) it is seen that the average rms input to the linear detector, b0, is equal 

to the square root of the average video power into the square law detector. 

Also, percent modulation of the fundamental is defined as 

Mi _ - 
ao 

and 

respectively for the square law and linear detectors. Dividing Equation (A.6) by Equation (A.5) 

ao bo =2N
1 
	 (A. 7) 

Therefore, the percent modulation at a given input velocity for a square law detector is twice 
as great as that for a linear detector. 

8.3 Percent Modulation of Image Motion MTF 

Similar to the data in Figs. A-11 and A-14 for zero lag (and also for lag not equal to zero), a 
set of plots characteristic of the image motion, modulation transfer function (MTF) can be obtained 
from the mathematical model. This is accomplished by setting the lens, vidicon and amplifier 
transfer functions equal to unity for a discrete frequency analysis. The harmonic analysis of the 
output would give the Fourier series components of the amplitude of the I MTF 1 2  for the square 
law detector as a function of spatial frequency and input constant velocity for a given frequency and 
peak velocity of image modulation. Therefore, the periodic variation in the I MTF1 2  can be repre-
sented by its Fourier components 
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1MTF1 2(t) = I MTF1 2  [1 + mi(co,v) sin com t + m2(co,v) sin 2com t + . . .] 
Motion 

v = vm  
W. Wn 	

(A.8) 

where 	I MTF1 2  = average value of IMTF1 2  for v = vm  and co = con  
mi(co,v) and m2(w,v) = percent modulation of I MTF1 2  at the fundamental and second harmonic 

frequencies respectively for v = vm  and co = con  

The fundamental component of the input power to the square law detector for a given input 
constant velocity is given by the following: 

at  = f q5 (wx) mi(w,v) IMTFI 2(co,v) IMTFI 2 	dco 
Motion 	Lens 

Vid 
Amp v = vn  

(A. 9) 

  

where 	ai = amplitude of fundamental component of video power [see Equation (A.1)] 

g5(w) = Wiener spectrum of input scene 

IMTFI 2  Lens = combined product, squared, of the lens, vidicon and amplifier modulation transfer 
Vid functions 
Amp 

Over the linear region of operation where the signal is proportional to the input velocity (see 
Fig. A-11), the percent modulation is proportional to the input velocity, i.e.: 

mi(co,v) = v mi(co) 

and 

mi(co,v) percent modulation  
mi(co) input velocity 

Therefore, the total sensitivity if given by 

(A.10) 

KSq law = 	mi(co) IMTF12  IMTFI2  dw 	 (A.11) ' 
total 	 Motion Lens 

Vid 
Amp 

The sensor bandpass characteristic for the fundamental component is given by (see Fig. A-14) 

 

K(w) 	= m1(co) IMTFI 2  IMTFI 2  
Sq law 	 Motion Lens 

Vid 
Amp 

(A.12) 
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and the total sensitivity in terms of the bandpass characteristic is 

K
sq law 

= f cp(co) K(co) 	dw 

total 	
Sq law 

(A.13)  

Similarly the average, video ac power, ao, at some input velocity vn, is given by the following: 

ao  = f *(co) IMTFI 2(co,v) I MTF12 	dw 

Motion 	Lens 
Vid 
Amp 

 

(A.14)  

v = vn  

  

As mentioned in Section 6.1, the average video power is approximately constant over the 
linear region of operation and therefore, 

IMTFI 2  (co,v) = I r4TP12(co) 	 (A.15) 

i.e., independent of input velocity 

Setting the bandpass characteristic for the average video power equal to (see Fig. A-14) 

P(co) = I MTF1 2(co) I MTF 1 2 	 (A.16) 
Motion Lens 

Vid 
Amp 

and therefore, 

ao = I 0(co) P(w) dw  (A.17) 

Similar equations can be developed for the linear detector. Whereas the input average powers 
of the various input spatial frequencies are additive for the case of the square law detector, the 
output of the linear detector is not equal to the sum of amplitudes of the input frequencies. To 
see what the average rms and the amplitude of the fundamental component of the rms variation 
of the video signal is, turn to Equations (A.5) and (A.6). 

The average for the linear detector is given by 

bo 
= (4)112  = [1 (P(w)  P(w) dw]1"2 = PlAnear 

and the fundamental is given by 

V I 00 K(w) dw 

b 

	

	 Sq law  
2b0  2[f q5(co) P(co) dud" 

where K(w) and P(w) are defined by Equations (A.12) and (A.16). 
Sq law 

(A.18)  

(A.19)  
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From Equation (A.19), the total linear detector sensitivity is 

f 0(0)) K(w) 	dw 
Sq law  

K to = - 
L ital

near v 2U 0(w) P(w) dco1112  
(A.20)  

 

and the relationship between the square law and the linear sensitivity is given by 

 

law = 2K Linear PLinear 
total 	total 

(A.21)  

 

Referring back to Table A-1, we can see the very close agreement as established by Equation 
(A.21) over a range of input scene spectrum. 

It can also readily be shown that the following relationship between the percent modulation 
per constant input velocity exists: 

KLinear 	KSq law 
N1. 	total  1  total 	1 n„ 
V 	ho 	2 ay 	- 2 V 

 

(A.22)  

 

i.e., the percent modulation per unit input velocity for the linear detector equals one half that for 
the square law detector. 

Again referring to Table A-1, we see the very close agreement where in the table the 
symbolism 

M
Linear = Nt  

and 

na
Sq law = Mt 

 

is used. 

8.4 AGC Filter With Linear Detector  

In Section 6.1 a scheme for AGC is proposed using the average value of video power together 
with a filter such that the bandpass characteristic of the average is made identical to the bandpass 
characteristic of the signal component. Thus, any changes in the scene spectrum produce identical 
changes in the magnitudes of the average and the signal component. The level of the average power 
can be used to control the gain of an amplifier in the signal channel such that the overall gain is 
reasonably independent of changes in the scene. The filter characteristics required were derived 
for a square law detector. 

The same reasoning can be used to derive a filter for use with a linear detector and it is of 
interest to determine whether the filters are different or the same depending on the detector used. 

Because of the form of the equation for the total sensitivity and the average power as given 
by Equations (A.18) and (A.20) for the linear detector case, it is not immediately apparent how to 
determine the filter characteristics directly from the ratio of the bandpass characteristics for the 
sensitivity and the average as was done for the square law case. Therefore, a somewhat different 
approach has to be taken. 
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A similar AGC criterion is that the percentage change in sensitivity due to the scene spec-
trum be equal to the percentage change in the average, i.e., 

AKLinear (0)  KLinear (°I) KLinear (o2)  

	

total 	total 	total  
K KLinear (0) 	Linear (01)  

	

total 	 total 
(A.23) 

and 

"Linear (0)  PLinear (°1) PLinear (°2) -
b 

PLinear (°) 	PLinear (°1)  

This is equivalent to determining under what conditions the following can be made to hold: 

KLihear (02) 

total 	? PLinear (02) 

KLinear (0i) PLinear (01) 

total 

(A.24) 

By substituting Equations (A.18) and (A.20) into Equation (A.24) this reduces to the following 
form: 

	

102(w) K(w) 	dw 
Sq law 	?  02(w) P(co) dw  

	

01(w) K(w) 	dw — I 01(w) P(co) dw 
Sq law 

(A.25) 

The ratios of both sides of this equation will be equal if the bandpass characteristic of P(w) is 
the same as K(co) 	to within a constant multiplier: i.e., 

Sq law 

P(co) = a K(w) 	 (A.26) 
Sq law 

This will be true if P(co) is filtered such that 

P(w) I MTF I 2
Linear = K(w) 

Sq law 
(A.27)  

and 

K(w)  11/2 
Sq law  1MTF I Linear - P(co) k  (A.28)  

where k = a normalizing constant 
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This is identical to the filter characteristics derived in Section 6.1. Therefore, the filter 
required to provide an average signal suitable for AGC purposes using a linear detector is 
identical to that required for use with a square law detector. 

9. COMPUTER PROGRAM DESCRIPTIONS 

There have been a number of programs written in connection with the computer studies of 
the image velocity sensor. A brief description of each program, including a definition of the input 
quantities and the form of the output, is given below. The programs break down into three major 
groups: 

1. Programs for generating the image motion MTF's which also include a program for 
plotting 

2. Programs for supplying the point-wise products over frequency of the lens and vidicon 
MT F's 

3. A harmonic analysis of the sensor output. 

9.1 Image Motion MTF's 

Program 9.1-1 

A family of image motion MTF's is generated by this program as a function of the modulation 
frequency, the peak modulation velocity, and the input constant velocity. Since the period of modula-
tion is longer than the exposure time, i.e., the period of one complete scan of the vidicon raster, 
this gives rise to a family of time-varying MTF curves which are periodic with the modulation 
cycle. The complex amplitudes are given. 

Output. Twelve blocks of nine MTF's are written on disc number 12. Each block represents 
a different ground scene linear velocity. The nine subdivisions in each block are various time 
samples of the motion MTF during the first half cycle of motion. The last half cycle is built 
from the first by reflection about the midline. 

Inputs. The inputs for the family of image motion MTF's are as follows: 

IMTF 	An integer denoting the total number of points used in frequency space 

ZEROMTF 	Frequency value used to normalize the frequency scale to unity. This 
has been the same as WU below. 

WL 	Smallest value of frequency used in the analysis. 

WU 	Largest value of frequency 

IFIX 	Integral number of points on the displacement curve of motion 

IFID 	Integral number of velocity to be considered, i.e., total number of blocks 

ISBOFF, 	Not presently used 
IDUMP 
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FREQC 	Cycles per second modulation 

VSEE 	VSEE is the maximum modulation velocity in inches per second 

STARTM 	Total number of starts in frequency space. This value is always 16. 

ISW 	Lower velocity start index 

IM3 	Number of points to be omitted when starting in MTF of 3.75 cycles per 
second modulation frequency 

IM7 	Number of points to be omitted when starting an MTF of 7.50 cycles per 
second modulation frequency 

IM15 	Number of points to be omitted when starting an MTF of 15.0 cycles per 
second modulation frequency. 

Program 9.1-2 

This program, including the readin parameters and the output, is the same as program 1 
except that it provides the square of the absolute value of the complex amplitude. 

Program 9.1-3 

This program was written to plot the 12 families of nine image motion MTF's. The added 
option of vidicon retension lag is available so one can see the degradation effect of imperfect 
erase on the vidicon face. The readin parameters have been described above and the system was 
written for the MSOS CDC system. However, it needs revision in order to be used on the current 
master system used at Itek. The storage medium used is tape, not disc so this would also need 
changing for use with programs 9.1-1 and 9.1-2. 

9.2 Product-Lens and Vidicon MTF's 

Program 9.2-1 

This program provides the point-wise product over frequency of the amplitudes of the lens 
and vidicon, given the coefficients of a polynomial fit to their respective response curves. 

Output. Program 9.2-1 writes five blocks of binary information on disc unit number 12. The 
first array is reserved for future use. Presently it is a flat Wiener spectrum. Array two is the 
point-wise product over frequency space of the lens and vidicon. Array three is frequency. These 
equally spaced points represent the independent variable used in the four other arrays. Arrays 
numbered four and five are the vidicon and lens MTF's, respectively. 

Inputs. The inputs for program 9.2-1 are as follows: 

IMTF 	An integer denoting the total number of points used in frequency space 

WL 	Smallest value of frequency used in the analysis 

WU 	Largest value of frequency 
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ZEROMTF 	Frequency value used to normalize the frequency scale to unity. This has been 
the same as WU. 

PHA 	Time reference for motion MTF's 

IPOLY 	Order of polynominal used to fit the lens and vidicon MTF's 

KB 	 Integral logical unit number 

SCALE 	Percentage degradation of the lens MTF 

LENS DATA Fit number 1 supplies a polynomial fit to the lens and vidicon MTF data. The 
coefficients of these polynominals are read in as lens and vidicon data. 

VIDICON 	Described above. 
DATA 

Program 9.2-2 

This program is similar to program 9.2-1 except that it provides the amplitude squared of the 
point-wise products of the lens and vidicon. The inputs and outputs are the same. 

Program 9.2-3 

This program is similar to program 9.2-2 with the addition of the AGC filter MTF curve. 
The inputs and outputs are the same with the following exceptions: 

Output. Block one is now the AGC filter. Block two is the point-wise product over frequency 
of the amplitude squared of the lens, vidicon, and AGC filter. 

Input. AGC data; fit number 3 supplies a polynomial fit to the AGC filter. The coefficients 
of the polynomial are read in. 

9.3 Harmonic Analysis  

The harmonic analysis program calculates the integral of the point-wise product over frequency 
of the squared amplitudes of the lens, vidicon, image motion, and scene spectrum MTF's. The 
squared amplitudes give the total average video power into a square law detector. Since there are 
a family of time varying image motion MTF's throughout a modulation period for each value of 
input constant velocity and a given modulation frequency, there are a corresponding number of 
integrations performed. The integrations over a family of image motion MTF's for a given input 
constant velocity constitute a periodic time function of the detector output. A harmonic analysis 
of the output provides a 1:1 correspondence between the output Fourier series components and the 
input constant velocity together with the other input conditions, i.e., modulation frequency, peak 
modulation velocity, input scene spectrum, and the lens and vidicon MTF's. 

The lens and vidicon MTF's and the image motion MTF's are stored on disc number 12 and 
are available for use by the harmonic analysis. 

Since the real scene spectrum can be expressed as an analytic function, this program generates 
its own real scene spectrum by specification of the required (m + 1) exponent. 
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Also, the effect of vidicon lag is accounted for in this program. By specifying the value of 
lag (rho), i.e., the residual exposure function after scan, as one of the input parameters, the pro- 

. gram vectorially adds the complex amplitudes of suitable sequences of image motion transfer 
functions of program 9.1-1, and provides the amplitude squared versus spatial frequency to form 
the new image motion MTF with lag. 

Program 9.3-1 

This program simulates a sensor with a square law detector. As described above, it has the 
options of different real scene spectra and various values of vidicon lag. It is presently set to• 
operate for a modulation frequency of 15 hz but it can be modified to run at 7.5 and 3.75 hz. 

Output. For each value of input constant velocity, the average value and the amplitude and 
phase of the first, second, third, and fourth harmonics are printed out. 

Inputs. The inputs for program 9.3-1 are as follows: 

IWUPP 	Integral number of points in frequency space 

IHAR 	One more than the highest harmonic considered 

WLOW 	If we block dc, the lowest frequency value is not zero but WLOW 

IUMTF 	Integral value of upper frequency considered. This and the previous input 
allow narrow bandpass analysis. 

IFID 	As explained in program 9.1-1 

ILENS 	One, if we only want the lens MTF, otherwise zero 

One, if we only want the vidicon MTF, otherwise zero 

ISPEC 	One, if we want a real scene spectrum, otherwise zero 

IFLT 	One, if we want a complete system, otherwise zero 

WL2 	Frequency increment 

ILOOP 	Number of complete times the program will be repeated 

ROE 	Value of retension on the vidicon face 

EP 	Exponent for the real scene spectrum 

B and BOA Two arrays from fit number 2 which represent the vidicon surface. 

Program 9.3-2 

This program performs the same analysis with the same inputs and outputs as program 9.3-1 
except that it is a discrete frequency instead of a continuous frequency analysis. This is 
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accomplished by letting all the motion MTF values equal zero except the value at the frequency 
desired. As the frequency points are 1/3 cycle apart, only system response at these values is 
possible. 

Program 9.3-3 

This program performs the same analysis as program 9.3-1 except that the modulation 
frequency is 7.5 hz instead of 15 hz. 

Program 9.3-4 

This program performs the same analysis as program 9.3-2 except that the modulation fre-
quency is 7.5 hz instead of 15 hz. 

Program 9.3-5 

This program simulates sensor performance with a linear detector. It uses the same inputs 
as program 9.3-1 and has the same outputs. The linear detector output is obtained by taking the 
square root of the time signal before harmonic analysis. The image motion and lens-vidicon 
MTF's are supplied by the squared amplitude programs 9.1-2 and 9.2-2, respectively. Therefore, 
the analysis can only be run for the condition of zero lag. 

Program 9.3-6 

This program performs the same analysis with the same inputs and outputs as program 9.3-5 
except that it is a discrete frequency analysis. This is accomplished by letting all the motion MTF 
values equal zero except the value at the frequency desired. As the frequency points are 1/3 cycle 
apart, only system response at these values is possible. 

138 	 D/SECRET 



NRO APPROVED FOR 
RELEASE 1 JULY 2015 HANDLE via BYEMAN 

CONTROL SYSTEM 

• D/SECRET BIF-059-4035-69 

Appendix B 

HELIUM TEST 

1. TEST DESCRIPTION AND RESULTS 

In order to assess the deteriorating effect of helium on vidicon performance, the following 
test was performed. A television camera, without special protective modifications and enclosed 
in a helium environment, was viewing a TV resolution chart through a window (see Figs. B-1 and 
B-2). The camera system used in the test was an RCA PK301 camera with an 8134 vidicon. The 
camera was operated in the manual target mode. 

During the test, the pressure in the test chamber was maintained between 1.0 and 2.5 psig and 
the temperature between 70 and 82 °F. Illumination for measurement purposes was 55 foot-candles 
at the target except as noted below. On 8 November, day 2 of the test, power cycling equipment 
was installed, and for the remainder of the test the system operated with a 25-minute on, 65-
minute off power cycle. 

The parameters measured periodically during the test included camera target voltage, average 
signal voltage, peak-to-peak signal voltage, peak-to-peak noise voltage, dark current voltage, and 
depth of modulation. All measurements were made using a Tektronix type 545A oscilloscope with 
a type 1A1 plug-in and an RCA type WV-98C VTVM. All data measured with the oscilloscope 
were preserved by means of oscilloscope photography. 

During the first 8 days of the test, operation of the system was normal, and no significant 
changes were noted. All parameters remained approximately constant at the following levels: 
target voltage-35.2 volts; average signal-0.66 volt; peak-to-peak signal-0.70 volt; peak-to-
peak noise-0.07 volt; dark current voltage-0.22 volt; depth of modulation-3 to 4 megacycles. 
The average signal-to-noise ratio over this period was 60 volts per volt and the TV resolution 
was approximately 400 lines. 

On day 9 of the test, severe deterioration of system performance was noted. While there 
was no significant change in target voltage or in dark current voltage, the peak-to-peak noise 
increased to 0.08 volt and the signal voltage decreased to 0.30 volt, resulting in a signal-to-noise 
ratio of 22.5 volts per volt. The depth of modulation was reduced to 2 megacycles and the TV 
resolution was less than 200 lines. Reduction of target illumination at this time to 20 foot-candles 
resulted in improved operation, but previous levels of operation could not be restored. 

On day 10 of the test, the system performance level was down to approximately 50 percent 
of the level of the previous day. The final data recordings taken were as follows: target voltage-
35.7 volts; average signal-0r30 volt; peak-to-peak signal-0.12 volt; peak-to-peak noise-0.08 
volt; dark current voltage-0.20 volt; depth of modulation-1 megacycle. The signal-to-noise 
ratio was 9 volts per volt and the TV resolution was less than 200 lines. Target illumination was 
10 foot-candles. 

139 



NRO APPROVED FOR 
RELEASE 1 JULY 2015 HANDLE via BYEMAN 

CONTROL SYSTEM 

BIF-059-4035-69 

Fig. B-1 — Helium test setup 

Fig. B-2 — Vidicon camera in helium chamber 
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The test was terminated on 16 November 1967, with the power cycle counter at 119. 

2. DISCUSSION OF FAILURE MECHANISM 

Helium permeation of glass has been investigated both theoretically and experimentally1.,2,3 * 
These investigations have revealed that a simple Fickian diffusion model is well able to account 
quantitatively for the major features of experimental results. This model will not be described 
here. Suffice it to say that given the type and dimensions of a vidicon .glass envelope as well as 
the temperature and partial pressure of the helium atmosphere, it is possible to determine the 
internal helium content of the vidicon tube as a function of time. Once this determination has 
been made, it is possible to consider the effects of the gas on performance. 

Because helium is an inert gas, there will be no chemical reactions within the tube which 
might degrade performance. Rather, any possible degradation must be physical in origin. Among 
all possible degrading effects, there is one which obviously stands out. Its cause is the interaction 
between the electron scanning beam and the helium atoms within the vidicon. The consequences 
of this interaction are twofold: (1) the electron beam will be scattered by collisions between 
electrons and helium atoms; and (2) a radiating plasma will be generated by inelastic collisions. 
These two phenomena will be considered in turn below. 

The scattering of an electron beam in a rarified gas is a function of several variables. These 
are the temperature, pressure, total scattering cross-section, and extent of the gas which the 
beam traverses. The total scattering cross-section is itself a function of the energy of the collid-
ing electrons as well as of the kind of gas involved. Scattering due to both elastic and inelastic 
collisions is included in the total scattering cross-section. When these variables are all known, 
the amount of scattering can be determined by the equation"' 

Io 	
) 

= exp (- apx To  (B.1) 

where a = scattering coefficient (cm2/cm3  of gas at 0 °C and 1 torr) 
p = gas pressure, torr 
x = extent of gas traversed by beam, cm 

To = reference absolute temperature (273.15°K) 
T = gas temperature, °K 

I/Io = fraction of beam remaining unscattered 

A plot of an experimental determinations  of a for helium as a function of electron energy is 
given in Fig. B-3. In the case of a vidicon being permeated by helium, p is practically a linear 
function of time up to failure. Thus, because the other variables are almost time-invariant, the 
unscattered beam current should decrease exponentially as time increases linearly. This implies 
that, due to scattering alone, the signal current will also decrease exponentially with time. 

Although test results have revealed that the signal current does indeed decrease with time 
when a vidicon is operated in a helium atmosphere, this decrease has not been observed to be a 
simple exponential function of time. Rather, the degradation shortly before complete failure has 
been extremely rapid in comparison with earlier degradation. This observation shows that there 
must be at least one other important phenomenon contributing toward eventual failure. The most 

*References are listed in Section 4 of this appendix. 
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Fig. B-3 — Total scattering cross-section coefficient for electron-helium 
atom collisions (after Normand, 1930) 
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probable identity of this second important phenomenon has previously been mentioned. It is the 
generation of a radiating and conducting plasma within the vidicon by means of both primary and 
secondary inelastic electron-helium atom scattering. Although the appearance and importance of 
this phenomenon can hardly be doubted, a quantitative, theoretical discussion would be a very 
difficult undertaking. A qualitative discussion, however, can more readily be undertaken. 

During normal operation of a 1-inch vidicon, the scanning electron beam must traverse a 
distance of about 10 centimeters from gun to collecting grid or target. The average beam electron 
begins this journey after being accelerated through approximately 300 volts. Since the ionization 
potentials for a singly and doubly ionized helium atom are 24.6 and 54.4 volts respectively, a 
300 e-V electron is obviously capable of completely ionizing a helium atom during an inelastic 
collision. Even a secondary electron could induce ionization, especially if the colliding atom 
is already in an excited state. Secondary electrons will be produced not only through primary 
collisions, but also as a result of collisions between metastable helium atoms and the metallic 
vidicon electrodes. All these scattering and ionization processes will generate not only ions and 
free electons but also photons. When these photons impinge on the photoconductive layer of the 
vidicon, they will of course tend to "wash out" or obliterate the image impressed on the layer from 
the outside. The decelerating electric field just beyond the photoconductive layer will prevent 
discharge of the layer by the flux of secondary electons directed at it, but will be unable to pre-
vent internally generated photons and slightly scattered primary electrons from seriously de-
grading the image. These degrading effects can be expected to increase rapidly as more and 
more helium permeates the vidicon envelope. Possibly some additional degradation may result 
from unwanted currents flowing through the conducting plasma between internal electrodes 
maintained at different potentials. 

Although the reality of the aforementioned phenomena is quite credible, a theoretical, quantita-
tive estimate of their contribution to the degradation in performance and eventual failure of a 
vidicon is unfortunately difficult to formulate. Further tests could materially assist such a 
formulation. It does seem quite reasonable, however, to ascribe test results already observed to 
the phenomena just discussed, especially since no other plausible failure mechanisms are evident. 
These conclusions would be further strengthened if observation of a helium immersed vidicon 
near failure revealed a glowing plasma within the tube. 

3. DESIGN CONSIDERATIONS 

The existing specification states that "on" orbit environment shall be 30 percent helium, 
70 percent oxygen at either 5 psia or 14.7 psia with a total time of 2,500 hours. The worst case 
pressure gives a partial pressure of He of 4.4 psia. 

Comparing this with the tests results of 200 hours of satisfactory performance at 15 psia He, 
mission time would be limited to 680 hours (15/4.4 x 200) if the vidicon tube is directly exposed 
to the environment. 

It is presently planned to seal the vidicon tube from the outside environment (see Fig. B-4). 
However, the sealing materials are permeable to He; hence, it is not possible to completely ex-
clude He from the vidicon tube. Based on the mission time of 2,500 hours and the test results, 
an average pressure of (15 x 200 hours/2,500 hours) 0.8 psia surrounding the vidicon would be 
satisfactory. 
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Fig. B-4 — Vidicon camera packaging 
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The empty volume around the vidicon tube is approximately 16 in.3. The allowable helium 
flow rate into the camera shell is found as follows: 

• mi <
--m<t R

P
T•

V  
t 

where m' = maximum flow rate, lb m/sec 
m = total mass, lb m 
t = time, sec = 2,500 x 3,600 = 9.0 x 108  sec 

R = gas constant = 386.33 ft-lbf/lb m -°R. 
T = temperature, °R = 460 + 140 = 600°R 
P = allowable pressure at 2,500 hours = (0.8 x 2) = 1.6 psia 
V = volume = 16 in.3  

(1  17628) (1.6 x 144) 
m' 	 ' (386.33)(600) (9.0 x 106) 

-‹ 1.02 x 10-12 lb m 
sec 

tx = 111.t 
P 

where Q' = maximum flow rate, std cc/sec 
PHe = 0.0104 lb m/ft3  at STP 

Q, < 1.02 x 10-12  lb m 	cm3  x 2.832 	x 104  
b 	 ft 0.0104 l ft3 

Q' 2.78 x 10-6 std cc 
see 

The permeability constants of the seal materials at 140 °F are as follows: 

Butyl "0" rings * 

K = 3 x 10-
6 std cc 	cm thick  

sec cm Hg • cm2  area 

Glass windowst 

K =1 x 10-10 std cc 	cm thick  
sec cm Hg • cm2  area 

*Handbook of Vacuum Physics vol. 3, part 4. 
t Conservative estimate based on many published values of various glass types. 
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P • A  
Q - K 

where Q = flow rate, std cc/sec 
K = permeability constant = std cc/sec . cm thick/cm2  area 

A = area, cm2  
P = pressure differential, cm Hg = 22.7 cm Hg 
T = thickness, cm 

The above equation does not account for the change in differential pressure with time which 
would give an exponential flow rate. However, for small He pressure increases, the equation is 
valid and conservative. 

The camera will have a dual window which will be two pieces of glass in series, approximately 
1.25 inches in diameter and 0.10 inch thick. One of the windows will be the field flattener. These 
will be sealed to a metal bezel with butyl "0" rings. The bezel in turn will be sealed to the camera 
shell with metal teflon coated "V" seals. 

Q' "0" ring = 3 x 10-9  (L) (22.7) x 2.52 cm/in. 

where L = length of seal, inches 

std cc  
Q' "0" ring = 1.71 x 10-7  (L) sec-in. 

for 0.1-inch diameter cross-section "0" rings 

Q' glass - 1 x 10
-10  x 11/4 (1.25)2  x 22.7 x 2.52 cm/in. 

0.1 

= 7.0 x 10-9  std cc/sec 

It is presently estimated there will be approximately 6 inches of seal length giving a Q' "0" 
ring = 1.026 x 10-6  std cc/sec. 

• ; 
As can be seen, the total permeation rate [(1.03 + 0.07) x 10-6] of 1.10 x 106  std cc/sec is 

less than the allowable of 2.78 x 10-6  by a factor of approximately 3. Additionally, the redundant 
window seal will provide a reduced flow rate as a function of the volume between the two windows, 
and the rate is computed for a worst case temperature and pressure. 

Further testing will be required to validate the computed leakage rates and the performance 
of the vidicon tube in a helium environment versus time. 

Additional testing and analysis are required to evaluate the intensifier performance in a 
helium environment. Consideration must be given to the relatively high voltage potentials within 
the tube and the permeability of the fiber optic faceplates. 
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