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During contract No. NAS 5-10414, RCA developed and tested an engineering model

dual channel scanning radiometer. This radiometer has an instantaneous field of

view of 2.8 milliradians which can provide a ground resolution of two miles from

SECTION I

INTItODUCT'ION AND SUMMARY

The Astro-Electronics Division (AE D)  of RCA submits to NASA this find

engineering report covering the engineering design, development , construction and

test of a Dual Cliannel Radiometer for Improved TOS under contract No. NAS 5-10414,

The primary purpose of this contract was to study and develop advanced electronic

techniques that are applicable to the general :requirements of improving the sensitivity

and spatial resolution and radiometric accuracy of imaging radiometers designed

for use on meteorological spacecraft such as the Improved TOS:

Imaging radiometers, such as the one shown in Figtwe 1, have become increasingly

important in observing cloud cover and other geophysical phenomena from orbiting

spacecraft, * These .radiometers generate two dimensional pictures using a rotating

mirror for the across-track scan with the velocity vector of the spacecraft providing

the vertical scan. The principal advantages of radiometers over their predecessor

sensor ( the vidicon television camera) are: th y.' ability to image in darkness, thus

providing possible 24-hour coverage; radiometric accuracy overthe entire picture;

and freedom from certain scan distortions. Because of these inherent advantages

it has become important to improve the performance of imaging radiometers; thus, 	
i

the work reported here has been dedicated to advancing the state-of-art in radiometry,
s
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Figure 1. Photographs of the Dual Channel Scanning; Radiometer
Engineering; Aiodol
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the TOS spacecraft attitude of 775 nautical miles. This is the best known resolution

performance of a imaging radiometer using a thermal bolometer detector and possibly

represents the limit of performance with this type of detector. The emphasis of the

program, as noted before, was on the electronics portions of the radiometers and in

this area the following techniques were implemented or studied:

• Unique bolometer amplifier coupling scheme which uses direct coupling

and clamp feedback to obtain d-c stability.

Y

	

	

• Investigation of commercially available operational amplifiers for low-

level preamplifiers, that provide nearly perfect noise figures.

• Use of both linear and logarithmic transfer function in the visual channel

to, ,cover the range of 1 to 10, 000 foot-lamberts scenes despite the approxi-

mately 30 .rib dytsanic .range limitation of the data storage and transmission

links

• Study of the possible advantages of digitizing the video output to preserve

dynamic range, signal-to-noise ratio, and radiometer accuracy. Included

in this study were schemes for reducing bandwidth with digital techniques,

4

	

	 and possible tape recorder configurations that could handle the data re-

quirements.

In the optical-mechanical portions of the radiometer,: the following items were

r studied or developed: 	 ll

0' Extension and reduction to practice of RCA9s previous work in direct

drive of the scanning mirror using a do torque motor and servo loop to

provide low jitter and excellent speed accuracy.

• Investigation of possible sources of stray light interference into the optics

and design of a rotating-honeycomb sunshade to provide rejection of

stray light byas much as 500 times.

3
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A dual channel radiometer was developed that will operate on spacecraft similar to {
the Improved TOS, which can provide both infrared and visual pictures with spatial

resolution equivalent to that available from present ITOS vidicon television cameras.
n

Table 1 is a summary of parameters for the dual channel scanning radiometer engi-

neering model.

The resolution capabilities of the model are illustrated in Figures 2 and 3. The work

on suppression of stray light using honeycomb sunshades was extremekj promising.

Figure 1.A illustrates a honeycomb shade on the engineering model. Further work

should be devoted to techniques for fabricating these sunshades to the precision

required for maximum attenuation of stray light and minimum obscuration of desired

signal.
' F

The study of digital techniques for preserving. signal fidelity from the radiometer, and

for reducing bandwidth requirements showed the value of digital data handling. Follow-. 	 .
on work to implement an all-digital radiometer channel with data stretching would be

ncrpf»1 in Arwpinninar n r annhili+v fnr +ranami++ina ananniner rnAimmP+nr ria+n whilp.



Parameter Value

Spatial Resolution ( at Subpoint and 775 n. m.
altitude )

Infrared 2.0 nautical miles @ 19% response
Visual ( linear and semilog mode) 2.0 nautical miles @ 50% response

Temperature Resolution 1.3°K @ 300°K
(N&I N = 4 x 10 -5 watts-cm-2-ster-1 j 3.4°K @ 220°K

5.2°K @ 200°K

Spectral bandwidth:
Ili, (at 50% transmission points) 10. 5 to 12.5 microns
Visual 0.5 to 0.75 micron

Collecting Optics:
Objective 5 inches ( cassegrain )
Focal Length 18 inches

Radiance Dynamic Range (IR) 1900K to 3300K

Radiance Dynamic Range ( Visual) A.	 1 to 10, 000 ft-lamberts (log) 
B.	 300 to 10, 000 ft-lamberts (lin )
C.	 300 to 10, 000 ft-lamberts (semilog)

Detector:
IR Immersed thermistor bolometer
Active Area 0. 08 x 0. 08 millimeter
Responsivity 1920 volts/watt

Visual Silicon Photovoltaic
Active Area 0.020 x 0. 020 inch
Responsivity ( peak) 45 amps/watt

Mirror Rotation Rate 90 rpm

Jitter 1.4 milliradians (p-p max

Bandwidth (IR and visual each) 0-1680 Hz

Overall Size
Radiometer 16.58 x 6.75 x 7.12 inches
Electronics ' 8 x 5.5 x 7 inches

Overall Weight
Radiometer 11.8 lb
Electronics 5.5 lb .

Overall Power 9.5 watts

ti

r

^J

TABLE 1. SUMMARY OF PARAMETERS FOR DUAL CHANNEL
SCANNING RADIOMETER ENGINEERING MODEL
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9.7 MILES

2.23 MIi.L^,

J.1 MILES

1.94 MILES

I

1
1
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f

1.69 MILES

NOTE: RESOLI:TION PATTERNS WERE TWO BAR FOR 3.1 AND 2.23 MILES, THREE BARS FOR 1.94 AND 1.69
MILES, AND NONE FOR 9.7 MILES. BAR PATTERNS WERE PLACED IN FRONT OF A BLACKBOD

Y WITH AN

EQUIVALENT SCENE TEMPERATU RE OF 330 "K.

Figure 2. Oscilloscope Pictures Showing Resolution Capabilities of the Dual
Channel Scanning Radiometer Engineering Model
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SECTION II

TECHNICAL DISCUSSION

A. GENERAL DESCRIPTION OF RADIOMETER

The Dual Channel Scanning Radiometer, shown in Figure 1, was designed to

operate on an earth-oriented, stabilized platform spacecraft, such as the Improved

TOS, with the prime objective of providing infrared and visual pictures with a spatial

resolution (2.0 nautical miles) comparable to the existing AVCS and APT television

cameras. The radiometer is of the line-scan type with a single rotating mirror pro-

viding the horizontal scan. A block diagram of the radiometer is shown in Figure 4.

The vertical component of the picture is provided by the forward motion of the space-

craft in orbit. The rotation rate of the scanning mirror is 90 rpm 	 a rate which

is both compatible with motors used in ground displays and with the spatial resolution.

requirement. The unobscured angle of scan is 140 degrees symmetrically about the nadir.

The 8-to 13-micron atmospheric window permits both day and night sensing of emitted

earth radiation. The reflected solar radiation is negligible in this window, but is

very significant in the 3.4- to 4.2-micron window, reducing the utility of the shorter

wavelength window to nighttime use only. Using the entire 8 to 13-micron window,

reduces the absolute temperature accuracy compared to the performance obtainable

using the 10.5 to 12.5-micron portion because of water vapor and ozone- constituents

present in the band between 8 and 10 microns.

In the narrower interval, the blackbody radiant energy available. is about 43 percent that

in the full window, or the equivalent is that the SIN ratio of the observations is

reduced by the same factor. This, in turn, might normally be expected to result

in a decrease in temperature measurement accuracy; but, in the real atmosphere,
r

-	 it does not ! The full window includes a narrow but significant ozone absorption band. w

The actual concentration of 03 in the atmosphere at any given time and place is

:
Mx

9
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unknown, although it is known that the ozone concentration varies by a factor of 2

over the globe. Furthermore, the ozone in the atmosphere is concentrated in the upper

strotosphere and mesosphere, well above the clouds, and is relatively warm. Thus,

very cold clouds or surfaces observed from a satellite would be essentially obscured

by the ozone. Elsewhere, its effect is to reduce the SIN ratio of the temperature

measurements by about the same factor of 2. Thais, the temperature measurement

accuracy using the full atmospheric window is no better than that achieved with the	 It
reduced spectral interval. Actually, the reduced spectral band can result in improved 	 r
temperature accuracy. The upper part of the window includes some carbon dioxide

absorption lines. With the elimination of the ozone, it is feasible to correct for the

carbon dioxide effect. Thus, the choice in this tradeoff is for use of the narrow

spectral band, 10.5 to 12.5 microns.

The visual channel uses a photovoltaic silicon detector which is considerably more -I
sensitive than the infrared detector and can provide good cloud-cover pictures in

twilight illumination. The spectral interval of this channel will approximately match

the spectral characteristics of the television camera to be used on the Improved

TOS spacecraft. The full dynamic range of the visual channel exceeds the electronics

linearity capability. To overcome this limitation, the radiometer provides three

different ranges, one linear and two logarithmic, to cover a 1, to 10, 000 foot-lambert

range.

The collecting optics used are common to both channels, thus, permitting positive

registration of the visual and infrared pictures

Radiometric and electronic gain calibration of both channels of the radiometer are

provided along with the video signal while the equipment is in orbit. This type of

calibration is similar to that used on the Nimbus HRIR and MRIR, and on infrared

systems produced at AED. This calibration is achieved by viewing two known sources

of radiation: (1) space and housing for the infrared, and ` (2) space and a calibrated r

lamp bulb_ for the visual channel.

10
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The radiometer is designed in one basic configuration, although a left-hand and

right-hand version may be desirable. One configuration can be changed to the

other by a simple electrical change of a prewired Mug to reverse the motor direction

and encoder outputs.

A d-c brush-torque motor rotates the scanning mirror at 90 rpm to provide the
a

horizontal component of scan with the speed controlled by a feedback loop around

the motor referenced to a stable 540 Hz * frequency from the spacecraft. The

waveforms resulting from a typical scan of the radiometer are shown in Figures

5(a) and 5(b). At 22 milliseconds before the radiometer views the earth's horizon,

'

	

	 a line-start pulse from the encoder triggers the sequence of events shown in F:tgure 5

by initiating the clamp and following timing function. Since this timing unit has both

start and frequency information it can generate all the other events using a s imple

pulse-counting technique, A line starts with a 12 millisecond clamp during which

j

	

	 time the mirror views space. For all practical purposes, space emits zero radiance

in both the visible and infrared spectrum and this fact is used as a zero reference

to clamp both channels to zero voltage output. At 10 milliseconds before horizon

crossing, the clamps are removed and the mirror scans the earth for 205 milliseconds

(or 114 degrees). At 260 milliseconds an 8-volt full-scale sync pulse is inserted,

This sync occurs after earth time to permit the sync to occur first on playback of

a tape recorder, thus simplifying ground demodulation, After sync, an accurately

generated 6-level stair voltage is inserted to provide linearity information; this

allows ground correction of amplitude and gain distortion that may occur in tape

recorders, transmitters, and ground receiver and display equipment,
k.

After the voltage stair, the video is gated on when the mirror views the Dousing

and a calibration lamp which provides the means for calibrating both the infrared

and visual channels . The mirror again views outer space at 667 milliseconds at

which time the horizontal scan line is initiated.

^W
The frequency of 540 Hz was used in place of the 400 Hz normally available in the
Improved TOS spacecraft because 540 Hz matches ;a standard 360 tooth encoder that

i	 was immediately available. In -a final design, the encoder frequency would be specified
to match the available 480-Hz frequency.

13
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B. PROBLEM AREAS DEFINED
ti

The development of the advanced eleetronle design techniques for the high -

resolution dual ot:annel radiometer system was motivated by performance improve-

ments in the following areas:

• Spatial resolution and temperature sensitivity;

0 Infrared detector-amplifier interface;

• Visual channel dynamic range;

• Stray light input from. sun interference,

k• Data storage and transmission.

1.	 Spatial Resolution

The spatial resolution and temperature sensitivity of a radiometer are inter-

'

	

	 changeable, and attempts to improve one results in a degradation of the other. The

subpoint ground resolution performance value of 2 nautical miles was selected to

match that of the present television sensors used on TOS so that previous experience

could be used to interpret the images from the radiometer. The sensitivity or noise

equivalent temperature difference ( NEAT) corresponding to this spatial resolution
4 

.>

	

	 must be optimized to resolve the temperature-of-scene elements especially at cold

scene-temperatures. Several techniques, such as the eliminnation of optical chapping

and the use of low-noise ampi fiers, are used to improve the sensitivity cf the radio,
E	 A

meter. Historically, rotating choppers were used to modulate the radiance from the

scene imaging on tho detecteI' to permit detection of the infrared signal in the presence

of a, large d-c bias on the detector. In addition to the mechanical objection, the chopper

degrades the sensitivity of the detector because the inherently slow detector does not

respond efficiently to the chopping frequency required by sampling criteria. 	
t

t

If the use of choppers is eliminated, ` the sensitivity of the infrared channel for a given

spatial and spectral resolution, orbit, and optical system is limited only by the noise

performance of the electronics. The ultimate performance is obtained when the system

l
i
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is detector noise limited. Techniques employed to eliminate the chopper and
	

1,11"

provide detector noise limited performance are discussed later in this report,

11111:11

2.	 Visual Channel Dynamic Range

4The silicon photovoltaic detector used in the radiometer is capable of a linear

output of at least a seven-decade range, or 0.001, to 10, 000 foot-lamberts, The

dual channel radiometer has a useful range of better than 1 to 10, 000 Boot-lamberts

(or 80 db ), which is 40 to 50 db greater than con be processed with the TOS scanning-

radiometer tape recorder and communication channel. To overcome this data

channel limitation, the radiometer design allows for generating several nonlinear

transfer functions in the visual channel.

3.	 Stray Light

The sun, although not directly in the field of view, will illuminate the scanning

mirror during certain orbital conditions. Laboratory rneasurenents on a radiorro;ter

how that a portion of this light will he scattered and will be indistinguishable from

true signal, and no technique of internal baffling will be effective in shielding the

unwanted signal. Techniques for shielding the scanning mirror from the sun have

been studied, and the most promising scheme for solving the problem is discussed

later in this report.

t

4.	 Data Handling

In addition to covering a wide dynamic range of input sign-As, radiometers

can provide radiometric calibration previously unobtainable with vidicon television

cameras. Present analog tape 'recorders and communication channels cannot handle

the dynamic range and linearity without serious distortion. This problem could be

solved by converting the radiometer output to a digital signal, a technique which would 	 ;r-

preserve the dynamic range and linearity of the signal, undistorted, to the final image

processing device. This digital processing increases the data channel bandwidth

required; however, it also permits the use of certain techniques, such as data

16
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stretching during the backscan and elimination of some of the calibration signals

currently used in the analog output. The advantages of using digital data techniques are

presented later in this report.

C. RADIOMETER DESIGN

1. Optical Design

a. Geometrical Requirements and Optical Layout
r,

The purpose of the radiometer optical system is to image, both on the

visual detector and on the infrared detector, an area of the earth which subtends

2. 8 milliradians in each of two perpendicular dimensions. The scanning mirror causes

the subtended segment to sweep across the earth from horizon-to-horizon in a direction

perpendicular to the direction of orbital travel. The entrance aperture of the radiometer

optics is selected at a 5-inch diameter to provide an instrument of practical size

and weight within the constraints of the Improved TOS spacecraft.

The optical design is partially governed by detector sizes because the boundaries of the

active areas of the two detectors serve as the field stops, which define the 2. 8-milliradian

fields of view in the two channels. Optimum performance is achieved by minimizing

detector size.

The active area of the infrared detector is 0.08 x 0.08 millimeters. To achieve the

desired 2. 8 'milliradian field of view, the focal length of the optical system is 28.6

{	 millimeters. The optical system includes the immersion lens, a Cassegrain tele-

scope objective, the infrared filter, the dichroic beamsplitting mirror, and the scan-

ning mirror; however, the last three items do not affect focal length. The immersion
4. lens, which is a hyperhemisphere with the detector at the aplana.tic point, results in a

demagnification of 16; therefore, the required fl: ea,l length of the Cassegrain objective

is 16 x 28.6 457 millimeters, or 18 inches. Departures of the Cassegrain objective

and the hyperhemispheric immersion lens from design dimensions ha w 'resulted in

a measured field of view, in the direction of 'scan, of 2.76 milliradians in the in-

frared channel.
y 17
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The active area of the visual detector is a circle with a. diameter of 0, 020 inch. To 	 -

achieve the 2.8-milliradian field of view, the optical system must have a focal length of 	 r

0.020/0. 0028 7.15 inches. The Cassegrain focal length is already set at 18 inches

by the IR channel; therefore, a demagnification of 18/7.15, or 2. 52, is required,

The visual detector is not immersed, and the demagnification is accomplished by

placing a positive lens in front of the detector. The measured field of view, in the

direciinn of scan, in the visual channel is 2.33 milliradians.

Thep '	 y	 g	 and 7: Figure 6 shows theo tzcal layout of the ra ^.ometer is shown in Figures 0

scanning mirror, the Cassegrain objective, the light baffle in front of the Cassegrain 	 V

primary mirror, and the location of the sensor assembly; details of the sensor

DETECTOR-FILTER
DICHROIC

SCANNING MIRROR SCANNING	 SECONDARY	 PRIMARY	 BEAMSPLITTER
ROTATION AXIS	 MIRROR	 MIRROR	 MIRROR	 SUBASSEMBLY



I
assembly are shown in Figure 7. Radiation from the scene is reflected by the

scanning mirror into the Cassegrain system; the same is reflected by the primary

mirror to the 3econdiry mirror, which in turn reflects the image to a focus beyond

the primary mirror, as shown in the diagram. The light baffle shields the region

around the axial focal point from direct exposure to stray radiation which passes the

secondary mirror. Image size in the focal plane of the Cassegrain corresponding

to the 2. 8 -milliradian scanning element is 18 x 0.0028 0.054 inch. The Cassegrain

objective was specified to image a point source at infinity with a spot size no larger

than 0.0052 inch, and measurements on the completed objective show that almost

all the energy is contained within a 0.003-inch circle.

LG.J

IMMERSED
' INFRARED DETECTOR

- - -^ INFRARED FILTER

DICHROIC
{ BEAMSPLITTER

'

VISUAL FILTERS

MAGNIFIER
I

-

^''t

VISUAL
DETECTOR

r-

SUBASSEMBLY
OUTLINE

I-	 J

Figure 7. Detector-Filter-Beamsplitter Subassembly
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As shown in Figure 7, the radiation entering the sensor assembly from the Cassegrain

first encounters the dichroic beamsplitter. The infrared radiation is reflected at a 90-

degree angle, and passes through the infrared bandpass filter to the germanium hyper-

hemisphere, which focuses the radiation on the immersed thermistor flake. Visible

light is transmitted by the beamsplitter, passes through the visual channel wavelength-

limiting filters, and is focused on the silicon photodiode by the magnifying lens.

The magnifying lens is an achromatic doublet with a focal length of 12.4 millimeters.

b. Spectral Characteristics

In the infrared channel, spectral sensitivity depends almost entirely upon

the spectral transmission of the infrared filter,, since the optical properties of the

remaining components are primarily invariant with wavelength within the transmission

band of the filter. The infrared filter consists of two elements. The first element,

which has multilayer interference coatings on a germanium substrate, establishes

the transmission passband; the second element, made from Barium Flouride,

eliminates a subsidiary passband between the 19 and 23 microns. The spectral

transmission of the combined elements is shown in Figure 8. Transmission below

9.86 microns and above 13 microns is less than 0.1 percent.

In the visual channel, the long-wavelength and short-wavelength cutoff filters have

the greatest effect on spectral sensitivity, but there is some variation with wave-

length of the transmission of the beamsplitter and the response of the detector.

The cutoff filters are Corning 3-71 and 1-69. The spectral transmission of these

two filters and the dichroic beamsplitter, and the ;spectral response of the detector are

shown in Figure 9, as is a curve of the spectral characteristics of the four elements

combined, which shows the spectral response of the detector modified by the trans-

mission characteristics of the other three elements.

c. Stray Light Tests	 KK

Tests were made to assess the nature and severity of st.:.ay light problems

in the radiometer. The breadboard radiometer used for these tests: has an optical

20



1.0 100

3

0.6 60
r

4r z
w

w v
{ 0.6 cc

p a

zN _O

p0,C

w 0.4 y 40
w z
J 4

Q cĉ
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Figure 10. Test Setup for Stray Light Measurements

SUN GUN

layout different from that described under "Geometrical Requirements and Optical

Layout, "" but the conclusions drawn from the tests are applicable to the present

radiometer. Tests have been made only in the visual channel, because stray radiation

is a more serious problem in the visual channel than in the infrared channel. The

tests were run using a quartz-iodide Sun Gun to introduce spurious light. A

sketch of the test setup is shown in Figure 10. The Sun Gun was placed so that,

for the scanning mirror position shown in the figure, light fell on the mirror at

near-normal incidence. The detector output was plotted as a function of scanning

VISUAL
INFRARED	 DETECTOR

DETECTOR	 PARABOLOIDAL
SCANNING	 BEAMSPLITTER	 MIRROR

MIRROR

r- T` - - -	 - - - -^- - - -
fill u

I

L 	 J

mirror rotational position, both with the source on and with the source off, for
several different sets of conditions. Care was taken to prevent illumination by the

•	 y

Sun Gun of surfaces within the normal field of view of the radiometer.

The first set of measurements was taken with only those baffles necessary to prevent 	 n

illumination of the normal field of view. The results are plotted as curve "A ll in
Figure 11, In this case, as in all the following cases, the plotted values are the

differences in output signal -**Ith the light on and with the light off. The second set

22 i
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of measurements, curve ilBn in Figure 11, was taken with a blackened mask covering

the paraboloidal mirror. Since the Sun Gun was so placed that most, if not all, of the

specularly reflected light was reflected back out of the radiometer opening, it is

apparent that most of the spurious signals observed in these tests resulted from

light scattered by the scanning mirror. Furthermore, the substantial reduction in

spurious signal level resulting from covering the ,paraboloidal mirror indicates that

most of the stray light reaches the detector via this mirror. Although the paths

followed by the light which produced the residual signals of curve "B" were not

determined, reflection from the blackened mask is probably inconsequential, and

most of the light must come from the walls of the radiometer. This is possible

because, in the breadboard model: used for the tests, the detector was shielded only

against direct light from outside the radiometer and not against light from the walls.

Another set of measurements was made with a shield on the lower half of the detector

housing intended to shield the detector from the radiometer walls, The results of

these measurements--are shown as curve " C" in Figure 11. The reduction in signal

is not large but is approximately half the residual signal of curveg	 Pp	 Y	 g	 " B, 11
ILI

supports the conclusion that most of the signal recorded in curve "B" results

from light reflected from the walls.
s. 1

23

1	 .i



4-

I3,00

2.80

2.60

2,40

2.20
I

AV

2.00

1,80

-J 1.60
O

1;40

} 1.20

1.00

0.80

0,60

0.40

0.20

0

z,

r +,
N

t:'t

.	 y^

1

f

In order to assess the amount of light scattered into the radiometer by the scanning

mirror, a set of measurements was taken with the scanning mirror covered by

white paper. These results are shown in Figure 12. The shape of the curve i.n

similar to that of curve "A" in Figure 11, and the signals are somewhat more

than 20 times as large, indicating that the brightness of the scattered light is

close to 5 percent of the brightness that would be observed ii ine mirror were a
perft)ct diffuser.
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One further test was made to determine the improvement which might be realized

with abetter scanning mirror surface since the surface of the scanning mirror used

in these tests had deteriorated from laboratory use over a long period of time A

new mirror was placed on top of the radiometer mirror, and the result was a decrease

in spurious signal of about 50 percent.

The following conclusions were reached on the basis of the tests described in the

preceding paragraphs:

• Scattered light from the scanning mirror when sunlight is incident

directly upon it may produce spurious signals as large as 2-310 of

full scale in a radiometer designed for full scale output from bright

clouds, even with a good quality scanning `mirror surface.

• Most of the spurious signals result from light scattered directly into

the optical system and cannot be eliminated without also eliminating

the desired signal.

Spurious signals which result from reflections from walls of the radio-

meter can be substantially reduced, if not eliminated, by use of internal

baffles.

d. Sun Shade Design

The preceding conclusions indicate that the direct illumination of the scanning

mirror by sunlight can produce excessive spurious signals in a high-performance

radiometer, and that these signals can only be eliminated by preventing sunlight

from reaching the scanning mirror. One solution to this problem is the use of
.l

sunshades which do not interfere with the scanning aperture during the period of

active scan. Two general philosophies can be followed: to shield the radiometer

opening from viewing anything but the earth ( since the rildiometer is earth-oriented );

'	 and to shield the radiometer opening from viewing in any direction where it might

see the sun. - Iii both cases, design of the sunshade is a straightforward, although

2'5
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I
perhaps complex, geometrical problem, Thu principal difficulty which, arises from 	 'I
this approach is that, because of the large aperture of the radiometer, the sizes of We

required sun shades are Impractically large. Furthermore, with the first philosophy,

space observation for calibration and clamping level is eliminated, and with the second

philosophy, it is impossible (in some orbits) to prevent direct viewing of the sun.

It should also be noted, however, that the earth itself will be a source of spurious

signals. Although not very bright, the earth subtends a very large solid angle. 11- 	 A*

luinination on the earth side of the radiometer will be approximately 2/3 of the

average of the product of reflectance and Illumination in the area of the earth to which

the radiometer is exposed. When the radiometer is directly over the subsolar point,

for example, the illumination on the under side of the radiometer, for an average

scene-reflectance of 30 percent, will be approximately 1/5 the illumination resulting

from direct sunlight. This source of spurious signals is unaffected by the sunshades

described in the preceding paragraph.

A technique for reducing spurious signals from both the sun and the earth consists of

placing a "honeycomb" structure in the aperture of the radiometer in front of the scan-

ning mirror. A sketch of this configuration is shown in Figure 13. The purpose of the

honeycomb is to limit the angle between the scanning axis and the view angle from which

light can fall directly on the mirror surface. This angle will be determined by the size

of the honeycomb mesh and the thickness of the honeycomb. For example, if the honey-

comb we,,e 1-inch thick and the openings 1/8 inch in diameter, which is possible with

readVy available stock, the viewing angle would be 1/8 radian, or about 7 degrees,

from the scanning axis, and the mirror would be shielded from direct radiation from

sources more than 7 degrees off-axis. The configuration shown in Figure 13 has the

added advantage that the interior of the radiometer is shielded from all radiation

except that which passes through the honeycomb.
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A scanting mirror assembly incorporating the honeycomb shield was built and success-

fully tested. One further refinement of the stock honeycomb material used was neces-

sary in order to provide effective shielding from off-axis radiation, Because of the

finite field of view of the radiometer, the illuminated interior surfaces of the honey-

comb will in turn illuminate the detector unless appropriate masking is provided. Thep	 g p

geometry of the problem is shown in exaggerated fashion in Figure 14, if light from

tho area illuminated by off-axis radiation passes to the interior of the honeycomb within

the cone of the radiometer field of view, it will reach the detector directly. The masking 	 r

required to prevent this is shown in Figure A. The radiometer field of view in this case`t	 p	 g

is a cone of appreciable sensitivity, and is somewhat larger than the field of view de-

fined by the 550% response angle.

Masking as described in the previous paragraph was applied to a honeycomb structure

and tested. The honeycomb used for the test had 1/4 inch openings and was 14nch

thick. These dimensions prevented direct illumination of the scanning mirxu- r by sources

more than approximately 15 degrees off-axis. Testing consisted of placing tiro, I'an-,

Gun as close to on-axis as possible such that no light came directly through the honey-

comb, first to one side of the axis and then to the opposite side, and observing the

spurious signals with and without the honeycomb in place. On both sides of the axis

the remaining spurious signal with the honeycomb in place was barely detectable (ap-

proximately 20 millivolts) in the most sensitive (log) mode of ope cation, and was sub-

stantial (approximately 2 volts) with the sunshade removed. Because of the non-	 z

linearity of response in the log mode, the honeycomb attenuated stray light by a esti-

mated factor of nearly 500. With the Sun Gun slightly further off-axis, spurious sig-

nals (with the ?honeycomb in place) were not detectable.

Several tests and analyses were carried out to determine the effect of the honeycomb

on system response desired signal inputs. Theoretical analysis shows that for a "thin" 	 i

honeycomb (that is, a flat mask. having the shape of a. cross section of the honeycomb

perpendicular to the direction that light is traveling through the honeycomb); sine

28
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wave response at almost all spatial frequencies i ;-determined by multiplying the re-

sponse without the honeycomb by a factor which is slightly larger than the square of

	

j	 the ratio of the clear area of the honeycomb to the total area of the honeycomb. For

example, this ratio is 0.9 for a honeycomb which obscures 10% of the aperture area

the square of the ratio ^,s 0. 81; and response, therefore, at almost all spatial fre-	 !'

	

^	 quencies would be slightly larger than 0. 81 times the response without the honeycomb.
♦ '45-19

Exceptions occur in the form of narrow, sharp peaks at specific spatial frequencies

for specific sine wave pattern orientations, and, in particular, at zero spatial fre-

quency. The maximum of the peak at zero frequency is found by multiplying response

without honeycomb by the unsquaxed ratio of clear area to total area of the honeycomb.

The maxima at other peaks are found by multiplying response without honeycomb by a

	

t	 value no larger than the unsquared ratio and, of course, no smaller than the squared

ratio. If the obscuration produced by the honeycomb °s small, these peaks will have

	

_	 no practical significance.
I
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The exact theoretical effect of honeycomb thickness has not been determined, but

consideration was given to the question. Fresnel diffraction theory permits the deter 	 t

m.ination of the distribution of the intensity and phase of radiation passing through the	 F

plane at the interior end of each individual cylinder of the honeycomb. These distribu-

tions have not been determined for the hexagonal honeycomb cylinders, but they will

undoubtedly be similar to the corresponding distributions for a circular cylinder. The 	
;F

`

	

	 characteristics of the latter are that intensity and phase vary appreciably only in the	 Y-`

vicinity of the periphery of the circle, with the scale of "vicinity" depending on the

length of the cylinder and the wavelength of the radiation. In the present situation,
	 .d^

for 10 micron radiation, the vicinity of the periphery of the circle will correspond;

closely to the sire of the masks required at the interior ends of the cylinders.. For
	

J

visible radiation, the vicinity of the periphery will be much smaller than the required

masks. The result is that within the open aperture at the bottom of each cylinder, the

intensity and pahse of radiation will be nearly constant, and the theoretical effect of

the honeycomb on sine wave response will be substantially the same as for a thin mask

having the aperture pattern of the interior face of the honeycomb.

Experimen-L41 measurements were made. The field of vi w of the radiometer was

measured with the aperture open, with the 1/4-inch honeycomb mentioned previously,

and with a 1/8-inch honeycomb. The 1/8-inch honeycomb did not have the additional

masking required for stay light protection. These field of view measurements are

plotted in Figure 15. The scale of volts along the ordinate direction is of no particular

significance for the separate measurements, but can be used to compare response with

and without the honeycomb. ` If the three curves shown in Figure 15 are normalized for

the same maximum value, the differences are scarcely perceptible. This leads to the 	
1

conclusion that the radiometer field of view is not appreciably changed by the honeycomb.

Tests were also made using a 1400t square heated plate as a target, unmasked to com-

pare response at zero (or low) spatial frequency, ` and with bar pattern masks to com- 	 5 
1

pare response at high spatial frequencies. Target temperature was set at 150 0C and
	 t . r

a

1
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Figure la. Field of View with and Without Honeycomb

measurments were made with the target at 40., 130, and 800 inches from the radiorn-

eter. Low frequency measurements were made with the motor drive on, and with the

motor drive off (the scanning mirror moved by hand). High frequency measurements

were made only at the 800 inch distance, since the target is out of focus at the shorter

distances., Test results are summarized in Tables 2 and 3. Table 2 shows the effect

of the honeycombs on low frequency response at the various target distances, and

Table 3 shows the effect of the honeycombs at high sp^„ial frequencies.

I, r,

While the test results given in Tables 2 and 3 cannot be completely explained on theo-

retical grounds, some of the patterns evident in the datr, can be explained at least

qualitatively. Theory predicts that at zero spatial frequency, response with the honey-

x- comb will be reduced by the ratio. of clear area to to^-,JYl area, but that at frequencies

slightly greater than zero with the low fre uenc boundary of the region dependingY g	 ^	 q	 Y'`	 Y	 g^	 P	 g

U
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TABLE 2. EFFECT OF HONEYCOMB ON LOW FREQUENCY RESPONSE

Target No 1/411 1/8 11

Distance
Scan

Honeycomb Honeycomb Honeycomb

40" By Hand Response 11.0v 8.8v 8.5v

%Q of Response with 100 80 77
No Honeycomb

1,3p " By Hand response 11.0v 9. lv 8. 2v

0/0 of 'Response with 100 83 75No Honeycomb

Motor Driven Response 10.5v 8.Ov 7.8v

% of Response with
No Honeycorqb 100 76 74

800" By Hand Response 10. 4v 7.4v 6.4v

 of Response with 100 71 62
No Honeycomb

Motor Driven Response- 9.8v 6.7v 5.7v

of Response with
No Honeycomb 100 68 58

A

I

'f

S

TABLE 3. EFFECT OF HONEYCOMB ON HIGH SPATIAL FREQUENCIES

No Honeycomb 1/4" Honeycomb 1/8" Honeycomb

Target
Size Response % of Response,^to 12	 Target , Response % of Response^^

to 12 Target
Response

% of Response
„to 12	 Target

12" 9.8v 100 6.7v 100 5.7v 100

3.2" 3.3v 33 1.7v 25 1.4v 25

2. 3" 1.0v 10.2 0.5v 7.5	 -T 0035V 6.1

j

4	 ,



upon honeycomb wall thickness and upon the wavelength of the radiation) response with

the honeycomb will be reduced approximately as the square of clear area to total area.

These relationships are shown in Figure 16,

Test results show that response with the honeycomb relative to response without the

honeycomb decreases at the 12" target is moved away froin the radiometer. However,

as the target is moved away from the radiometer, the angle target subtends decreases

and the spatical frequency content of the target (expressed in cycles per radian) will

move to a higher frequency, Figure C shows that, at low frequencies, response with

the honeycomb should decrease more rapidly than response without the honeycomb,

Test result confirmed this. Th4 frequencies involved also were consistent with the

results. 'For the 1/$" honeycomb, painted wall thickness is about 0, 008 11 , and for

the Ill channel, ). = 0.0004 inches; t/X, therefore, is approximately 20 cycles per

radian, The 12 inch target subtends an angle of 1/67 radian, acid if this is taken

to be one-half cycle of the dominant frequency, the dominant frequency is 33 cycles

per radian.
ZERO FREQUENCY RESPONSE

WITHOUT HONEYCOMB

is

ZERO FREQUENCY RESPONSE
WITH HONEYCOMB	 W

U)
Z
O

W	 ^	 \

	

?:.:	 a
W

J

X = RATIO OF CLEAR AREA Ox2y
TO TOTAL AREA OF
HONEYCOMB

^E

P,

0	 t/^
^

FREQUENCY (CYCLES PER RADIAN)
t =HONEYCOMB WALL THICKNESS

RADIA,TION WAVE LENGTH

Figure 16. - Approximate Modulation Transfer Function (MTF) with

	

A	 and Without Honeycomb
1	 ^
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Test results also show that, at high frequencies, response relative to zero (low) fre-

(juency response is less with the honeycomb than without.

This again is consistent with the performance predicted by the plots in Figure 16 be-

cause of the peaked response at zero frequency with honeycomb which does not occur 	 JVJ

without the honeycomb,

Although the measured results cannot be fitted exactly to theoretical numbers, there

is qualitative agreement. Considering the conditions under which data was taken

(particularly the problem of optimum orientation of the honeycombs) the performance

theory as described appears to be experimentally verified.

ti
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e.	 In-Flight Radiometric Calibration

Provisions have been made for in-flight calibration of both channels at

the upper and lower ends of the scales of radiation input. For both channels, the

lower calibration level will be established when the scanning axis is pointing into

space a few degrees beyond the earth's horizon.

The upper calibration level for the infrared channel is established when the aperture

of the radiometer is completely filled by the base of the scanning mirror casting

(i. e., when the scanning axis is pointed towards, and perpendicular to, the radiometer

base). The casting surface scanned by the radiometer has been grooved as well as

blackened to increase the apparent emissivity. The included angle between the

sides of the grooves is 30 degrees, and the surface has been painted with SM black

velvet paint which has an emissivity of about 0.95. The apparent emissivity of the

surface should be somewhat greater than 0. 98. Two thermistors have been attached

to the outer surface of the casting to provide the temperature information necessary

for calibration of the channel.

The upper calibration level for the visual channel is provided by a small collimator

attached to the outside of the scanning mirror housing as shown in Figure 17. The

collimator consists of a 1-inch square off-axis section of a Mangin mirror and a

miniature incandescent lamp with its filament located at the focal point of the mirror.

The calibration pulse occurs when the scan axis is parallel to the collimator axis

and the reflecting side of the mirror faces the collimator; therefore, the pulse

occurs outside the active scan interval. The lamp is an 8-volt lamp, voltage

?	 regulated to operate at approximately 6.5 volts. Final adjustment of the lamp

voltage is made during visual charnel calibration to produce a signal level corres-

ponding to the 10, 000 foot-lambert level. The power requirement for the lamp is

approximately 1 watt; however, ` iilis is not considered excessive because the channel

does not require frequent calibration.

y
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MANGIM MIRROR

SCANNING MIRROR HOUSING

Figure 17. Visual Channel In-Flight Calibration Assembly

2. Radiometer Electronics

a. Low-Noise Preamplifiers

In general, the impedances of detectors extend from afew ohms to several

hundreds of megohms, and their outputs are,usually microvolts or nanoamperes.

The primary purpose of a preamplifier is to increase the detector signal level to r^S

a usable magnitude without degrading the available signal-to-noise ratio. Therefore,

the most important characteristic of such a preamplifier is its noise performance.

The criteria used in selecting an amplifier of low-noise design to maximize the

signal-to-noise ratio are described in the following paragraphs.

_(1) Sources of Amplifipr Noise

Amplifier noise sources are: (1) thermal noise; (2) shot noise; (3) 1/f

noise; and (4) generation-recombination (G-R) noise. Of the four sources, only

thermal noise and 1/f noise are significant:

Thermal noise (or Johnson noise) is characterized by the expression
t
r

y	 I
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enj = '4 8	 (1)

where

k is Boltzmann's constant,

T is the absolute temperature ( *K),  and

R, is the equivalent noise resistance of amplifier,

The equivalent noise bandwidth (B) is defined as

00

B =	 A2 ( f )df	 (2)
AQ 0

where

At is the peak voltage gain squared

and

A2 (f ) is the voltage gain as a function of frequency squared.

The noise power spectra is "flat" (i . e. , the w/Hz is constant).

e2nj
4kTR w/Hz	 (3)

S The 1/f noise (or flicker noise) is a low frequency phenomenon. It may be

characterized as

rT

f H 1
enf k

	

	
f	 (4)

ft	 ^

i

where

k is a constant
fh X$

	

	 f is the low-frequency -limit, and

fH is the high-frequency limit.
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Theoretically, fI	z anhas been shown, to approach zero Hd f H is approximately

50 Hz for field-effect-transistor (PET) amplifiers, and 600 Hz for bipolar transistor

amplifiers. The term fH is the frequency at which the 1/f noise value equals the

thermal noise value.

A plot of amplifier noise vs frequency is shown in Figure 18. The amplifier noise

performance IF, measured by noise figure (NF) In db. That is,

eai	 V
NF	 20 Log 

end

where

eaj is the output amplifier noise reflected to the Input

and
enj is the thermal noise of the amplifier source resistance,

An ideal noiseless amplifier would have a NF of unity. 	
_1h

9A

NF 06)

3 Woo

f H (50-500

LOG f

I/f	 THERMAL
NOISE
	 Hoist

REGION	 REGION

Figure 18. Amplifier Noise Spectrum Versus Frequency

(2) Amplifier Design

Low-noise preamplifters can be designed using either bipolar or field-effect-

transistors. These can be used either as discrete components or a,$ part of integrated
38
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or hybrid operational amplifiers. The choice of a bipolar transistor or an FET nor

low noise amplifier performance primarily"depends upon the following tioee factors:

X) Detector impedance (soiree impedance),

2) Frequency range of interest, and

3) Bias considorations .

The effect of source impedance on amplifier noise performance (NF), for a bipolar

transistor and an PET front end is illustrated in Figure 19. The NF of a cascade

of amplifier stage is

F,	 F3	 FnFo --	
+ GI + G tG2 	GiG2 . o Gn-I	 (6)

where

I
NF is equal to 10 Log Po

and	 C

Gn is the power gain of the nth stage.

Thus, the first stage of amplification determines, to a good approximation, the

overall NF of the cascade.

1

12

10

e
NF (db)

6

4
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The data in Figure 19 indicate that an PET should be used in any preamplifier design

when the source impedance exceeds 50 kilohms. Conversely, a bipolar transistor

should be used when the source impedance is less than 50 kilohms to minimize the NF.

The bias-current level, in the PET design has a negligible effect on the position

of the minimum in Figure 19 0 However, in the bipolar design this is not the case.

as illustrated in Figure 20.

Ili,

2N930
VCE -V
TA 250C

	

BW	 10. 10 KHz

IE	 100pa

#	 I E	 30 pa

1E	 10/.1a
P;

0.1	 1.0	 10.0	 100.0

RS (KR)

Figure 20. Broadband NF vs Source Resistance for a Bipolar Transistor as a
j	 Function of Bias Current 	 J

The lower the emitter bias current, the higher the source resistance at which the

minimum NF is achieved. Although it seems that the emitter current can be

decreased until the bipolar transistor NF approaches that of an PET for high source

resistances, it must be remembered that the transistor is temperature and radiation

sensitive for low values of emitter current,
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Another criteria used in the selection of either a bipolar or FET transistor is the

frequency region of operation. If the amplifier is to be operated entirely in the

thermal noise region or with a wide bandwidtr ( greater than 2.0 kHz) the preceding

criteria for selection will suffice. If the amplifier is to be operated in the 1/f

noise region ( see Fig,.-.,re 18), then NF characteristics must be carefully examined

to determined whether an FET operated at a source resistance less than 50 kilohms

is quieter than a bipolar transistor.

(3) Sample Design

The preamplifier in the IR channel is a good example of low noise design.

It uses a Philbrick Q25AH hybrid operational amplifier which has an FET input

transistor pair. The source impedance of the bolometer is approximately 100 kilohms

at ambient temperature and increases with decreasing ambient temperature. The

laboratory data of spot NF vs frequency for thin amplifier is shown in Figure 21.
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The measurements were taken using a wave analyzer with a 6 Hz bandwidth, The 	 AU
AU

wideband noise figure (NF) was then calcu katel d from the data numerically, using

the following relationship. 	 R:

,.

k

NF = BW 1] , NFn (Ofn )
N=0

where

(4) Bolometer-Preamplifier Interface

The development of the infrared electronics was complicated because of the

difficulty in successfully interfacing the preamplifier with the thermistor bolometer

given certain inherent detector limitations, These detector limitations are: _8

• Presence of a large d-c bias component which masks the signal and

'	 makes direct coupling required for good low frequency response
^r

difficult.

r 	 .

• Slow response time constants tjj,-AW.,af ty no faster than 1 millisecond.

typical bolometer bridge circuit	 i s Figure 22. The bolometer consists 	 {

of two thermistor flakes; one shielded from infrared, the other exposed to the
:•^

focused infrared energy from the scene. The infrared energy absorbed in the

active flake causes a small change in the flake resistance while no resistance

42

t

(7)

NF is the wideband noise figure,

BW is the total noise bandwidth = 4 kHz,

NFn is the noise figure in a bandwidth L1fns

Afn is the bandwidth of a segment of the curve, and

equals 6.

The NF was calculated to be 0.55 db. This result compares favorably with the

theoretically expected result of 0.2 db.



•

O

SOLOMETER

r

	

	 ACTIVE	 Rep	 1
RSA PASSIV

R1	
R2

ik	 DIFF

	

SIAS	 AMP
.45V	 * 4SV

R3	 R4
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Figure 22. Basic Bolometer Bridge Circuit

?	 change occurs in the passive flake. This resistance change is sensed by arplying

a fixed bias voltage on the bridge and measuring the signal produced by the un-

balanced bridge. Ideally, if R i = R29 RBA = RBp, and R3 = R4, the voltage at

points 1 and 2 will be equal (in the absence of an infrared signal) and the output

of the differential amplifier will be zero; a change only in R BA due to the infrared

signal will prod,.ice an unbalance and will be amplified as signal. In practice, however,

the resistors do not remain matched, and the bridge will be unbalanced for de.

RBA and RBp for a good bolometer can track to about 4 percent over a temperature

^ U range of -100 to •+•60°C, and can be tailored to track better than 0.25 percent using

external temperature sensitive elements. Under conditions of 0.25 percent bolometer

tracking, the bridge of Figure 22 will have a d-c unbalance of about 60 millivolts

while the true signal from the bolometer due to the scene is about 1 millivolt max3,mum.
t

^a
Obviously, with a signal-to-dc noise ratio of 1/60, simple direct coupling of the

bridge to the amplifier will be impossible because the amplifier will saturate on

d•-c and the zero reference will be lost, Response down to almos* d-c in the amplifier

is essential because the low-frequency cutoff requirement for this radiometer is

ti
about 0.025 Hz
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Methods for overcoming the inherent problem of separating the signal from the

bias error while still maintaining near d-c response are:

• Optical chopping,

• A-c bias,

• Capacitor coupling, and

• D-c coupling with clarnp feedback as used in this radiometer.
a

These methods are shown schematically in Figure 23.

Optical chopping is a very inefficient method for overcoming the d-c bias problem.

The incoming radiation must be chopped at least twice the highest frequency of the
t

signal with the resulttha. the time constant limitation of the bolometer is a factor 	 ?;

for all signal frequencies down to d-c. Also, the mechanical requirements of the

chopping blade represent at an undesirable addition to the radiometer.

In the a-c bias method, a high frequency bias is substituted for the d-c bias, and the

bridge can be coupled to the amplifier with small capacitors. No improvement is

made in the bridge unbalance over the d-c bias case and only a modest amount of

gain can be employed before the signal is detected. Furthermore, the complexity

and additional power drain of the a-c bias supply are undesirable. The only reason

for using a-c bias is to reduce the effects of 1/f noise in the amplifier, because a-c
4bias translates all the signal frequencies outside the 1/f noise spectrum. 	 ..b,

If capacity coupling is used, the time constant required for the 0. 025 Hz low-frequency

cutoff results in large, unwieldy capacitor_ values. Also, the droop associated with

many RC time constants in series in the infrared electronics could result in the loss

of calibration accuracy. The need to keep RC elements at a minimum makes it

undesirable to use the bridge in a balanced. fashion, thzreby reducing the possibility 	 =w.;>

of employing common-mode rejection of detector bias supply noise, 	 r
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The detector amplifier coupling scheme used for this radiometer avoids the ob -

jections of the foregoing methods and represents one of the most important features

of the radiometer electronics. This method is described in detail later in this

report.

Compared to photon detectors, thermistor bolometers are characterized by very

slow response. At best, bolometers have time constants of about 1 millisecond,

while photon detectors are faster than 1 microsecond. The bolometer used in this

radiometer has a time constant of 2 milliseconds; a plot of its frequency response

is shown it Figure 24.
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The upper limit of the information band is 1650 Ift, and frequency compensation

must be used to obtain uniform amplitude for ail scone element sizes. The frequency

characteristic is actually compensated for 50 percent electrical response as shown

in Figure 24 to trade off good spatial resolution with usable NE6T. The result of

this high frequency compensation is a signal-to-noise ratio about 20 db worse than

that available from a radiometer using a fast detector. Because of this severe noise

penalty using a thermistor bolometer, the use of the lowest noise preamplifier

available becomes extremely important. The investigation and use of amplifiers with

noise figures of, approximately 0, 5 db in this radiometer helps achieve good NEAT

with 2-m.le spatial resolution. A detailed description of the amplifiers is given

later in this report.

b.	 infrared Channel Signal Electronics

(1) Introduction

The infrared energy from the scene is directed onto the detector by the

optics. The infrared detector is a thermistor bolometer biased in a bridge con-

figuration. The bridge offers the advantage of strong common-mode rejection of

detector power supply noise. The signal output of the bolometer bridge is direct-

coupled to the detector preamplifier. The other bridge output (designated common-
t	 mode output) is direct-coupled to the common-mode amplifier.

The detector preamplifier is a low-noise stage with 0.5 db noise figur%. In addition,

the amplifier is :roosted at the high frequencies to compensate for the roll-off of

the slow detection time-constant.

The signal from the detector preamplifter is directs-coupled into the post amplifier

and low-pass filter. These stages amplify the signal level and increase the cutoff

rate of the overall system frequency response, respectively.

1 4	 -

+4}yrF
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The signal from the active filter is sent through several control gates and a signal

buffer before it finally appears at the output. The purpose of these gates is to insert

into the IR signal, a line sync pulse and staircase voltage calibration signal. In

addition, during the time that these signals are inserted, a control gate blanks the

IR signal. output. These gates are activated by appropriate commands from the logic.

The output of the signal. buffer is designated the composite IR signal output because

it contains both IR signal information and sync and calibration signals.

As discussed previously, it is desirable that the signal path from the bolorneter to

the output be direct-coupled. To achieve this result, a d-c stabilizing feedback

loop from the post amplifier output to the detector preamplifier input, is included

in the design. This loop maintains the output of the IR channel very near 0 volt

d-c with variations in ambient temperature.

The design of the IR channel siWaal electronics, shown in Figure 25, is a major

advance in the state of the art of low noise, direct-coupled, high-gain amplifiers

primarily because of this feedback loop technique of d--c stabilization.

The feedback loop operates as follows. The d-c voltage level at the output of the

post amplifier is compared to ground (0 volt) and the difference voltage is amplified

by the drift-error amplifier. The bandwidth of the drift-error amplifier- is re-

stricted to approximately 1 x 10 3 Hz in order to amplify only the d-c error.

The d .P, error is fed into the space-clamp gate, which is essentially a series switch.

The gate is activated by the logic. It is normally open and is commanded closed

For a 12-millisecond period during the portion of the mirror ..,are when the optics

are viewing space. During this time, the d-c output of the post amplifier should

be zero. If it is- not, the resultant error signal is amplified and sent through the

closed gate to the space clamp memory and buffer.

The space clamp memory consists of an ultralong time-constant capacitor network

with a storage-time constant of approximately 100 seconds. The error signal is stored	 r
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in the memory. Its magnitude is re y-established or readjusted every time the space

clamp gate closes during the 12 milliseconds the radion4eter views spaoe

The common-mode amplifier has two inputs; one from the memory and one common-

mode output from the side of the bridge. This amplifier is desig ed to have unity

gain. The output of the common-anode amplifier which consists of the d-c error

signal and the bridge common-mode supp ?y noise is presented to an input of the

detector preamplifier.

f The voltage difference, ` . # between the two detector preamplifier inputs is ad-D
In r

justed, by the above feedback technique, to a value which causes the output of the

t Iit Channel to be clamped to 0 volt when the sign,24L ;s not present.

Let
f

VB Es + EOM + E  + EA	 - ErB * Ecm
•

r whore

Es is the signal voltage from the bolometer

Ecm is the bridge power supply common mode noise

EB is the bridge impedance error due to bolometer

f ' thermal tracking

E EB is the error signal from the feedback loop

Also, i
s

EA is the thermal drift iii the amplifiers referred to the

input of the preamplifier.

., EFB = EB - 
EA	

(9 )

,
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k

lT = G

1 + GH (11)

Adding equations (8) and (9),

VD = Bs	(10)

Equation, (10) demonstrates that the feedback effectively cancels both the bridge

d-c unbalance error and the thermal drifts in the d-c amplifiers.

A closer look at the feedback loop shows how this is accomplished. The signal

path from detector input to output has a gain, G. The feedback error path has

a gain, H, when the space clamp switch is closed. Since the preamplifier input

voltage difference, VD, is dependent upon stored memory error voltage, the

closed-loop d-c gain, T, of the system is the same with the feedback loop opened

or closed. 'Therefore,

If G is equal to 4500 and H is equal to 15, then

T	 H	 15	 67 x 10 3	
(12)

:t

Thus, if the bolometer input drift plus amplifier drift equals 1 volt, then the output

will vary by only 67 millivolts. Breadboard tests have verified this predicted

performance. This feedback technique is valid only for slowly changing ambient

temperatures because of the loop time constants, as is the ease in a typical satellite

environment,

r
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Reference to Figure 25 shows that the d-c feedback does not encompass tae active

filter and signal buffer. Although these stages are not included in the loop, the

d-c stability of the system output is not compromised because the d-e gains of these

stages are unity, and the expected thermal drifts are below the system o tput

noise level.

(2) Detailed Description

The following discussion is based on the IR channel, signal electronics

schematic diagram shown in Figure 25.

The bolometer bridge consists of a two-flake thermistor bolometer ( shown in the

dotted section), five resistors and three capacitors. The detector has a 2 millisecond

time constant, a peak voltage of 30 -volts, and a responsivity of 1920 -volts/watt

at 0.6 peak voltage. Each flake is in series with a resistor (R1 or R5). These

resistors serve a three-fold purpose; they adjust the flake bias voltage to 0.3 peak

voltage; they prevent the possibility of accidental thermal runaway; and, most

important of all, they maintain the bias across each flake at 0.7 peak voltage at 

all temperatures between -10 0 and +60°C.	 The signal output of the bridge is taken

}}	 ' between the two flakes of the bolometer.	 t

cY	 ^'
i

r

- The other side of the bridge is formed by resistors R2, R3, and R4, which provide

b -, the necessary common -mode output. Capacitors C1, C2, and C3 filter high-frequency

power supply noise

^r

The detector preamplifier uses a Philbrick model Q25AH amplifier in its design.

if'
^ This device is a low noise, high input impedance ( FET input) operational amplifier

,K

An appropriate feedback network around the device provides a d-c gain and the 	 I

frequency characteristics shown in Figm a 26.	 1

9
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FREQUENCY

Figure 26. FXequency Response Characteristics of IR Channel Preamplifier

The peaking network is shown in Figure 25. Resistor R6 and thermistor RT1

provide compensation of the IR channel gain for changes in bolometer responsivity

with temperature. Stability of the preamplifter is assured by careful feedback

design and by capacitor C5.

The post amplifier, being less critical with respect to amplifier noise, uses a

Fairchild AA709 integrated-circuit operational amplifier. A taedback network

around the device provides a variable d-c gain through the selection of resistor

R13. A 6 db/oct roll off starting at 5. 1 kHz is achieved by R16 is parallel with C7.

Stability of the post amplifier is assured by careful feedback design and appropriate

selection of components CS, C9, R17, and R18.

The drift-error amplifier also uses a Fairchild gA709 integrated circuit oprational

amplifier. A simple feedback network consisting of R34 in parallel with C18 provides
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a 6--db/oct roil off starting at 1.06 x 10 -3 Hz This low-break frequency allows

only the d-c input to be, amplified with a gain of 15, 	 Stability of the drift error

amplifier is assured by careful feedback design and appropriate selection of components

R30, R32 9 C16, and C17.	 Therma l. stability is achieved by the selection of R31,

a

The space clamp and buffer consists of components R4 5 0 Q5 1 CR4, C21, Q4, R43,

and R44 shown in Figure 25. Q5 and CR4 comprise a series switch which is activated

on command from the logic.	 When the switch is closed (during a 12-millisecond

portion of sky time), capacitor C21 charges through R45 and Q5 to the error output

of the drift error amplifier.	 The charging time constant is 9 seconds. 	 Since the

thermal time constant of the spacecraft is approximately 120 minutes, 0 seconds

- is sufficient time to charge capacitor C21 to the resultant error voltage level.

When the switch is open, the off resistance of the FET switch is approximately

101 1 ohms.	 The input resistance of the source follower, Q4 0 is approximately

109 ohms.	 Therefore, the storage time constant of the circuit is greater than

f 83 minutes.	 With this long storage -time constant, there is no perceptable droop

^.' of the base line at the output of the IR channel, between clamp times. 	 Resistors

R43 and R44 form a voltage divider the ad`ustment of which allows balancing of

the IR output d-c level.
lie	

-

The common.-mode amplifier uses a Phlbrick Q25AH,' primarily because of its 	 '.

low-noise figure and high thermal stability. This amplifier is designed to have

unity gain for both the error signal input and the bridge signal input and to have

a 3-db cutoff frequency at 160 Hz.- Stability of the common-mode amplifier is

" ?	 assured by careful feedbackdesign and by capacitor C20.

c
•

The active filter uses a Fairchild µA709 integrated circuit operational amplifier 	 t

with appropriate feedback around it to provide the desired low-pass filter response.

In particular, the filter has a low-pass butterworth characteristic ( i. e., maximally

flat response ). The filter has unity gain at d-c. The 3 -db break frequency is 2.5 kHz.

The roll-off rate is 12 db/oct. Stability is assured by careful feedback design and

selection of components C12, C13, R24, and R25. Thermal stability is achieved
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I

by selection of R23, Minimum weight and small component size are additional L4j

advantages of this design.
1

The control gates permit insertion of the sync p0sc and the staircase voltage calibration

signal onto the IR output signal,. In addition, provision is made to blank the IR signal'

during sync and calibration time. The blanking gate, Q1, upon command shunts the

IR signal from the active filter output to ground through R26. During this time,

e;they Q2 rr Q3 turns on, allowing the signal voltages on their respective sources

to be impressed across R27 and, therefr>re, inserted ort the output.

The output buffer also uses a Fairchild AA 709 integrated circuit oper;Itional amplifier

in its design. Heavy feedback is placed around the device to provide a follower;,

function. The signal input is fed into the nonnverting input and the gain at d-c is

1.2. The output of this stage is the composite IR signal output. Amplifier stability

is assured b proper election of components C1.4 C15 R29 and 28yp p s	 p	 s	 ,	 _ ^	 R

(3) Sensitivity Calculations

The signal-to-noise ratio for the infrared channel is simply the signal

from the detector for a 330°K scene divided by the amplifier plus detector noise

referred to the amplifier input.	 -

The signal from the detector is given by:

N A, 62 RE

	

AX	 0 }
Vs (330'K)  (13 j

bridge factor

where

N	 is the radiance in a spectral band 10.5 to 12.5 microns at 330°K
0X -3	 -2	 -1

scene and equals 2.80 x 10 watts cm sr_

Ao	 is the area of the collector and equals 126.8 cm 2,
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S2 is the field of view of the radiometer and equals I- 85 x 10 -6 steradianst and

13 is the detector responsivty and equals 1020 vw i

The total optical transmission efficiency co is 0.40 and is a product of the

following suboptical efficiencies;

• ,Average transmission of the 10, 5 to 12,5 micron filter equal to

75 percent.

• Unobscured portion of collecting f optics equal to 89 percent.

• Reflectivity of scanning and collecting mirrors combined equal to

89 percent.

• Reflectivity of beam splitter equal to 78 percent,

The bridge factor equals 2 as a result of the shunting of the active flake with a

compensating flake of equal resistance.

Thus

4	 2.80 x 10-3 x 126. $ x 7.85 x 10-6 x 1920 x 0; 46
_	 Vs (3300K) 2

1.2 7 millivolts

.__.,	 The general form of the expression for the Johnson noise ofthe detector is given by:

V- = (4K TB Of 1/2	 (14)

Since the bandpass A f of the amplifier is not flat to compensate for the detector

time constant, as shown in Figure 24, expression for equation ( 14) is used. f
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rn 

(fn --fn-,) + a2 n-1 ( fn_l + ft-2)

1/2	
X15)

+ a2 ( f2 	 - fl ) + ai (ft -- fp)J

;f

where

k is Boltzman's constant (1. 374 x 10~23 joules per degree Kelvin),

T is the temperature at 1300°K, and

H is the Resistance of the detector and compensator in parallel
L

and equaii 100 K ohms

Assuming an electrical response of 50 percent and an optical system modulation 1

transfer of 50 percent results in a total system response of 25 percent. For an

electrical response of 50 percent, the peak frequency is 1100 Hz, and the detector

noise is 13 microvolts using equation ( 15). With a detector noise of 13 microvolts,	 t
the resultant system noise using a 0.5 db amplifier is 13.8 microvolts. Thus, the

signal-to-noise ratio is: 	 w

^/N	
1.27 x 10-3	

-J2.5 3s db
13. 8 x 1

0_6

a^

The actual measured SIN is 38 db and the difference between actual and measured

is attributed to 1/f noise of the detector, This signal -to-noise ratio will provide

the temperature resolution shown in Figure 27.

C.	 Visual Channel Signal Electronics

(1) Introduction

The visual channel signal electronics contain a silicon. detector,

conditioning networks, mode selection, voltage amplifiecation, blank and insert 	
i

circuits, and an output buffer. A schematic diagram of the visual channel signal

electronics is shown in Figure 28.

z
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Figure 27. Temperature Resolution vs Scene Temperature

The visual det; ctor is a Hewlett-Packard type HPA4203 ultrafast low-noise silicon

planar PIN photovoltaic diode with high detectivity for visible and near infrared

(0.4 to 1.0 microns) radiation. Use of the photodiode in a resistively-loaded,
^. vt

	

	
unbiased mode permits selection of a broad range of transfer characteristics from pure

logarithmic for open circuit voltage amplifier case to pure linear for the short-circuit

current amplifier mode. Use of a common voltage amplifier and selectable load

resistors permits operation in the log mode using a 42.2 megohm load, semilog
e

	

	

mode using 511 Iki.lohms, and linear mode with. 224 kilohms . A departure from

linearity of a few decibels in the linear mode is a result of maintaining the load
v

resistance high enough to avoid reduction of signal level but too high to satisfy the

pure linear mode short circuit current requirement. The light diode resistance

loading and amplifier configuration is ,shown in Figure 29.

(2) Detailed Description

Selection of the log, _ semilog, or linear, transfer characteristic is

accomplished with 2N4391 junction FET switches which connect the proper ovtnut'

59/60

r	
;.	 z

k..^

a

0 7
x
0"

oN
W
CC

W
CC

2
W
IL

W
f

0
F



^r

pit
IOK

r

/N9^eT	 IN9iD	
2 4 91	 2	 J30K	 2N4991	 ,2N 301

	

Dg	 RT4

	

2Sel	 R2	 VR^g6^	 WOK iR2	
VRIO VRl1

48 * 7K	 IN9+60 ''	
RIO	 41K	

M3f9N	
1NXS '	 M►9r1

4^	 i ^^1
	 loo	 K	 MJ914

so	 J	 ,

	

GATE	 200

	

DRIVER	 i3O0 MODE	 «r h
fil

H4;;30
R:^I C7160K 100000 3480 ,O1

m
+tSV	 +lSY	 ~215V •/5V 	 tl V	

24,5V Sogw
PACE
 ^	 cyCWe 5Ywv

	 V

	

MIpG	
._......«.^. CLAMP GWOWoe	 iwm	

15V	 i l _ /

K	 ^1 L:IIl`LiQ/NfR LANK 
$ INSERT	

AP/v^R

	

i. UNLESS	

LtiMrMID
 OIWJ NIIEG SGGIIFILD €

I	 IK
IY^'5T M	 Ov.

M 1.RGSIAMCC V^UlGS ARG W C7Nv,SCAO tw_ tW'^f^ )	,

	

I► l1 CAPK
ST

ITANCC ^M►1.lIGS NtC MI MICRO•	
L 24mv

m%= SGtt
_ID m

pp^ ^
1 5

1► igg'OL^OWVU=D IN GA,CM4PC1AKMT GGRIGSf 	 -EK.OV

	

RT4	 C19

	

Q9	 CR3

Figure 28^



_,

Compost rE
v/vro ourrur

I	
,

R15	 P18
^'o2K MOO

C4
.»	 OQ Pr

Q25AH	 C:
PRE AMP4	 6µ 4,7Now 6

a^ 4.7

^«,	 r +
®	 62JK

	

{	 472TIK6	
j CI6

C2	 03	 R14	 RNO",	 AR2

N^Q
u FER

	

	 CI4
MOPF

a	

CI	

08	 y

MPF

WK	 ZN4301	 2N409I 470

pa9
iQ	

R ►3	
'JOK	

1NA	 j
47K

.Ory MOM

	

g	
X

	

R23_ R24C7	
14 - moo

fkgN &AtiMaARS Gt1,9" ^t1/^P SNNG:

	

^t5v	 V	 SPACC	 Fi'ilfSi	

/

Ti' C4&r rRAfdi	 -1511	 +/.''IV -)I'v

	

I^M06 CBAIiMND	

awwple AA 

NK

4NrR	 CAI 
MAIM

	

.aK	
^	 BLAdt l^lSE'RT

	

TEST 80X	 t^K

CIO

Rib-

,IK

	

IK	 .^X

MOf'^ ?r,,CLCCIOR
1.0

3K

i^11d.

ry .
i

i

Figure 2S. Visual, -Channel Signal Electronics,	 11
Schematic Wiring Diagram

61/62



TYPICAL
VALUES

HPA4203
LIGHT
DIODE

RIN	 0

LIGHT
DIODE
HPA4203

OPg
AMP	 VOLTS

19K

1K •

OP	 ,g
AMP	 VOLTS

k
RIN

VOLTAGE AMPLIFIER

32 MEG	 5,11K	 224K
z

LOGI SEMI*#(
Lori 4 LINEAR

1

4 MEG

1.5,4A

^•

ULTRALINEAR

CUHHENT AMPLIFIER CONFIGURATION

Figure 29. Light Diode Resistance Loading and Amplifier Configuration

load and matching input conditioning network to the light diode. Each mode is in-
x r

	

	 tinted through a separate command line activated by standard 0-volt enable and

+5-volt disable logic   levels. Level changing gate drivers using. a 2N722 inverter

provide a +5-volt enable and a -24.. 5-volt disable to switch the FET gates. The

UJ

	

	 IN968 zener diode blocks gate-current flow by preventing a drain-to-gate breakdown

when the FET is turned on. The relatively high shunt capacitance of this Zener

acts to speedup FET turn on.

The LOG output load of 32 megohms is permanently connected and serves to tie

down the amplifier input (in preference to leaving it floating). 'Upon LOG command,
is	 -r,	 the LOG conditioning network is switched on completing the light diode circuit.

y
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+15V

P01,.

J

f

The semilog and linear networks and loads are disconnected, In either of the latter

two modes, the 32 megohms shunts the selected output load resistor, changing

the net load by approximately 1 percent.

Conditioning networks, shown in Figure 30, in conjunction with output load resistors

permit the precise adjustment of; compression characteristics, by total loop

resistance loading of the light diode; full-scale output level, by adjusting the

resistance divider ratio or amount of resistance in the output compared to the

input network resistance; temperature compensation, by using thermally sensitive

resistors in the input network; and, zero scale output level adjustment using bias

subtraction,

AMPL INPUT

11i

J.-I-11",

v ,'

"	 1

•15V
47K

100	 a.	 Log

47K
0 250C HP4203

160K	 48.7K	 ♦ 	 -
+1^iV AMPL INPUT

100	 3 M_2 412K

b.	 Semilog

47K @ 25°C

HP4203
1.2M	 47K @25°C	 ++15V AMPL INPUT

1,00	 32M 200K

47K CM 250C 1

c.	 Linear

Figure 30.	 Conditioning Networks, Schematic Diagrams
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The Q25AH is used as a very-high-input-impedance direct-coupled noninverting

feedback amplifier with drift stabilization provided by an output capacitor and solid

state input and output clamps. During space time ( when the detector views cold

black space), the output FET switch is gated on, charging the output capacitor to

a voltage equal to the amplifier output offset. During earth time, the FET switch

is gated off, and the voltage across the capacitor cancels the amplifier offset, thus

providing an output equal only to the conditioned detector voltage times the gain

of the amplifier.

The gate driver and FET gate are the same as those used in the mode-selection

circuits. The 5.1-Kilohm resistor connecting pin 8 in series with the 2.3 microfarads

drift-stabilization capacitor reduces the maximum inrush current and provides control

of the charge time constant. The back-to-back Zeners (IN756 and IN757) provide

rapid overload recovery by gain reduction in the presence of input transients

exceeding nominal voltage. The feedback network provides a stable gain of 24.2

(or 27.7 db) with a -2 db bandwidth of 1680 Hz. Power supply (±15 volts) filtering

is provided with the 0.01 microfarad bypass capacitors. Voltage offset is trimmed

out with resistive network between pins 3 and 9 and the +15-volt supply.

The composite video signal is time multiplexed using a short switch for a blanking

gate and series switches or transmission gates for inserting the stair and sync

pulse.

r+^

The output signal from the visual channel video amplifier is the result of the detector

field of view scanning the earth,: sky, housing, and calibration lamp. At the in-

tiation of blanking, a zero voltage offset low, resistance short circuit appears

across the shunt switch. An input 5-YilohmE resistive load terminates the video

amplifier while an output 20-Kilohm load terminates the insert circuitry ( both through

the same shorted shunt switch). When the sync gate is enabled, a -8 volt 30-millisecond

PP	 P	

.,
r	

pulse will appear on the output bus, After 10 milliseconds, the stair gate is enabled,

permittti°ng transmission of the 60-millisecond, six-level, -6 volt stair. After

blanking is _released, the composite video to the buffer, when commanded, resumes

scan of the black housing and the calibration lamp. Note that the blanking time
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time serves a dual function by also permitting d-c restoration of the amplifier

using the same short switch. The diode OR gate provides the time multiplexed

space clamp and blanking pulses to the shunt gate.

A Philbrick Q25AH is used as a very-high input-impedance direct-coupled follower

or noninverting-feedback unity-gain amplifier. Input cur:eent of a nanoampere and

input impedance greater than 10, 000 megohms permits use of a. high value load

resistor (22 megohms) or a very long discharge ramp time constant ( greater

than 50 seconds) and also allows simple resistive mixing of sync and stair signals.

Power inputs (A:15 volts) are filtered with 0.01-microfarad bypass capacitors.

With the special stabilizing network shown between pins 8 ard;l 9 and between pins

3 and 4 for this 100 percent feedback connection, stability is assured. No voltage

network is required because the voltage offset is only a few millivolts.

Transfer characteristics for the "LOG, semilog, and linear modes used in the visual

channel signal electronics are shown versus, temperatures of 5 0 , 150 , and 25 0C

in, Figures 31, 32, and 33. Also, shown in Figure 34, is the ultralinear short-circuit

current mode which is desirable in a system where the analog is converted to

digital before storage and transmission.

(3) Visual Channel Sensitivity Calculatioaz

The solar irradiance at the earth's surface varies with Solar Zenith

angle due to preferential scattering of the shorter wavelengths, but this can be

ignored for relatively small air mass numbers. The spectrum of sunlight incident
oon the Earth s atmosphere is given in the 1965 Handbook of Geophysics and these

data are reproduced in Table 4.

Integrating Table 4 with the combined spectral response curve ( Figure 9) of the

silicon detector results in a quantity which is essentially N^ R^ ( radiance times.

-4responsivity ). For the wavelength interval 0. 5 to 0. 75 9 N  R  is 23.6 x 10

amp/cm2 - ster.
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TABLE 4. SOLAR IRRADIANCE OUTSIDE THE ATMOSPHERE

Wavelength Region ( microns) Irradiance ( watts/m2/µ )

0.5	 -	 0.55 980

0.55 -	 0.6 950

0.6	 -	 0.65 860

0.65 -	 0.7 770

0.7	 -	 0.75 680

The detector short circuit signal current produced is given by

Co A►o SZ NXNi'

ii
I

where

i	 NXR>	 23.6 x 10 amp /Gm2 - stem

[
o	 optical efficiency = 0.5*

Y	 -
f	 = Field of View 4.15 x 10 s steradians

Ao = Area of collector 126.8 cm2

is	 0.5 x 126.8 x 4.15 x 10-6 x 23.6 x 10 4
^	 x

-

...'	 - 0.62 x 10 amperes.

The Johnson noise developed in the load resistor of the linear mode is

1f	 V JWTRLfnoise
f;

r,

* Eo indicates the effects of the reflectivity of the three mirrors and the transmission
of the magnifying lens. Thze effects of the filters and beamsplitter are already
included in the N N value. 	 1

r;
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Vnoise = 3 x 106 volts

for

R = 200 Kilohms

and

Qf

	

	 2.62 kHz ( effective noise bandwidth for a 1680 Hz bandwidth

and a 6 db /octave rolloff )

For a 0.5 db NF amplifier VN. = 3.2. x 10 -6 volts

The signal-to-noise ratio

S/ N- 
is R_ 0.62 x 10-6 x 0.2 x 106

I- VN 	 3.2x10
6

SIN (for linear mode) - 3.9 x 10 4 at maximum scene illumination for

80 percent albedo.

3.	 Logic

a.	 Introduction

The logic section of the dual channel scanning radiometer provides	 r

all necessary timing and control signals for the electronics, as well as the following

timing and control functions;

• Space clamp (d-c restore),

• Video blanking,
{

• 'Sync pulse generation, and

• staircase voltage calibration generation.
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Parameter Value

Motor Scan Rate (90 rpm) 540°/sec/90 rpm

Motor Encoder Position Pulse 667 ms
Period

Motor Encoder Velocity Output Rate 540 pps

Motor Encoder Velocity Output 1. 85 ms
Period

l

^^ w

The logic is constructed of monolithic integrated circuits of the low-power diode

transistor logics (DTL) type. The staircase generator uses a monolithic MOS

PET six-gate array.

The logic is constructed of monolithic integrated circuits of the low-power Diode

Transistor Logics (DTL) type. The staircase generator uses a monolithic MOS

PET six-gate array.

b. Logic Design

`t	 The logic circuitry, shown schematically in Figure 35, requires only two

r-
signal inputs for operation, both of which are derived, from the magnetic shaft

encoder. They are the position-pulse signal and the velocity-pulse signal. The

position pulse occurs once per revolution of the mirror. The velocity pulse occurs

every degree of mirror rotation, The important logic input timing parameters

are summarized in Table 5.

TABLE 5_. LOGIC INPUT TIMING

i
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The logic consists of a 9-bit counter, constructed of type LPDT µL 0040 DTL

clocked FLIP-FLOP modules, The remainder of the logic consists of DTL logic

gates, described in Table 6, and configured to provide the necessary timing of

events. In addition to the logic shown in Figure 35, the staircase generator is

also located on the logic board. This generator, shown in Figure 96, is constructed

of an MEM2009 P-channel MOS FET six-gate array and associated level-shifting

transistor networks. These level shifters are required because the DTL logic

which activates this device operates on 0 to + 5-volt logic levels whereas -24 to

0-volt levels are required for the MEM2009.

TABLE 6. TYPES OF LOGIC MODULES

Module 'Type Description

Z1, thru Z9 LPD TA L 9040 DTL clocked Flip-Flop

Z10 9 Z11 DTµ L 930 Dual 4-input gate

Z12 thru Z17 LPDTµ L 9042 Dual 3- and 4-input gate

Z18 1 Z20, Z22 LPDTµL 9046 Quad 2-input DTL gate

Z19 1 Z21	 Z23 LPDTFtL 9042 Dual 3- and 4-input gate

Z24 thru Z35 DTµL 933 Dual 4 extender

Z36 0 Z37 LPTµL 9042 Dual. 3- and 4-input gate

Staircase Generator MEM2009 6 MOS FET array

x

c. Logic Operation

The operation of the logic is presented. in terms of the logic outputs

and timing of events. These outputs and the corresponding times are summarized

in Table 6. The DTL logic "ONE" is 0 volt and the logic "ZERO" is +5 volts.

i
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Figure 36. Six-Level Voltage Calibration Generator

A count is defined as the period of one velocity pulse (i. e. 1.85 milliseconds).

For example, voltage calibration level 1 starts at count 1,62, or approximately

300 milliseconds after the start of the space clamp.

A truth table of the logic input to each gate section is shown in Table 8. It should

be noted teat each logic 9 bit word represents a count listed in Table 7.

The staircase generator circuit is essentially a six-input commutator and consists

of an MEM2009, MOB FET array, a precision voltage divider, and a set of six-level

shifters. Inputs (drains) 9 through 14 are connected to the voltage divider.
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...Count
Outputs Output Time

Level ^ X 1.85(volts) ' llis eonds

Enable Amplifier Space Clamp 0 0

Disable Amplifier Space Clamp +5 7

Enable Video Blanking 0 135

Disable Video Blanking +5 195

Enable Sync Pulse Gate 0 141

Disable Sync Pulse Gate +5 157

Enable	 volt, calib. level 1 0 162

Disable 1 +5 168

Enable 2 0 168

Disable 2 +5 178

Enab leInab a 3 0 173

Disable 3 +5 178

Enable 4 0 178

Disable 4 +5 184

Enable 5 0 184

Disable 5 +5 189

Enable 6 0 189

Disable 6 +5 195

Enable voltage calibration gate 0 '.62

Disable voltage calibration gate +5 195
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TABLE 8. LOGIC TRUTH TABLE

d	 3

U

L4%

r^

Input Signal Logic Condition

Z9 Z8 Z7 Z6 Z5 Z4 Z3 Z2 Z1

Enable Amp. D-C Restore 0 0 0 0 0 0 0 0 0

Disable Amp. D-C Restore 0 0 0 0 0 0 1 1 1

Enable Video Blanking 0 1 0 0 0 0 1 1 1

Disable Video Blanking 0 1 1 0 0 0 0 1 1

Enable Sync Pulse Gate 0 1 0 0 0 1 1 0 1

Disable Sync Pulse Gate 0 1 0 0 1 1 1 0 1

Enable volt.	 calib.	 level	 1 0 1 0 1 0 0 0 1 0

Disable volt.	 calib.	 level	 1 0 1 0 1 0 1 0 0 0

Enable	 2 0 1 0 1 0 1 _ 0 0 0

Disable	 2 0 1 0 1 0 1 1 0 1

Enable	 3 0 1 0 1 0 1 1 0 1

Disable	 3 0 1 0 1 1 0 0 1 0

Enable	 4 0 1 0 1 1 1 0 0 0

Disable	 4 0 1 0 1 1 0 0 0

Enable	 5 0 1 0 1 1 1 0 0 0

Disable	 5 0 1 0 1 1 1 1 0 1

Enable	 6 0 1 0 1 1 1 1 0 1

Disable	 6 0 1 1 0 0 0 0 1 1

Enable voltage calibration gate 0 1 0 1 0 0 0 1 0

Disable voltage calibration gate 0 1 1 0 0 0 0 1 1'

i
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The voltage divider provides six 1-volt levels, 0 through -6 volts. The control

signals are applied to inputs ( gates) 1 through 6 in time sequence, such that each

OS FET turns ON in succession	 a MOS FETs are normally OFF and turningNI	 The	 y	 g

them on sequentially permits each voltage divider level output to be impressed;

across the output (7), R L. Thus, a staircase waveform, starting at 0 and climbing

to -6 volts, is generated.

R

4.

	

	 Scanning Mirror-Velocity Control Loop

a. Basic Requirements

The two primary considerations in the design of the radiometer mirror-

velocity control loop are:

•	 ShortThe	 be held-reran Jitter -	 instantaneous velocity must

sufficiently constant within any one revolution to maintain the

angular position of the mirror within 2 milliradians of the po-

sition it would have been in had the velocity been truly constant.

•	 Long-Term Velocity Requirements - The velocity must be locked

onto a reference frequency.
a

n	 b.	 Design for Short-Term Jitter Requirements

The mirror is driver_ by a d-c brush torque motor. 	 Since the design M.n

philosophy is to keep the weight and, hence, the inertia low, it is necessary to have r., 3

a tight-velocity control loop around the motor to meet the short-term jitter

requirements.

Based on measurements of once-around frictional variations of the drive motor, it

was determined that the velocity loop would. require an open- loop d-c gain of greater

than 50 db to meet the requirements. 	 To achieve a suitably damped closed loop

with an open-loop bandwidth low enough to ignore ill-defined lags due to motor in-P	 P	 ^	 g	 ^ t

r .	 ductance or inherent amplifier capacitive effects, it becomes necessary to employ

a compensation circuit. 	 The frequency compensation network chosen is a lag-lead
3fol'̂ owed by a,lead-lag•
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The velocity feedback is derived from a 540-pulse-per-revolution encoder, rotating

on the same shaft as the motor and mirror. The encoder pulses are converted to

do in a frequency-to-d-c converter. The output of the converter includes a certain

amount of 540-cycle-per-revolution ripple, which, because of the high-loop gain,

wov,ld be sufficient to saturate the power amplifier. However, since the velocity of

the motor is nominally constant and, therefore, the ripple is at a constant frequency,

the ripple is eliminated using a sharp notch filter. Since the frequency of the notch

is considerably above the loop crossover frequency, the loop stability is not affected.

The solid ( unbroken) lines in the block diagram of Figure 37 show the velocity

control loop.

VELOCITY
COMMAND SIGNAL	 D-C TORQUE MOTOR

r-
VOLTAGE VOLTS COMPENSATION 	 VOLTS	 MOTOR	 MOTOR
SUMMER	

TORQUE
AND POWER	 TORQUE	 iAIFRT ie
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C.	 Design for Long-Term Velocity Requirements

To maintain the velocity backed to a reference frequency, the portion of
F

the block diagram shown by interrupted (broked) lines in figure 37 is used. Further

details of the pulse-width modulator ( PWM logic circuitry are shown in Figure 38.

Basically, the operation of the loop is as follows. The phase of the encoder velocity

output signal is compared with that of the spacecraft clock reference signal in the

PWM. The PWM produces a series of bipolar constant-amplitude, rectangular 	 }`

output pulses of frequency equal to the 540 pps reference frequency. The pulse

polarity is determined by the polarity of the phase difference while the varying width

is instantaneously representative of the magnitude of the phase difference of the phase

difference of the two frequencies. This signal is then smoothed and fed through a

gain and compensation amplifier before summing into the velocity-loop input, The

velocity command signal of the velocity loop is still required to maintain the nominal

velocity of the mirror approximately at that value demanded by the PWM loop. This
t

will keep the PWM signal at a low value.

The operation of the bipolar pulse width modulator shown in Figure 38 is as follows.

At time t = 0, the 540 pps reference frequency clock input pulse rises from 4 to +5

volts.	 The output of the associated input inverter simultaneously falls from +5 to

C volts.	 This logical "ONE" level sets the No. 1 R-S flip-flop causing the R-S

flip-flop No. 1 output to go to 0 volts. 	 The output of the associated output inverter

rises to +5 volts while the output of the sense amplifier goes to +10 volts because
w^

of the noninverting gain of 2 for signals entering the plus input via the resistive at-

tenuator ( 3500 and 6800 SZ ),

At time t = T the encoder velocity input goes to +5 volts, the associated inverter output

goes to 0 volt, setting the No. 2 R-S flip-flop.	 Simultaneously the NAND gate output

goes to 0 volt setting the monostable multivibrator generating a disable gate of

1 milliseconds duration that immediately resets both flip-flops. 	 The flip-flop No. 2

does not get set and the output remains at +5 volts in response to simultaneous_ set
Mm

-
1

y
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and reset commands. The sense amplifier output falls back to zero and remains

there until another positive transition. occurs at the input inverters. ,Alternate invereted

PWM output pulses which would occur at the time of negative transitions at the input

inverters are disabled by the reset pulse which straddles this time event as shown,

in Figure 39.

zffi o
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The average value of the sense amplifier PWM output pulse train is directly proportional

to the duty cycle as shown in Figure 40.

Ideally, the PWM transfer function is Aavg/cue 1. 59 volts/radian. The frequency

response is limited by the low pass filter described in the following paragraphs.

A m. j 1 O V

	

AAVG = I A I OE 	 A,
1.59 Y'EUy	

j	 2Tf

U	
21f

e.

Figure 40. Sensor Amplifier Duty Cycle

The amplifier and compensation networks shown in Figure 41 provide the proper

low pass and notch` filtering _of the PWM error signal. Adequate gain and phase

compensation is also provided prior to insertion of the phase error signal into the

current summing point of the main tachometer loop to assure a stable and tight

phase-lock mirror-speed control system. A Fairchild AA709 integrated Circuit

operational amplifier is used in the inverting anode with a near unity gain at d-c,

,:	 I

3
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thus not requiring d-c offset or drift correction. Power inputs (:L15 volts) are filtered

with 0.01 microfarad bypass capacitors, An open-loop rolloff with a slope of -1

(-6 db/octave) is provided with the Millen capacitor ( 200 picofarads) between termistals

5 and 6, and the RC lag compensation ( 5000 picofarads and 1.5 SZ) between pins 1

and 8. Nyquist stability is therefore assured for this near 100 percent d-c feedback

connection. The output 51-ohm resistor provides capacitive drive capability, The

position notch and compensation network characteristics are shown in Figures 4; and 43.

The motor drive electronics which comprise the motor drive forward loop and the

tachometer feedback loop are shown in Figure 41. The velocity command signal

is provided by a precision, temperature-drift-compensated series voltage regulator

reference source. The notch amplifier serves as the summing amplifier for the
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The Bode plot for the uncompensated velocity loop is shown as a dashed line in

Figure 45. The phase margin at the crossover frequency of 190 radians/second is

essentially zero due to the slope of 2 dropoff. However, 45 db of feedback is available

at the once-around motor-shaft frequency and serves to attenuate speed flutter due to

thiq major source of torque disturbance. Values of 50-Hz motor cn.mutator ripple

torque effects are minor even without the benefits of feedback whit,-'h are essentially

nil at this frequency. The addition of 1 ag-lead /lead-lag (or notch) compensation

results in a safe 37-degree phase margin at the 215 radian/second crossover fre-

quency by sliding through 0 db at a -1 slope.

The Bode plots for the uncompensated and compensated phase-lock loop are shown

in Figure 46. For the gains shown of 0, 04533 for the closed each loop (or the velocity

regulator) a times-five position loop amplifier gain and a 360-tunes multiplication of

phase error via the 360 magnetic pole encoder, the phase margin is -23 degrees which is
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Figure 46. Phase-Lock Loop Characteristics
f

unstable in the uncompensated configuration. With lag-lead compensation the crossover

slope becomes -1 and the crossover frequency 4 radians/second with a 63 degree

phase margin. This bandpass provides for long term drift correction of about two

revolutions or more. r	 {

5.	 Power Supply
r	 ^	 ;

The power supply consists of a DC/DC converter, five full-wave bridge rectifiers,

and five voltage regulr tors to produce the voltages shown in Figure 67. 	 -

^i

The DC/DC converter portion of the power supply as shown in Figure 48, uses power

transistors, Q1 and Q2, and transformer T. Q1 and Q2 are normally biased ON. In

this condition, diodes D4 and D5, D6 allow current to flaw in primary windings 1-2

J
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Figure 47. Power Supply, Block Diagram

and 7-8 respectively, Primary windings 3-4 and 5-6 carry the collector currents

of1 and 2, respectively. Capacitive cross-coupling of the base of 1 to the@	 W2	 P'°	 Y ^	 P ^	 p ^^	 Q

collector of Q2, and vice versa, ensures that regeneration will start 'upon application

'.	 of power to the circuit. Capacitors C3 and C4 and resistors R1, R2, R3, and R4 in

conjunction with transistors Q1 and Q2 form an astable multivibrator. Due to the

astable action, Q1 and Q2 turn OFF, causing the currents in the primary windings

to cease flowing. Since the core material of transformer ' p , is of the square-loop

hysteresis-type, regeneration is sustained, and a square wave appears on each of

the five secondary windings. The frequency of oscillation is approximately 12 kHz.
is

Each secondary winding output is full-wave bridge-rectified and filtered, as shown

in Figure 48.

Components L,1, L2, and C1, C2 are included to suppress converter noise on the

input power line. The d-c voltage output of each rectifier is then impressed upon

the input of an appropriate voltage regulator.

u

-	
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All five voltage regulators utilize the same basic design technique. A typical

voltage regulator, shown in Figure 49, consists of a series pass power transistor

Q1, error amplifier AR1, a Zener diode voltage reference °VR1, and a resistive

divider network R1, R2, see Figure 49.

it

.1

Figure 49. Typical Voltage Regulator, Simplified Schematic

The regulated, output voltage, Vo, is sampled at the center of the voltage divider

	

,^ w	 network consisting of R1 and F2. The resulting sample is compared to the reference

voltage across the Zener diode, VR1. This voltage difference is amplified by the

	

,t T	 error amplifier AR1 and used to control; the voltage drop across transistor Q1 in
1

a manner which keeps Vo constant.

6.	 Mechanical Design

The .radiometer assembly consists of three principal subassemblies; the '

	

u	 first houses the scan mirror drive motor, the scanning mirror, and the collimator

g	 1-for in-flight calibration of the visual channel; 	 second houses Brie uaase rain
{

telescope objective; and the third houses the detectors, filters, and beamsplitter.

1
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Preamplifier electronics for both channels are amounted near the detectors. 	 Separate

castings are used for the scanning mirror and Cassegrain objectives to facilitate

the substitution of the scanning mirror design which incorporates the honeycomb

shield.	 In a proto4r.pe design, these two castings could be combimed into a single

casting with an attendant

saving in weight.

The details of the mechanical construction are shown in Figure 50. The mechanical

design	 forward	 few	 Provision is	 for individualwas straight-with	 exceptions.	 anade

'	 focusing in both channels. 	 Provision is also made for translational adjustment of

the detectors	 to their	 that the fieldsperpendicular	 respective optical axes so	 of

view of the two channels can be brought into coincidence.

The only real problem encountered was the differential expansion between the quartz
F

elements of the Cassegrain objective and their metal mounts. Differential expansion

over the anticipated temperature range (from -10 0 to +600 C) is less than 0.2 percent,

it is less than 0.1 percent from room temperature to either extreme.	 The secondaryx

mirror is 1.5 inches in diameter, and the differential expansion is 0.0015 inch.

Cement is used to hold the secondary mirror in _place because of its tolerance to

expansion.	 -

However, the scanning mirror is 5 inches in diameter, which leads to a differential 	 -

expansion of 0.005 inch. In the present design, the mirror is constrained from

axial motion in either direction by direct metal-to-quartz contact. A 0.1-inch wide

flat surface around the outer periphery of the front surface rests against a machined

surface of the casting into which it mounts. It is held against this surface by a cover

plate which presses against its back surface. The edge thickness of the mirror is

0.5 inch thus, differential expansion is 0, 0005 inch. This differential expansion

`

	

	 is accommodated by spring washers under the bolts which hold the cover plate

against the back of the primary mirror. The differeniial diametral expansion is
f

accommodated by providing sufficient diametral clearance. In addition, a channel
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li":is cut into the casting surface which surrounds the mirror diameter. After align-

ment is completed, the space between the mirror edge and the casting is completely

filled with RTV, which provides support and cushion against radial motion, and also

provides damping of axial motion.

A tubular unitcontains the drive motor which rotates a 5-inch, 45-degree mounted mirror

at a constant speed. Also contained within this unit, and keyed to the shaft with the

mirror, is a position encoder which provides electrical signals to the system controls,

identifying the position of the mirror.

The drive housing is a simple aluminum shell supporting the encoder stator and the

d-c motor stator. To ensure the .highest degree of concentricity between the encoder

stator and the outside diameter of the shaft bearings, the encoder elements are

assembled and potted into the rough-machined shell; then the bearing seats and the

inside diameter of the encoder stator are fine machined at the same setting. Encoder

concentricity is critical because of the :small radial clearance (0. 003  inch) between

rotor and stator, A total runout not exceeding 0.0005 inch is achieved in this design.

The shell shaft has been designed similarly in that the encoder rotor par's are

assembled and potted onto the rough-machined shaft, after which the rotor outside

diameter and bearing seats are fine-machined at the same setup. Using this technique,

there is virtually no eccentricity between stator and bearing outside diameter or

rotor and bearing inside diameter. Thus, the total runout is only that present in

the bearings themselves about 0.0003 inch.

i
i`

III

The mounting of the Inland T- 9 157E torque motor presents no problem because of
x

its considerably greater radial, clearance with a resultant looser concentricity require-

ment. The motor stator is retained in the stator shell with four screws, while the

rotor is securely clamped between the two splined adapters by a threaded cap.

To mechanically ` ' lock all fasteners in place, lockwire, lockwashers, , or locking inserts	 w

are used in preference to organic thread-locking compounds to minimize contamination

of the bearings or encoder surfaces.
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The dynamic shaft seal consists of a close-fitting sleeve whose length (0r 375 inch)

is long relative to its radial width (0, 0015 inch), Calculations indicate that at an inside

pressure of 10 -4 tom and an outside pressure of 10"13 torr (space),  the leakage rate

of lubricant molecules through the seal should not exceoi 30 grams/year, Because

the internal components of the drive operate satisfactorily at 10-4 torr, there is no

need for static seals, as such. As long as the end caps have a reasonably close

pilot fit in the shell, their impedance will be sufficiently higher than the dynamic

seal; thus, the molecular leakage through them can be ignored.

A cast or welded-aluminum mirror assembly is rought-machined and permanently

bolted to a splined adapter. This adapter performs three functions; (1) acting as

the rotating member of the dynamic shaft seal, (2) locking the mirror to the shaft,

and (3) providing precision datum for final grinding of the mirror,

7,	 Packaging Design
i
9!

The dual channel radiometer electronics shown in Figure 51 are divided into

two packages; the preampli€ ers and the main electronics box.

The IR preamplifier, the common-mode amplifier and the entire visual channel are

packaged with the detectors on the back of the mirror housing to achieve a minimum

noise pickup condition. The remainder of the electronics are packaged using the

standard Improved TO ►S design concept.

The preamplifiers and the visual channel are located on two circular boards mounted on

standoffs directly behind the detectors to prevent RF interference, feed-thru filters

are used to connect these circuits to the cable going to the main electronics box.

,E

This cable also contains the neceseary connections for the encoder, the motor, and

the temperature sensors.

r
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Figure ail. Dual--Channel Scanning Radiometer
Electronics Packaging

The main electronics box, containing six circuit boards and a h..rness board, is

8" by 52 by 7" . There are two 60-pin connectors on the harness board end; one

goes to the preamplifiers, the visual channel, and the motor; the other connector

goes to the test box.
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`	 The six circuit boards are mounted in the box using Brcher slides and 60-pin malco

connectors. These circuit boards are spaced 1 inch apart in the following order:

Al •• motor drive; A2 - IR amplifier; A3 - telemetry; A4 - logic; A5 position

AVM: loop; and A6 - lamp driver and DC/DC converter.

The logic board is a four-layer printed circuit board, while all other boards are

`	 - hard-wire boards.	 The power transistors for the motor drive and lamp drive are

mounted on the sides of the box to provide proper thermal; conduction for these
v. components. 	 Furthermore, the DC/DC converter was mounted on the side of the

box to also provide proper thermal conduction for this device.

8.	 Telemetry

Circuitry is included in the dual channel scanning radiometer electronics to

provide additional information about important "housekeeping" functions as shown
I.;a2

in Figure 52.	 In actual spacecraft use, these functions would be tel,,6-wetered to

the ground.	 In this engineering model, these functions are brou^r w out to a test

box for observsation.

7

The housekeeping functions provided are as follows:

0	 IR detector bias monitor,

s	 Electronics bias monitor,

•	 Motor operation indicator, and ;3

w

•	 Temperature 'sensors.

With the exception of the temperature sensors, all monitor and indicator outputs

will read -2.5 volts when _oeration is normal. 	 The voltage output of each tem-
f

x perature sensor will vary linearly with the temperature being monitored. The linearity

is within 3. percent.	 For

-20°C :5 T:5 -+ 550C

I
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-All

the output -voltage from the sensor, Vo p will be	 I 
-1.3 volts :5 Vo :5 -5. 0 volts

The temperature sensor is a Gulton Industries Voltage Temperature module, model

VT-30. It is a three-terminal passive device which, when connected to a regulated

power source, supplies an output voltage that is a linear function of temperature.

The temperature sensors are mounted to monitor the temperature of the following

points:

Housing backscan I,

Housing backscan II,

0	 Detector mounts,

Electronics I,

Electronics II, and

•	 Spare.

The IR detector bias and electronics bias monitors are resistor net-works.	 The

motor operation indicator detects the average value of the square wave from the

motor drive squaring amplifier and presents -2.5 volts at its. output when the

motor frequency is 541 0 Hz.

As explained in the logic section, the staircase voltage generator is actually a

six-input commutator.	 This basic commutator could be used to commutate the

nine telemetry points from the radiometer by adding two more MEM2009 MOS FET

six-input gates and adding two gate signals. 	 Thus, the staircase could be gated

off and the MEM2009's gated on to commutator (IR processor) currently used

in TOS.
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D. RADIOMETER CALIBRATION AND TEST

1.	 Alignment and Focusing

The engineering model radiometer was aligned and focused using an infrared

collimator. The furnace which supplies radiation for the infrared channel is suf-

ficiently incandescent for use as the radiation source for the visual channel as well.

The target aperture of the collimator was set to provide a 1 milliradian scanning

spot. The radiometer assembly, with the scanning mirror assembly removed, was

placed on a rotany table facing the collimator. Provision was also made for rotating

the radiometer in elevation.

1a

The visual detector and the associated magnifying lens were first centered mechanically

behind the Cassegrain. Accurate centering to the optical axis of the Cassegrain is

not necessary since the spot size producers by the Cassegrain with a point source

`	 at infinity is an order of magnitude smaller than the visual detector. Even if this

spot size is increased somewhat by off-axis operation, it will still be substantially

smaller than the detector. The radiometer was then aimed to oenter the image of the

collimator target on the detector. This was done by .scanning the radiometer in azimuth

and elevation. Finally, the detector was focused to maximize signal output.

The infrared detector was then focused and aligned. Focusing was accomplished

by centering the radiometer on the collimator 'target for several positions in the

focusing range,' and setting it at the position which gave maximum output. Align-

'"	 ment consisted of translating the detector perpendicular to the sensor axis until

€f
the half voltage directions were centered at the same direction as for the visual

channel.' Then angle between the half-voltage directions for the visual channel was

measured to be approximately 9-arc minutes in each meridian; in the infrared'
f channel it was 10 are minutes in the azimuth ( horizontal) and 15 arc minutes in

the elevation (vertical) direction.	 J
Sri
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2.	 Spatial Resolution Measurements

The measurement of spatial resolution is complicated by the large hyper-focal.

distance (at least 150 feet) associated with the radiometer. This difficulty has

been overcome through the use of a spacer which moves the detector -filter -beamsplitter

assembly about 1 inch away from the Cassegrain assembly. This brings the object

distance from infinity to approximately 67 feet; however, this means that the Casse-

grain objective is not being used with the proper object-image conjugates, and some

loss of image definition results. Again, however, because of the order of magnitude

difference in size between the detector and the spot produced by a point source at

infinity, the resultant loss of resolution is small, if not negligible.

Spatial resolution measurements were made using a 1 foot square field source

(a temperature controlled, black painted, heated plate) with appropriate three-bar

masks in front of the source, The same targets were used for both infrared and 	 J

visual channel tests because the front of the target is white and shows three black

bars to the visual channel and three "bright" bars to the infrared channel. This

technique is particularly useful since signals from the visual and infrared charnels

can be displayed simultaneously to demonstrate the alignment accuracy of the channels

relative to each other.

Resolution measurements are limited to the higher spatial frequencies by the size

of the field source at the 67-foot object distance. If measurements are desired at

lower spatial frequencies, the spacer between the d Lector-filter beamsplitter

assembly and the Cassegrain can be _increased,, with a resultant decrease in object

distance. This results in further loss of image definition which is not significant

at lower spatial frequencies.
AOL
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E. SPACECRAFT INTERI+ ACE

The interface between the dual channel scanning radiometer and the Improved

TOS spacecraft can be divided into the following categories:

• Mechanical,

• Electrical)

• Data handling.

1. Mechanical

The mounting of the dual channel radiometer on the Improved TOS baseplate

in the space presently occupied by the TOS .scanning radiometer should be relatively

straight-forward. The envelope of this radiometer is smaller than the present

TOS scanning radiometer with one minor exception; the housing which ;shields the

detectors and preamplier interferes with the shroud clearance line. The housing

can easily be shortened and shaped to fit the shroud by repackaging the preamplifier

electronics in the space around the detector mounts. The weight of the radiometer

is less than the present TOS radiometer and can be decreased about 2 pounds more

by additional machining of excess housing metal, repackaging of the electronics,

"{	 and a change from the magnetic to an optical encoder in the motor drive. The electronics

j box, has dimensions smaller than the present TOS scanning radiometer and could

also be reduced still more with repackaging and by changing from point-to-point

wiring to printed-circuit wiring of the electronic boards,

2. Electrical

r
The dual channel radiometer is designed to interface with the existing power

supply voltages and command system format of the Improved TOS spacecraft. Two

commands in addition to the existing six for the scanning radiometer are required

to activate the semi-long• and log modes of the visual channel. It does not appear

that separate motor and amplifier on-off _commands are required for the dual channel

t
4 1
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radiometer. The motor command currently sed for the TOS scanning radiometerY	 ^'

could be borrowed for one of the two required for the visual channel mode switching.

The dual channel radiometer uses 9.5 watts of power from the 24.5 volt supply.

This power could be reduced to less than seven watts by substituting a 20-volt
Y

motor for the present 3 5-volt motor, changing from the Fairchild IIA709C to the

AA709A operational amplifier, and improving the power supply efficiency from

50 to 60 percent. The tLA709A amplifier can be directly substituted for µA709C

and the 20 volt motor cah be directly substituted for the present low voltage motor.

The power supply efficiency can be improved 10 percent by a redesign of the DC/DC

converter transformer and the substitution of AA709A operational amplifier for the

AA709C presently used.

3.	 Data Handling

Because of the improved resolution (2 nautical miles versus 4 nautical miles)

the data format of the video froia both channels of the dual channel radiometer is

different from the TOS scanning radiometer in the following ways

0	 The scan rates twice that of the TOS radiometer;
a

0	 The video bandwidth is 1680 Hz compared to 450. Hz for the
w..a

TOS radiometer.

Of these two differences, the bandwidth increase is the most significant. This

bandwidth increase affects the performance requirements of the tape recorder,

multiplexers (MUX), _and S-band transmitter in the To$ spacecraft. The present

scanning radiometer tape recorder can store the 1680-Hz-signal with essentially

no change in the transport or electronics requiring only minor changes in phase

and amplitude equalization. The MUX would, require redesign and the extent of

this cannot be assessed without further study. The S band transmitter can be used

without modification. Except for the MUX redesign, it appears that the dual chapel

radiometer can be accommodated on the Improved TOS with little impact on current

hardware designs.
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F. DIGITAL DATA HANDLING

Conversion of the analog signal to a digital one offers a number of significant

advantages. These are;

• Ability to transmit the dynamic range capability of the infrared and

visual channel which now varies from 40 to 80 db;

• Preserve linearity, radiometric calibration, and ;signal-to-noise ratio;

• Elimination of analog sync which currently "wastes" 20 percent of the

transmitted dynamic range;

Elimination of the voltage calibrate signal, which is superfluous in a

digital system;

}f

	 Ability to stretch the data into the dead time for more efficient tape
L ;,	

storage and signal transmission to the ground, and to provide a better

aspect ratio in hard-copy reproduction.

t^G

	 The disadvantages of the digital approach are the resulting increased bandwidth

and the complexity of the added systen components and digital tape .recorder required

to process the analog signal.

w `	 A typical digital data handling system for the radiometer is shown in the block

diagram of Figure 53.

The analog signal is converted to digital by an 8-bit analog to digital converter.

The bit stream is then stored in a buffer store in real time and read out at a rate

four times slower to stretch the useful 90-degree signal to occupy a full 360 degree

scan angle. This stretched signal is then stored in a tape recorder (e.g., an

all-digital-track High Data (date Storage System HDRSS recorder,).

1
i
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Figure 53. Digital Data Handling System For Radiometer

The recorder bit capacity required can be computed as follows;
E

rfmtAQfs:
bit rate	 =channel.	 T .

where

r	 is the sampling rate - 2.21

fm	 is the maximum video frequency,

t	 is the useful line time for contiguous coverage (90 degree

cove-age and no horizons in picture) = 0.167 second,
1

AQ ' is th(l, bits per sample = 8,

T	 is the scan period_= 0.667 second, and

f	 is the factor for sync and calibrate signals = 1`.1.s

dM

i
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Then,

bit rated	
2.2 x 1680 x 0.167 x 8 x 1.1

channel, =	 0.667

= 8.15 kilobits /see ond/channel,

4r, 16.3 kilobits /second for both IR and visual channel, can be recorded on four

r

	

	 tracks of a HDRSS recorder. Thus, with the addition of a timing track, a total of

five tracks are required, The present HDRSS recorder is a five-track recorder —

two digital and three analog, This recorder can be converted to five digital tracksg	 g	 g
with no change in the mechanism or heads.

`

	

	 The buffer store for each channel; is fed a bit rate of 32.6 kilobits/second during

an earth time of 0. 167 seconds, or a total 5400 bits. The 5400 bits are read into

the buffer store in 0.167 :records and read out in 0.667 seconds. It should be noted

that the remaining 25 percent of the bits stored from the previous scan are being

read out when the bits from the current scan are being stored. A glass delay line

appears to have the properties needed for this serial buffer requirement. Magnetic
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