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FOREWORD

This report presents the results of a study to
define candidate sensor types suitable for future
planetary exploratory maissions and to develop scaling
laws depicting the relationships between the sensors,
their support requirements and their measurement
capabilities During the course of the program,
flaght trajectory data for selected missions were
analyzed and plotted to provide a basis for determana-
tion of specific measurement and support require-
ments for these missions

This effort represents Phase II of a three-phase
program being conducted by Space Division of North
American Rockwell Corporation for the NASA, Office
of Advanced Research and Technology, Mission
Analysis Division under Contract NAS2-5647 Phase I
of this program (covered in Report SD 70-24)
established the scientific and engineering objectives
and requirements for planetary exploration Phase III
will establish families of remote sensors compatible
with selected missions, and tabulate the support
requirements for specific sensors and for selected
missions
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1 0 INTRODUCTION

Unmanned massions utilizing remote sensing systems provide an
effective means of exploring the planets One of the major tasks in planning
planetary missions is the defimition of experiment payloads and the deter-
mination of the support requirements for transport and operation of these
payloads To determine the payloads and their support requrements, 1t is
necessary to have (1} an understanding of the scientific and engineering
objectives pertinent to a given target, (2) the measurement requirements
assoclated with these objectives, (3) knowledge of the operational conditions
for a particular encounter, and (4) flexible models of sensors capable of
meeting all or part of the requirements under the operational conditions

The scientific and engineering knowledge and measurement require-
ments for planetary exploration in the 1975 to 1985 time period were deter-
mained and evaluated previously (Reference 1)

The specific objectives of the study covered in this report are to
(1) define remote sensor types compatible with the observation objectives
previously deterrmmned, (2) develop scaling laws depicting design and per-
formance versus support reguirements, (3) develop a computer program for
application of these scaling laws, (4) develop trajectory parameters for
selected outer planet missions, and (5) define future sensor development
reguirements to better fulfill the observation objectaves as previously
defined

The candidate remote sensor types 1dentified for each of the previously
identified objectives are discussed in Section 3 of the report, which also
includes the development of a computer program for evaluation of sensor
measurement requirements The development of the scaling laws for the
various types of mmstruments considered and the methodology for application
of these are considered 1n Section 4 In the Appendix, a computer program
for application of the scaling laws 1s discussed, and an example presented

The scaling laws as presenfed represent sensor models which provide
a2 basis upon which sensor systems may be developed to meet the specific
requirements of a given mission, after the mission trajectory parameters
and other physical constraints have been established In developing scaling
laws for sensor systems, the primary goal has been to establish procedures

1-1
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which permit estimation of sensor support requirements to meet specific
scientific objectives The scaling laws are then a means of establishing
first-order characteristics of sensor systems and the associated support
requirements In this sense, the scaling law approach 1s not intended to be
a complete design procedure for each sensor type but rather a means of
establishing essentially gross sensor system characteristics which have
sigmficant impact on support requirements Generally the scaling law pro-
cedure results in the establishment of overall sensor system operational
characteristics and capabilities, as well as the gross physical properties

In order to keep the scaling law procedures within reasonable bounds,
it 1s frequently necessary to use approximations and/or simplifying assump-
tions Where such procedures are used, they are indicated The simplifi-
cations and approximations do not invalidate the results of the scaling law
procedure but rather tend to limit the results fo the purpose of the study,
that 1s support requirement estimafion, rather than establishment of firm
system specification requirements

An Appendix, Computer Program User's Manual, mcludes the listing,
flow diagrams, array and module maps, definition of variables, data pre-
paration instructions, and sample data and results, of the Space Experiment
Requirements Analysis (SERA) program  This program stores planetary
observation requirements and trajectory data, determines sensor measure-
ment requirements, calculates sensor support requirements from the scaling
laws, and evaluates the work of a sensor i1n terms of its ability to satisfy
the observation requirements when used on a given mission

The logical flow of the present study phase 1s depicted mn Figure 1-1
The numbers shown 1 each box refer to the sections of this report where
the indicated procedures or data are presented Figure 1-1 thus serves as
a "road map' to guide the user of this report

SD 70-361-1
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2 0 SUMMARY

Described in this report 1s a set of scaling laws for remote sensors
that depict their relationship to operational and support requirements for
specific planetary missions Each scaling law developed presents function-
ally or graphically the relationship among measurement capabilities and
support requirements of one generic type of sensor The scaling laws take
mnto consideration the limitations imposed by current state-of-the-art and
fundamental physical limits of the sensing technique applied

Scaling laws are developed for the following instrument classes
Passive Optical Instruments
Active Optical Instruments
Active Microwave Instruments
Passive and Semi-active Microwave Instruments
Particles and Field Measuring Instruments
Sensor types are further differentiated into image formaing and
non-image forming, with secondary classifications according to spectral

region and function Image forming systems include both fixed and scanning
types, non-image forming svstermns include spectrometric and radiometric

types

Each of the scaling laws 15 developed from the basic concept of
signal-to-noise ratio, defined as the ratio of peak-to-peak signal voltage or
current to rms noise in the detector The modulation transfer function
concept 1s introduced where several external and internal factors contribute
to sensor sensitivity and resclution

The bases for scaling laws for Passive Optical Instrument Systems
include

1 The measurement requirements

2 The observation geometry and the titme available for the measure-
ment, as mposed by the trajectory of the spacecraft

2-1
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3 The electromagnetic energy avallable for measurement
4 The thermal and other sources of background or noise

Many instrument types could be considered in the category of Active
Optical Instruments but the state-of-the-art of coherent light generation
restricts these to Laser Radar, or Lidar types The support requirements
are extrapolated from known systems

Scaling laws for Active Microwave Systems provide a range of design
alternatives to meet various kinds of measurement requirements Sensor
types mcluded are

1 Non-coherent Mapping Systems
2 Coherent Mapping Systems
3 High Resolution Ground Mapping Systems

Semzi-active and Passive Microwave Systems all require an antenna
and receiver on the spacecraft The design of subsystems 1s essentially
deterministic once a set of measurement parameters has been defined
Tradeoffs which are open to selection are readily summarized in the form
of nomograms, which are established to cover the range of parameters most
likely to be encountered in planetary exploration

The basis for scaling laws for Particles and Field Measuring Systems
1s to define point design on the basis of existing and developmental space
instrumentation for each of the specific sensors considered The energy
or field intensity range provides the basis for selection of the specific design

The measurement requirements for various pomnts along the trajectory
of a given mission depend upon the spacecraft position with reference to the
target planet A computer program was developed to permit determanation
of these measurement requirements at selected trajectory points, based on
the mission parameters Flyby missions to Mercury, Venus, Jupiter,
Saturn, Uranus, and Neptune were selected for the computation of specific
measurement requirements In addifion, non-imaging sensor measurement
and support requirements are to be determained later for orbiters at Mercury,
Venus, Mars, and Jupiter
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The Space Experiment Requirements Analysis (SERA) computer
program, described in Appendix A to this report, includes the following

1

Module 1, which stores observation requirements for the selected
target planets

Module 2, which calculated trajectory dependent measurement
requirements for selected missions

Module 3, which calculates the support requirements and the
worth of a sensor in terms of its capability to perform the
required observations from a given trajectory

A scaling law subroutine for each sensor type

An executive program which calls into execution the three

modules and approximate scaling law subroutines, by means
of overlay technmiques

SD 70-361-1
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3 0 REMOTE SENSOR SELECTION

3 1 GENERAT,

The 1dentitication of sensor types capahble {at least in principle) of
meeting planetary cbservation requirements 1s a critical part of this study
By a sensor types 1s meant a kind of measurement capability or an opera-
tional principle common to all sensors of this type For example, vidicon
camera telescopes constitute a sensor type, while the Mariner 6 narrow-
angle camera 1s a particular sensor Hence, there should be a one-to-one
correspondence of scaling laws and sensor types

In this section, candidate sensor types are identified and then
associated with the observation objectives and requirements previously
1dentified {References 1 and 2) A given sensor type may, of course,
support several observation objectives Conversely, some observation
objectives may require several sensor types, e g , atmospheric spec-
trometry requires mstruments operating in the infrared, visible, and ultra-
violet regions Sensor types that contribute little to the planetary
exploration goals are of less importance than those that contribute much
Development of scaling laws for the former can be omatted without serious
loss to the usefulness of the study results Also, some sensor types are so
simple, or allow a single design capable of meeting all observation require-
ments, that their scaling laws can be replaced by fixed design data These
cases are 1dentified and used to 1limit the scope of scaling law development

The observation requirements have been defined 1n terms of intrmnsic
planetary properties It 1s first necessary to express these regquirements
in terms commensurate with quantitative measures of sensor capability
That 15, measurement requirements must be commensurable with the ability
of a sensor to perform the measurements on a given mission When such
measurement requirements are known, preliminary selection of candidate
sensor types can be made on the basis of performance data for particular
instruments Also, cases where the measurement requirements far exceed
present or projected capabilities can be recognized and such sensor types
removed from consideration The mathematical problem of converting
observation requirements to measurement requirements 1s discussed 1n
Section 3 4
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3 2 SENSOR SYSTEM DEFINITIONS

3 2 1 Candidate Sensor Types

Requirements for remote observations of planetary properties have
been defined 1n detail, and the technigues for effecting each of the observa-
tions have been tentatively 1dentified (References 1 and 2) One of the
mmitial steps 1n the present study phase was the 1dentification of candidate
sensor types for each technique-property combination The observable
properties are listed 1n Table 3-1, and observation technigues in Table 3-2
It should be noted that several of the properfies are 1dentified as outside the
scope of the study, as they involve in situ observation or non-planetary
observations, these remain in the listings as indications that omissions
were not umntentional They are i1dentified as "outside scope'

The 1dentification of candidate sensor types for each property/
technique combination has been made carefully, and only after evaluation of
the suitability of various methods for making the measurement, and selec-
tion of the most important 1n those cases offering several possibilities
The candidate sensor types i1dentified for possible application and for
detailed evaluation are shown in Table 3-3, they are also identified as being
imaging or non-imaging types This listing serves as the basis for
developing the scope of the scaling law derivation program

The selection of candidate sensor types is based upon several factors,
including potential capabilifies for making the required measurements,
commonality of usages for more than one measurement, physical limitations
of the technique and/or sensor system, and state of development for space-
craft use within the prescribed time period In each mstance, the identifi-
cation of candidate types and the selection of those to be considered further
were accomplished by a specialist in the field having knowledge both of the
theoretical aspects and the state-of-the-art of sensor development When-
ever possible, the state-of-the-art i1s based on operational data for existing
or developmental sensors, whichare presentedin tabular format in Table 3-3

During the course of the investigation it was ascertained that candidate
sensors for a few of the properties and techniques specified were not actually
within the state-of-the-art for the projected time period, and this 1s noted
in the right-hand column of Table 3-3 Also, for a few sensors the data
which could be derived wereof a relatively low priority (as discussed in
paragraph 3 2 2), and as such did not warrant full development and appli-
cation of the scaling laws This condition 1s also noted in Table 3-3

SD 70-361-1
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Table 3-1 Observable Properties

Description

Optical 1images of surface and/or atmosphere

Radar images of surface and/or atmosphere

Satellite orbiatal parameters”

Chemaical/nuclear assay (direct)?

Spacecraft trajectory parameters -«

Active seismac detection®

Passive seismic detection”

Temperature vs depth below surface

Magnetic field near surface*

Magnetic field above atinosphere

Mineralographic, petrographic, crystallographic assay (direct)*
Gamma ray flux and spectrum

Charged particle flux, spectrum, angular distribution
Electric field, currents, conductivity at and below surface’
Microwave radiation flux, emaissivity, absorptivity
Microwave spectrum

Infrared radiation flux, emissivity, absorptivity

Infrared spectrum

Visible/ultraviolet radiation flux, emissivity, absorptivity
Visible/ultraviolet spectrum

Radio flux and spectrum

Biological assay and activity

Surface temperature (direct) *

Laser beam reflectivity/absorptivity of atmosphere
Atmospheric temperature (direct)’

Atmospheric pressure (direct)”

Radio reflectivity/transmassivity of atmosphere

Entry probe trajectory parameters™

Electric field and currents in atmosphere”

Surface mechanical properties (direct)*

Gravitometric data

Electromagnetfic signal time and ray deflection

Wind velocity and direction {(direct}+

Dust storm intensity and movement (direct)”
Radio-frequency permattivity, resistivity, susceptibilaty
Optical permattivity, resistivity, susceptibility
Acceleration and deceleration of vehicle-

Distance, altitude of spacecraft from topographic features, etc

3-3
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Table 3-1, Observable Properties (Cont)

Description

Electromagnetic phase shaft

Polarization {amount, type, rotation, etc )
Stellar occultation (photometric)

X-ray absorption and emassion

X-ray spectrum mnduced by solar electrons
Fast/slow albedo neutron flux ratio

*Outside scope of study (in situ observation or nonplanetary observation)

3-4
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13
14
15
16
17
18
21
22
23
24
25
26
27
28
31
32
33
34
35
36
38

39

41
42
43
44
45
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Table 3-2. Observation Techniques

Description

Radio flux measurement {(nonimaging)} (wavelengths longer than

I cm)

Microwave radiometry (1 cm to 100 micron)

Infrared radiometry (100 to 0. 7 micron)
Visible photometry (0.7 to 0 4 micron)

Ultraviolet photometry (0.4 micron to 100 A)

X-ray photometry (100 A to 0 1 A)

Y-ray flux measurement (<0 1 A, or photon energies >120 kev)
Multiband flux measurement
Radio-wave spectrometry
Microwave spectrometry
Infrared spectrometry
Visible spectrometry
Ultraviolet spectrometry
X-ray spectrometry

Y-ray spectrometry
Multiband spectrometry

Passive
Passive
Passive
Passive
Passive
Passive
Passive
Passive

Monostatic radar (nonimaging)

radio-wave unagery
microwave unagery
infrared imagery
visible mmagery
ultraviolet imagery
X-ray imagery
Y-ray imagery
multiband imagery

Monostatic radar imagery

Bistatic
Baistatic

Laser transmassion/reflection/scattering

radar (nonimaging)
radar imagery

Earth occultation (radic)

Other observations involving active arfificial sources of
electromagnetic radiation (e g , another spacecraft)

Occultation of natural sources of electromagnetic radiation (e.g.,

stars)

Radio-wave polarimetry
Microwave polarimetry
Infrared polarimetry
Visible polarimetry
Ultraviclet polarimetry

3-5
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Table 3-2 Observation Techniques {Cont)

No Description

46 X-ray polarimetry

47 Y-ray polarimetry

48 Multiband polarmmetry

51 Magnetic field measurement

52 Electric field measurement

53 Charged particle (electrons, protons, and heavy nuclei) flux or

dose measurement
54 Charged particle spectrometry

55 Neutral particle (neutrons) flux or dose measurement
56 Neutral particle spectrometry

57 Auroral and airglow emission spectrometry®

58 Microwave tracking

99 Other observation types

*Special case of types 14 and 15,

3-6
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Table 3-3 Candidate Sensor Types
ftem QObservable Property Observation Techrigque Sensor Type Remarks
1 Optical Images Passive Visible Imagery Televaston Camera Same law as (1)
2 Optical Images Passive Multiband Imagery Multispectral TV Camera
3 Radar Images Macrowave Radiometry Scanming {mapping) Radiometer
4 Radar Images Monostatic Radar Imagery High Resolution Radar
5 Radar Images Passive Microwave Imagery Scanming Radiometer Same type as {3)
& Magnetic Field Near Surface Mapnetic Field Measurement Flux Gate Magnetometer
7 Magnetic Field Above Atinosphere[ Magnetic Field Measurement Helium Magnetometer
8  Gammaza Ray Emission Gamma Ray Spectrometry Gamma Ray Spectrometer
9 Charged Particle Spectrum Charged Particle Spectromaetry Charged Particle Spectrometer
10 Charged Particle Spectrum Charged Particle Spectrometry Corpuscular Spectremeter Same type as (9)
1 Charged Particle Spectrum Charged Particle Spectrometry Elecirostatic Plasma Spectrometer
12 Charged Particle Spectrum Charged Parficle Flux Measurement| Geiger Mueller Counter Array
13 Charged Particle Spectrum Charged Particle Flux Measurement | Jon Chamber
14 Charged Particle Spectrum Charged Particle Flux Measurement| Proportional Counter Array
15 Electric Field Near Surface Electric Field \Measurement Langmuir Probe No feamble experiment
16 Elecktric Field Near Surface Electric Field Measurement Ion Density Probe Mo feasible experiment
17 Flectric Field Near Surface Electric Field Measurement Elecinic Field Mill No feasible experrment
18  Microwave Flux Microwave Folarimetry Raditometric Polanmeter
19 Microwave Flux Microwave Radiometry Temperature Measuring
Radiometer
20 Macrowave Spectrum Microwave Spectromelry Rado Spectrometer (Bandw:idth Requirements ¢ ceeds
State of the Art }
21  Macrowave Spectrum Microwave Radiometry Mic owave Spectrometer
22 Infrared Flux Infrared Radiometry IR Radrometer
23 Infrared Fluax Passive Infrared Imagery IR ihermal Mapper (wmag:ng) State of Art queshionable
24 Infrared Flux Solar Occulation Spectrometry IR Spectrometer Law s a vanant of (22)
2o Infrared Spectrum Infrared Radiometry IR Spectrometer Law 1s & vanant of (22)
26 Infrared Spectrumn Infrared Spectrometry IR Grating Spectrometer Law s a vanant of {22)
27 Infrared Spectrum infrared Spectrometry IR Machelson Spectrometey Law 1s a vanant of {22)
28 Infrared Spectrum Infrared Spectrometry Filter Spectrometer Law 1s a vanant of {22)
29 Visible Ultraviolet Flux Visible Fhotometry Visible UV Photoelecktric
Photometer Array
30 Visible Ultraviolet Flux Qccultabion of Natural Sourges of Filter Radiometer Law 1s 2 variant of (22)
Electromagnetic Radiation
21 Viable-Uitraviolet Flux Ultraviclet Photometry Telescope With Visible UL Same type as (29)
Photoelectrie Photometers
32 Visible-Uitraviolet Spectrian Ultraviolet Spectrometry Normal Incadence Grating Law 13 a variant of {22}
Spectrometer
33 Visble Ultraviolet Spectrum Ultraviolet Spectrometry Grazing Incidence Grating Same type as (32)
Spectrometer
34 Visible Ultraviolet Spectrum Visible Spectrometry Vistble UV Scanming Spectrometer
35 Visible Ultraviolet Spectrum Mult: Band Spectremetry Ebert Spectrometer
36 Visible Ultraviolet Spectrum Mult: Band Spectrometry Michelson Interferometer Law 15 a vaniant of {22}
37 Viable Ultraviolet Spectrum Tfltraviolet Photometry Visible-UV Photoelectric Same type as (29)
Photometer Array
38 Visible Ultraviolet Spectrum Ultraviolet Spectral Mapping UV Scanming Spectrometer Law 13 a varant of {29)
39 Radwio Flux and Spectrum Occultation of Natural Sources of Microwave Spectrometer Same type as {20}
Elcctromagnetic Radiation
40 Radio Flux and Spectrum Rad:o Flux Measurement Microwave Spectremeter Same type as (20)
{Non Imaging)
41  Coherent Light Reflectivity Laser Transmission/Reflection/ Laser Radar (Lidar)
Scattering
42 Radic Reflectivity Radio Wave Polarimetry Bistatic Radar No feasible esperiment
43  Radio Reflectivaty Mticrowave Polarametry Radiometric Polarimeter Same type as {18)
44  Radio Reflectivaty Bistatic Radar Imagery Bistatic Radar Same type as (42)
45 Radio Reflectivaty Monostatic Radar Imagery Palsed Microwave Radar
46  Radio Reflechivity Passive Microwave Imagery Imaging (mapping) Radiometer Law s a variant of {18)
47 Radio Reflectivity “onostatic Radar {Nor Imaging) Pulsed Microwave Radar Same type as (45)
48 Electromagnetic Signal Earth Occultation {(Radio} Coherent Trarsponder Beyond state of art
Propagation Time
49 Electraomagnct:c Signal Monostatic Radar (Nen Imagrng) Pulacd Microwave Radar Same typa as (45}
Propagation Time
50 Electremagnetic Fhase Shuit Earth Qecultation {Radia} Two Frequency Radio Ocecultation
Recelver
31 Polarizahion Visible Polarimetry Optical Analyzer and Polarimeter | Same law as {29}
52 Polarization Microwave Polarimetry Radiometric Polanimeter Same type as (18)
53  Stellar Occultation Visible Photometry Telescope With Visible UV Same type as (29)
Photoclectric Photometers
54 X-Ray Spectrum X Ray Spectrometry X-Ray Spectrometer
55 Albedo Neutron Flox Neutral Particle Flux Measarement | Lil Seintiblation Specirometer

SD 70-361-1



‘ Space Division
North Amencan Rockwell

3 2 2 Sensor System Performance Requirements

The determination of some measurement requirements has been shown
to depend on mission data or on assumptions concerning sensor design and
operation Such determination could not proceed until specified trajectories
had been calculated and the sensor assumptions had been made Itiwas
necessary to rdentify candidate sensor types at an early stage of this study
phase, both to provide a background for these assumptions and to assure
timely completion of study objectives  This identafication was made possible,
on a tentative basis, by examination of these measurement regquirement
parameters that are 1dentical to the observation requirement parameters
defined 1n Reference 1 These identical parameters are listed in Table 3-4

The parameters most mmportant to the identification of candidate sensor
types are maximum wavelength, mimimum wavelength, spectral resolution,
phase shift rescolution, and amount of polarizatton The wavelength data
govern the spectral range of the sensor (infrared, ultraviolet, etc ) The
required spectral resolution may indicate the selection of either a radiometer
or a spectrometer If phase shift or polarization requirements are stated,
instruments to measure these quantities are required

In addition fo the maission-independent measurement requirements, both
horizontal and vertical spatial resolution requirements govern sensor type
selection If an extensive area 1s to be covered at a high horizontal resolu-
tion, a map of the area 1s produced and an imaging sensor 1s required Non-
imaging sensors either have poor angular resolution (limited by the sensor
aperture angle) or sample widely separated spots in a given region A
vertical resoclution requirement dictates use of a radar system unless
observations of phenomena near the planetary limmb are feasible with passive
sensors Passive stereo sensors to provide veriical resolution are con-
sidered beyond the state-of-the-art for the missions considered in this study
Experiments requiring simultaneous use of two spacecraft are not considered

Table 3-4 summarizes the mission-independent measurement require-
ments considered m preliminary selection of candidate sensors These
requirements represent the extremes of the optimmal observation require-
ments presented in Reference l An example of individual measurement
requirement values, including those dependent on sensor location or design
assumptions, i1s presented in Section 6 Particle and field measurement
requirements not included in Table 3-4 cover charged and neutral particle
energies from 0 02 eV to 300 MeV and magnetic field strengths from
1 x10-5to 10 gauss

No conclusion 1s made here whether a sensor of the candidate type can
actually support the measurement requirements Such conclusions depend
on guantitative evaluation of scaling laws, and are reached in Section 61n a

3-8
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Table 3-4 Summary of Mission-Independent Measurement Requirements
Spectral region (nominal) Radio | Microwave | Infrared | Visible | Ultraviolet | X-ray, Y-ray
Maximum wavelength - 1 0x10% 100 07 0 4 0 01
{micron)
Minimum wavelength 1 x 104 100 07 0 4 0 01 -
(mcron)
Spectral resolution (micromn)
Maximum (finest) 10 100 1x10-5 |1x105] 1x10-5 5x107°
Minimum (coarsest) 1 x 105 1000 10 0 3 01 5 x 1073
Imaging required No Yes Yes Yes No No
Non-1maging required Yes Yes Yes Yes Yes Yes
Phase shift measurement Yes No No No No No
Polarization measurement Yes Yes No Yes No No
Vertical resolution 1equired Yes No Yes No No No
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sample case The candidate types selected are those viewed as most
lakely of feasible application The selections made here determine which
scaling laws require development and application

3 3 SENSOR TYPES VERSUS OBSERVATION REQUIREMENTS

3 3 1 Sensor Types Evaluation

The selected candidate sensor types are assoclated with observable
properties and general observation technigues in Table 3-3  This table
indicated redundancies of the sensor types themselves or of the scaling
laws of sensor types that differ in only a few details In a few instances
discussed 1n Section 4, state-of-the-art considerations showed immediately
that no sensor of the candidate type could achieve even the marginal measure-
ment requirements No scaling law development was undertaken in these
cases

To focus attention on the most significant sensor types and their
scaling laws, a priority rating system was applied to the candidate types
First, the worth of the observation objectives supported by each type was
determined from the worth data presented in References 1 and 2 The cumu-

lative worth
= 1
LAEED YDA a)
L

where wj] 1s the worth of fully attaining the jth observation objective at the
1th planet If the objective is irrelevant to a given planet (e g , cloud
mmagery at Mercury) or 1s outside the scope of the study, wil1 =0 A
priority number Q was assigned as indicated 1n Table 3-5

Table 3-5 Observation Priority Numbers

Cumulative Worth {W) Priority Number (Q)
W > 20 1
10€ W< 20 2
W <10 3
3-10
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The more complicated a scaling law, the more important are 1ts
formulation and application Very simple scaling laws, or ones that degen-
erate to single sensor designs which satisfy all measurement requirements
{¢ 8 , a magnetometer), can be applied manually to evaluate sensor support
requirements Therefore, a preliminary assessment of the probable com-
plexity of each set of scaling laws was made A scaling law complexity
priority number Qs was then assigned as follows high complexity, Qg = 1,

moderate complexity, Qg = 2, low complexity, Qs =3 The overall
priority

Q = Q0 (2)

was evaluated In some cases where Q = 6 or 9, the sensor scaling laws
were not formulated beyond degenerate point designs, and will not be mcor-

porated in the SERA computer program (Section 4 8) Values of W, Q, Q
and Q are presented in Table 3-6

5

3 4 OBSERVATION/MEASUREMENT REQUIREMENTS CONVERSION

3 4 1 Conversion Methodology

Planetary observation requirements appropriate conceptually to remote
sensing have been defined 1in References I and 2 The requirements stated
1n Reference | were expressed in terms of observation parameters that
characterize the required range, precision, and quantity of observations as
well as the location and extent of the observable phenomena  The observa-
tions were formulated with reference to the planet, independently of the
sensors that might make the observations or the trajectory of the spacecraft
carrying these sensors For example, a spatial resolution requirement
was expressed in meters along the surface of the planet, without regard to the
the angular resolution of an instrument or the range and direction from a
spacectraft to the region to be viewed From the list of 1=40 observation
parameters 1 Table 3-7, Ij parameters were selected to define the .th
observation requirement The following information was supplied for the
1 th parameter a, (1 € 1< L}

a,' = optimal value of a; (1 e , the value that fully satisfies the
scientific and technological objectives corresponding to the
given observation requirement)

a;'" = marginal value of a; (1 e., the value that barely provides
useful mformation)

3-11
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Table 3-6

Sensor Type Priority Numbers

Scaling Scaling Law
Cumulative Worth Complexity Overall Law Computer
Sensor Type Worth (W) | Priority {Qy,) | Prioraty (Q,) | Priority (Q)| Developed | Subroutine

Television camera 12 90 2 1 2 Yes® Yes
Multispectral TV camera 2 8¢ 3 i 3 Yes Yes
Scanning radiometer 9 60 3 2 6 Yes Yes
High-resolution radar 4 80 3 2 6 Yes Yes
Flux gate magnetometer 18 00 2 3 6 Yes No
Helium magnetometer 24 00 1 3 3 Yes No
Gamma -ray spectrometer 1 40 3 2 6 No No
Charged particle spectrometer 0 80 3 2 6 Yes No
Geiger-Mueller counter array 0 50 3 3 9 No No
Proportional counter array 0 50 3 3 9 Ne Ne
Ion chamber 0 50 3 3 9 Yes No
Electrostatic plasma spectrometer 0 50 3 2 6 Yes No
Radiometric polarimeter 14 16 2 2 4 Yes Yes
Temperature~measuring radiometer 63 60 1 2 2 Yes Yes
Radio spectrometer 33 40 1 2 2 No#* No
Microwave spectrometer 17 58 2 2 4 No#* ¥ No
IR radiometer 45 60 1 2 2 Yes Yes
IR thermal mapper (mmaging) 38 80 1 1 1 Yes*
IR spectrometer (any variant) 44 77 1 1 1 Yes Yes
Telescope with visible-UV

Photoelectric photometers 49 50 I 2 2 Yes Yes
Filter radiometer 1 75 3 3 9 Yes Yes
Grating spectrometer (visable UV) 9 20 3 1 3 Yes Yes
Visible - UV scanming spectrometer 4 20 3 2 6 Yes* Yes
Ebert spectrometer 12 00 2 1 3 Yes
Michelscon interferometer 15 80 2 1 3 Yes Yes
Lasgar radar (ladar) 8 40 3 2 6 Yes Yes
Pulsed microwave radar 32 30 1 1 1 Yes Yes
Two-frequency radic occultation

receiver 26 10 1 3 3 Yes No
Optical analyzer and polarimeter 14 00 2 2 4 Yes Yes
X-ray spectrometer 0 50 3 2 6 No No
Ial scintillation spectrometer 0 40 3 2 6 No No

* Developed under Contract NAS2-4494 (Reference 2)

**% Beyond foreseeable state-of-art
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Table 3-7. Observation Parameters
No Definition Unzt
1 | Longest wavelength of spectral region Maicron
2 | Shortest wavelength of spectral region Micron
3 | Spectral resolution, at wavelength reguiring highest resolution | Micron
4 | Spatial resolution at target Meter
5 | Fraction of surface area of planet covered Percent
6 | Northernmost latitude of area covered (negative if in Degree
northerm hemisphere)
7 | Southernmost latitude of area covered (negative if 1n Degree
northern hemisphere)
8 | Maxirnum Sun elevation angle above horizon at target Degree
9 | Mimimum Sun elevation angle above horizon Degree
10 | Vertical resolution Meter
11 | Masumum altitude of observed property (aebove surface at Meter
Mercury and Mars, above visible cloud tops at other
planets)
12 | Minumum altifude of observed property Meter
13 | Nurnber of observations or samples ===
14 | Tirne elapsed during one observation Second
15 | Interval between commencement of two successive Second
observations
16 | Intensity resolution (gray scale, spectral line strength, Percent of
field strength, and particle flux) maxirmum intensity
17 | Planetocentric angle from planet center-to-spacecraft line Degree
18 | Angle at planet surface from surface element-to-spacecraft Degree
Iine
19 | Angular resolution Degree
20 | Phase shift precision Degree
21 | Polarization {amount} Percent
22 | Rotatron angle of plane of polarization (positive counter- Degree
clockwise)
23 | Albedo Percent
24 | Magnetic field strength Oersted
25 | Electric field strength Volt m-1
26 | Gravitational acceleration m sec Z
27 | Particle flux m-2 sec~l
28 | Particle or photon energy Electron volt
29 | Electromagneti¢ energy flux Watt m~2
30 | Maximum temperature *K
31 Minumum temperature °K
32 | Temperature resclution *K
33 | Masamum pressure Bar
34 | Minunum pressure Bar
35 | Pressure resolution Bar
36 | Veloculy m sec-1
37 | Lonaitude Degree
38 | Latitude interval Degree
39 | Lonpgitude mnterval Degree
40 | Other than above Degree

3-13
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worth of achieving a,'

&
f

index number i1ndicating the form of the worth function w (a1)
for values of a, between a,' and a,’ By defimition w (2,") = 0

b
I

The capabilities of candidate sensors are expressed in terms of their
intrinsic resolution, discrimination, dynamic range, field-of-view angle,
etc To compare these capabilities to the observation requirements, the
latter must be transformed to measurement requirements commensurable
with the sensor measurement capabilities Some of these transformations
depend on the relative locations or velocity of the sensor and the sensed
region Planetary environmental conditions such as illumination and
temperature also affect the capability of certamn sensors

The evaluation of measurement requirements involves three kinds of
transformation of the observation requirements data

1 The measurement parameter 1s 1dentical to an observation
parameter
2 The measurement requirement 1s a unique function of the

mmstantaneous position and velocity of the sensor relative to the
viewed region, certain sensor design parameters and the
observation parameters

3 The measurement requirement applies to a planetary encounter
as a whole, and 1s calculable only by means of some integration
along the flight path

Measurement parameters identical to observation parameters are listed in
Table 3-8

Some measurement parameters are determinable directly from the
observation parameters at any sensor location and velocity The more
common transformations are described here, others appear as part of certain
sensor scaling laws in Section 4 The geometry of the spacecraift and field
of view 1s 1llustrated in Figure 3-1 The angular resolution of the sensor

projection of spatial resolution normal to viewing direction
slant range to field of view

Ao =

w
H

14
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Table 3-8 Measurement Parameters Identical
to Observation Parameters

Maximum wavelength
Minimum wavelength

Spectral resolution

Number of samples *
Sampling collection duration *
Sampling 1nterval *

Intensity *%

Intensity resolution ¥

Phase shift resolution
Polarization (amount)

Angle of rotation of polarization plane

Tume resolution

+If specified as an observation parameter Otherwise these
may be varied as sensor design parameters,
? (Flux, field strength, etc )
"7 iResolution of any measure of the observed property (field
strength, energy, temperature, etc )

Ao - Axl'isnlg (3)
F
where the slant range
R (R_-H) cos [(R +m)% cos’e - H (2R +H)]2 (4)
= - & - -
F j2 P P

and

Y
1

planetary radius (oblateness 1s ignored)

L
H
I

spatial resolution at surface of planet

3-15
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H = spacecraft surface altatude
a = viewing direction angle to vertical at spacecraft
£ = viewing axts angle to tangent plane at center of viewed area

For greater accuracy, replace @ by (a¢+r) in Equation (3-2) where 21 15 the
field-of-view angle The swath width (1 e , the width of the field of view
parallel to the direction in which the sensor 15 scanned) 1s

Y = RFY (5)
The field-of-view length in the direction of scan
X = RFYF/smg (6)

The aperture half-angle 1s a variable design parameter of the sensor,
selected during application of the scaling law (Section 6)

The overlap of successive fields of view or swaths, and the fraction of
the planetary surface covered, are usually complicated functions of the
spacecraft trajectory and sensor operating schedule Certain scaling laws
mcorporate requirements on field overlap Swath overlap and surface
coverage are not evaluated in this study phase

To solve Equations (3) through (6) and to evaluate certain scaling law
relationships presented in Sections 4 and 6, various trajectory parameters
must be specified A trajectory parameter defines the location of a space-
craft relative to a given planet, as a function of taime measured from
periapsis passage The trajectory parameters immvolved in this study are
Iisted in Table 3-9 Symbols shown in parenthesis are in common use
elsewhere

In addition, 1t 1s useful to specify the inclination launch date
(constrains sensor selection), solar distance (affects planetary i1llumination},
and earth distance (affects bifrequency radio occultation responder require-
ments) The calculation of trajectory parameters is described, and results
for a selected mission are presented in Section 5

The worth of a measurement capability parameter value 1s equal to
that of the corresponding observation parameter The i1dentity transforma-
tions of Equations (3) through (6) are linear, so the form F of the functional
dependence of the worth 1s preserved Evaluation of the worth of a sensor
i terms of 1ts measurement and ohservation capabilities was discussed in
Section 3 4 1
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Table 3-9 Trajectory Parameters

Parameter Umt Symbol
Central distance km R
Surface altitude km H
Latitude deg A(X)
Longitude (0 at periapsis) deg &(P)
Ground speed km s~ ! i (vg)
Spacecraft velocity km s-1 Vv (V)
Radius rate km s-1 R (v,)
Sun-planet spacecraft angle deg g
Earth-planet spacecraft angle deg MNe
Nadir angle rate deg s-1 =
Time after periapsis passage s t
True anomaly __deg 8

3 4 2 Measurement Requirements Computer Program

The processing of information relating to observation requirements,
measurement requirements, sensor measurement capabilities, and sensor
support requirements 1s accomplished in this study by means of a Space
Experiment Requirements Analysis computer program (SERA) Since the
entire SERA program requires the use of core storage exceeding that
available, SERA 1s structured as three modules called into execution by an
executive program with the use of overlay techniques Briefly, the three
modules perform the following operations

1 Module 1 (SERA-1) stores and prints the observation requirements,
stated in terms of intrinsic properties of the observed planets

2 Module 2 (SERA-2) converts the observation requirements to
measurement requirements, stated in terms of intrinsic proper-
tites of generic sensor types, at selected points on a specified
planetary encounter trajectory or orbit
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3 Module 3 (SERA-3) uses sensotr scaling laws to design a sensor
of a given type to satisfy a set of measurement requirements,
subject to state-of~-the-art limitations, and then calculates the
sensor support requirements

Module 1 and 1ts results are described in Reference 1 Module 3 15
discussed in Section 4 8 of this report The present section gives a general
description of Module 2 A program use:s manual (Appendix) contains a
detailed description of the entire SERA program

In SERA-Z, we have the option to evaluate measurement requirement
parameters (MRP) based on a single set or on several sets of observation
requirement parameter (ORP) values A single set of ORP 1s defined as
corresponding to one observation objective However, several sets of ORP
may, atleastin principle, be satisfiable by a single sensor If more than
one set of ORP 1s chosen, the optimal value of any measurement parameter
corresponds to the most stringent value of the corresponding ORP  That 1s,
suppose a1, 2i2, . a‘lj— are the optimal values of ORP a; corresponding to
observation objectives 1, 2, , J Then the optimal MRP value

bl o= (2, p) (7)

I 117 1

where a'l 1s the most stringent of the set (3-‘11: allz, . a’l_]-) £f.m 1s the
operator that transforms the ith ORP to the mth MRP, and pg represents the
Iy dufferent trajectory parameters in the transformation Attainment of

a, = a'lJ 1mplies attainment of all other a'j in the set A relationship similar
to Equation {3~-4) holds for the marginal MRP

11

b=t (e Py (8)

m im 1]
T
where a,; represents attainment of only the least stringent a”1 in the set
(The term "most stringent'! means most difficult to attain, or most valuable
1f attained)

To transform one or more sets of ORP to a set of MRP, one to twenty
points Pp (p)) on each given encounter trajectory are selected. The first
point (P1) will often be an approximation to the first point on the trajectory
from which a sensor of this type can satisfy the MRP The othexr points will
usually be of special interest (e g , terminator crossing, periapsis passage,
sun occultation entrance, last useful point, etc )
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Several options are available for computation of optimal and marginal
MRP and support requirements These options are 1llustrated by the logic
diagram of Figure 3-2

1

The MRP are!the optimal values, calculated by using the optimal
ORP values a, in Equation 3-5, OR, the marginal ORP values
a']'_ are used in Equation 3-6

The optimal and ma.rgllnal values of the MRP are based on the
optimal ORP values a, at points in the set (P}, OR, the optimal
MRP are based on-the a.i, and the marginal MRP are based on the
marginal ORP all (Other branches of this option, to use the

a'; to caleulate the optimal MRP, are of no interest)

The optimal and marginal sensor support requirements are based
on the optimal and marginal MRP values, respectively OR,

the optimal sensor support requirements are based on the sensor
capability limits (The latter branch 1s taken if the optimal MRP
values represent more stringent requirements than the capability
limaits) Table 3-10 indicates the most frequently chosen options,
also shown by double lines 1n Figure 3-2

Table 3-10 Option Selection 1n SERA-2

Option Branch
1 Use a'l 1n Equation {6)
2 Base optimal MRP on optimal ORP,

base marginal MRP on marginal ORP

3 Base optimal sensor requirements on
optimal MRP or on sensor limatations,
whichever represent less capability

The 1nput to SERA-2 consists of

Program control parameters which determine SERA-2 1nput data
requirements and output data format, and which identify trans-
formations to be used 1n determining sensor measurement
capabilities

SD 70-361-1
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Liaibraries of idenfification numbers and descriptive titles of
mission parameters and measurement capability parameters

Numeric observation requarements data and selected descriptive
or library data (transferred automatically) irom SERA-1

Numeric measurement requirements and associated worth data
where the requirements generated are of independent origin
(x e , resulting from design criteria, externally calculated, etc )

The output data provided by SERA-2 1s of two basic types, either or
both of which can be selected for printout

1

Printout A - the optimal and marginal measurement capabilities
for all observation objectives taken together are printed,
together with the total worth corresponding to all the optional
measurement capabilities taken together One basic set of data
per case 1s provided

Printout B ~ the optimal and marginal measurement capabilities
for each objective taken separately are printed, together with the
total worth corresponding to all the optimal measurement capa-
bilities (1n support of that objective) taken together One basic
set of data per objective 1s provided for the case
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4 0 SCALING LLAW DEVELOPMENT AND APPLICATION

4 1 INTRODUCTION

4 1 1 General

Scaling laws are developed by instrument class For descriptive
purposes, the following classification 1s used

@ Passive Optical Instruments

e Active Optical Instruments

e Active Microwave Instruments

o Passive and Semai-active Microwave Instruments
@ Particles and Field Measurement Instruments

This grouping serves two purposes Fuirst and foremost 1t permaits
general discussion of design features which are common to all instruments
in a classification Secondly, it puts emphasis on those areas which are
signiiicant for each classification while reducing the amount of repetition
of the same material for each scaling law Thus 1n the discussion of Active
Optical Instruments emphasis 1s placed on the unique feature of optical
energy generation and transmission while the Passive Optical Instrument
discussion serves the purpose of optical recewver design

Scaling laws may be used for many purposes but the most common
use 13 to establish trade-off data for a sensor system or a subsystem of
a sensor 1n terms of the interacting design variables The trade-off data
are then used to define a preliminary engineering design model or models
which serve as guidelines for detailed subsystem design In addition, the
preliminary design serves as a guide in ''sizang" the sensor It 1s used
to estimate such physical properties as size and weight, viewing aperture
requirements, power consumption, pointing accuracy requirements, etc
In commoen engineering practice, preliminary design procedures result
1n one or more ""point' designs to meet a given set of measurement objec-
tives The usual procedure 15 to establish firm functional requirements
for the sensor such as !''Design a search radar capable of detecting a
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10 square meter target at a range of 200 nm1 over a hemi-spherical search
volume The radar shall detect the target with a 90 percent probability
The radar shall be capable of detecting all targets of appropriate size in
the search volume which have equivalent ground speeds in the range of 500
to 2000 nma " BRased on the stated requirements, one or more search
radar system designs are established with swtable trade-offs between such
factors as transritted power and antenna gain, target location accuracy
versus system parameters, etc The net result 1s that a preliminary radar
system descripfion can be evolved from the definition of the requirements
and available radar scaling techniques with suitable application of state-of-
the-art limatations on generation of microwave power, antenna gain,
recelver sensitivity, etc

In the case of remote sensing of planetary surfaces and environments
such a relatively straightforward procedure 1s usually not meaningful since
sensor measurement requirements are not limited te specific values but
rather are constrained to a range of values over a wide variety of viewing
conditions A pomnt design would not serve the purpose of estimating sensor
system characteristics which are sufficient to meet measurement require-
ments over a fairly broad range of measurement variables and conditions
It 15 necessary, therefore, Lo maintain a somewhat more general approach
in the scaling law procedure Many variables which would ordinarily be
computed once and then fixed in a pomnt design must be carried as design
variables 1n the scaling law approach to preclude the generation of point
design trade-off data

The very fact that the scaling law must be maintained as a general
statement 1s an inherent limitation The lirmitation results from the fact
that in order to make the scaling law computations tractable, it 1s frequently
necessary to make approximations or to use average values This does not
materially affect the outcome of the scaled values of system characleristics
but it does result in a procedure which 15 not necessarily amenable to
refinement mnto a detailed design procedure Therefore, in using the scaling
laws and in interpreting the results, caution must be exercised, since the
purpose of the scaling laws 1s not to permit detailed sensor system design
but rather to estimate sensor system characteristics which impact space-
craft design The scaling laws are not intended as a design tool for
establishing system specifications

4 1 2 Scaling Law Development

The scaling laws developed in this study are concerned principally
with sensor systems for the electromagnetfic spectrum The performance
of electromagnetic sensors can generally be descirbed 1n terms of a
signal-to-noise ratio The signal-to-noise ratio statement contains all of
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the significant parameters which establish sensor system performance
System parameters are than established based on the requirement of
achieving a given signal-fo-noise ratio eirther for detection or recogmtion
This approach underlies all of the scaling law developments although in
certain cases, such as in television systems, the explicit statement of a
signal-to-noise ratio 1s suppressed in the development of a statement of
the attainable resolution of the sensor

With few exceptions, therefore, the scaling development consists of
two essential steps (1) The derivation of an expression for signal-to-noise
ratio for each sensor type of class, and (2) the imposition of a signal-to-
noise ratio requirement to meet 2 given criterion of sensor system perfor-
mance

The results are ordinarily an unbounded algebraic statement partic-
ularized to a given region of the spectrum and/or a given sensor type
Bounds are than placed on the significant design parameters The bounds
result from state-of-the-art limats as they are known to exist for current
technology This 1s not the only form possible for presenting the results
of a scaling law Frequently such devices as slide rules are used to scale
such systems as radars and IR mappers The difficulty with mechanizing
a scaling law in a fixed form such as a slide rule 1s that insight into the
mearning of various system parameters 1s frequently lost and the devices
are misused Anocther approach is to summarize the scaling law in the form
of a nomogram or series of nomograms to perrmt rapid variation in system
parameters without the tedium of multiple calculations However, nomo-
graphic procedures are most useful when system design requirements can be
expressed in deterministic form with a minimum number of variables This
procedure has been used in the description of the scaling law for passive
microwave systems but experience indicates that even in this relatively
straightforward case the results are subject to misinterpretation when
applied indiscriminately

There are scaling procedures which are only incorporated in the
overall procedure by implication The technique 1s commmonly referred to
as ratioing and consists essentially of establishing a new set of system
characteristics from a computed set by a suitable adjustment of one or
more parameters A typical case rmmght be in the form of the increase in
optical aperture required to maintain the performance of a radiometer if the
viewing distance is doubled All else being equal, the aperture required
can be scaled directly as a function of range by a simple ratio This type
of scaling 1s most frequently useful for design equations which are deter-
ministic, as 1n antenna size scaling as a function of wavelength It may
be musleading when used to scale complete systems since more than one
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variable may be a function of such parameters as viewing distance However,
ratioing i1s extremely useful under many circumstances and may be used to
reduce the tedium of multiple detailed calculations of system characteristics

4 1 3 Scaling Law Application

In applying the scaling laws to specific missions, a stepwise procedure
can usually be applied although there are a few notable exceptions where an
interative procedure 1s required The general approach to the application
of the scaling laws can be summarized in three essential steps as follows

1 Assemble all known requirements and limitations for accom-
plishing a given scienfific objective This step amounts to a
definition of sensor measurement requirements, the selection
of a reasonable model under which measurements are to be
accomplished such as 1llumination levels (photometric or radio-
metric model, reflectivity, etc ) and the geometric constraints
imposed by mission trajectories and dynamics This step
defines measurement requirements and limitations i1n quantitative
terms and umposes bounds on sensor system performance

2 The second step involves the selection of sensor type and the
definition of sensor characteristics to meet the measurement
requirements In order to bound the problem, the Iimmifs 1mposed
by the state-of-the-art are imposed on the system parameters at
this point Iankewise the detection criterion which ithe sensor
must meet 15 established and imposed at this point

It 1s frequently convenient to i1solate one or more sensor system
parameters which have major umpact on sensor system support requirements
For example, in optical sensors, it i1s frequently convement to calculate
the aperture diameter based on known or assumed characteristics of the
other components of the sensor This approach is not always sufficilent,
however, since it may be necessary to match the prumary optics with other
system components Under these circumstances an iterative procedures 1is
necessary to obtain a consistent system design

This step must be carried out 1n sufficient detail to obtain sensor
system physical and operational characteristics as inputs to step 3

3 Once an adequate sensor system description 1s obtained from
step 2, the support requirements are calculated from the rela-
tively simple algebraic expressions or frorm scaling factors
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4 2 PASSIVE OPTICAL INSTRUMENTS

4 2 1 Introduction

An 1mportant means of obtaining scientific information remotely 1s
the detection and quantification of electromagnetic radiation in the optical
portion of the electromagnetic spectrum For classification purposes the
optical porticn of the spectrum 1s considered to extend from the long wave-~
length far infrared (A= 100 mucrons) to the so-called vacuum ultraviolet
{A=0 2 microns) The bounds on the optical portion of the spectrum are
not precise since they are established prumarly for the purpose of indicat-
ing the applicability of so-called optical tehmques to sensor system design
Alternatively, the optical spectrum can be considered to be that portion
of the spectrum in which the approximations of geometric optics are
applicable

In spite of the sub-division of the optical spectrum into regions such
as the infrared, visible and ultraviolet, instrumentation design techniques
are similar over the entire optical spectrum, with perhaps the most notable
excepiion being detection techniques which are specifically selected to
match the spectral region Other variations may alsc be sigmficant since
1t would be fortuitous to find materials which have wavelength-independent
characteristics over a range of approximately 1000 to one Materials are
selected by spectral characteristics to obtain required index of refraction,
transmission, and reflectivity, for specific regions

With these exceptions in mind, scientific instrumentation for the
remote sensing of radiation in the optical spectrum can be classified into
generic types 1n several ways For the purpose of developing scaling laws,
sensor types are differentiated primarily info non-image formmng and image
forming sensors with secondary classifications by spectral region and
function The classes of instrumentation considered are of the following

types

IR,Visible
Spectrometry -~ uv

Non-Image Forming

1
\

Radiometry ~J IR

Visible, UV
Fixed Visible
Image Formaing ~_
Scanning IR
ov
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The classes indicated are not all-inclusive since 1mage forming
systems may also include such functions as relatively coarse spectrometry
in the form of multispectral 1magery and a non-image forming radiometer
may include an optical analyzer to function as a polarimeter The general
classifications given above are intended to indicate the types of scaling
laws which are significant but are 1n no way intended to preclude multi-
functional use by adding on relatively straightforward refinements which
expand their function

4 2 2 Scaling Law Basis

Passive optical instrumentation for outer planet remote sensing 1s
designed primarily to measure solar energy interaction with the planet and its
atmosphere or the self-emaission from the planet due to ils thermodynamic
temperature To a lesser extent stellar radiation which is encountered
during star occultation by the planet with a spacecraft may be useful but no
specific 1nstrumentation 15 designed for this purpose From the point of
view of measurement instrumentation it is then necessary to establish the
levels of the radiation which are available for measurement over the spec-
tral ranges of interest and to establish design requirements for one or
more instrument types to meet observation requirements

The procedure, while straightforward in concept, may be difficult
to apply because of obvious uncertainties in the levels of radiation at the
several planets and limmitations in the state-of-the-art of instrument design
This leads to conflicts in attaining all measurement objectives The scaling
laws developed are not intended to reconcile the conflicts but rather to
establish design procedures which are sufficiently flexible to permat a wide
range of choices to be made i1n trading off observation capabilitzes with
support requirements in the form of size, weight, power consumption, data
rate and sensor platform stability

The bases for developing a scaling law are the following
1 The measurement requirements

2 The observation geometry and time available for measurement
imposed by the trajectory of the spacecraft

3 The electromagnetic energy available for measurement

The measurement requirements and trajectory dynamics are developed
separately It i1s necessary to establish a means for predicting radiant
energy levels as the primary input to sensor system design This 1s
developed first
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The scaling laws are then developed by instrument type according to
their primary function Two general classes are considered, the non-
imaging and image formang types As appropriate, further classification
15 established by spectral class and primaxry function In this way, all
optical instruments are grouped together by function such as spectrometex,
radiometer, etc

The scaling laws for non-image forming systems are grouped accord-
ing to spectral band by function In each spectral band a natural grouping
15 by function although the separation into functional groups is partly
artificial since there may be little or no difference between a polari-
meter and a radiometer Furthermore a basic telescopic sensing system
may be adapted to many functions by the addition of relatively lightweight
optical components in the focal plane of the sensor Thus a radiometer
may be used as a polarimeter by the addition of relatively simple optical
components Such cases are not treated as separate scaling laws but rather
as mainor variations to basic scaling laws

Each of the scaling laws 1s developed from the statement of a signal-
to-noise ratio which, according to custom, is the ratio of peak-to-peak

signal voltage or current to rms noise under the assumption that the target
f11ls the instantaneous field of view of the optics

Each mnstrument type considered has common features such as an
optical aperture for radiant energy collection and one or more detectors
to convert the collected energy into a form which can be analyzed and
processed for interpretation In addition, many optical instruments pro-
cess the collected energy prior to detection to effect a channeling of
information or to facilitate post detection processing Both collecting
optics and pre-detection optical processing techniques are, to a first
approximation, wavelength independent over the cptical spectrum They
are considered sufficiently general that a single discussion for all of the
mmstrument types described above 1s adequate

While a general requirement for one or more detectors exists, there
1s such a large variety of detector types applicable to the full range of the
optical spectrum that a general discussion is inappropriate Detectors
are discussed with reference to speciral regions under the sensor type
where they are first used

Scaling laws for passive optical instruments are developed using the
approach most commonly used 1n the technical literature for specific wave-
length regions or according to practices which have evolved either by custom
or convenience <This approach 1s a practical necessity, since much of the
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available information on which scaling law development 1s based 1s
particularized either to a wavelength region or to specific instrument design
procedures If 1s not the only approach which could be used since, at least
1n theory, an all-encompassing scaling law for all optical instruments could
be developed but attempts at developing such an approach to optical 1nstru-
ment performance have not, as yet, proved useful The difficulty with a
general approach 1s that i1t 1s based on a detection criterion incorporating
the signal-to-noise ratio of the instrument This approach requires a
definition of the signal output of the detector and the overall description of
the noise, irrespective of the source The many types of detectors used
and the associated noise generating mechanisms tend to make a general
description of the noise both tenuous and cumbersome The problem of
noise 1n detection systems for the optical specirum has been given wide
consideration in technical literature Excellent discussions of the general
problem as well as specific cases can be found in References 3 through 10
Reference 3 covers the problem in broad scope while Reference 4 through 10
discuss specific detection mechanisms and their associated noise problems
The references should be consulted for detailed background information on
the development of signal-to-notse ratios and their application to specific
instrument designs

4 2 3 Photometric and Radiometric Models of the Planets

4 2 3 1 Photometric Models

In a formal sense, photometric modeling of the planets can be
established in multimaterial form based on the input power to the planet,
generally from the sun, the spectral reflectance-absorptance characteris-
tics of the planet and its atmosphere and the viewing geometry As discussed
in Reference 2, the amount of solar erergy per unit time reflected in a
given direction at a given wavelength 1s

W(L,e,a,\) = I_,irh a(\) £(1, ¢ , @ ){cos)e (1)

where
W  1s the spectral radiance
1s the solar spectral irradiance
a()) 1s the surface normal albedo

f 18 the planetary photometric function
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The photometric function depends on the angle of incidence 1 measured
from the surface normal, the angle of relection and the luminance longitude
measured from the plane containing the sun surface line An approach
using the complete photometric function presents many difficulties since
much of the necessary information required to establish a useful model
1s lacking Much of the spectrally dependent reflectance data has not
been established In addition, the practical difficulties of estimating
reflection mechamsms are likely to be unrewarding since even today a
definitive photometric model of the Earth i1s not available

For these reasons two separate simplified approaches are used
depending upon whether or not the planet has an atmosphere In all cases
the solar irradiance 1s based on the assumption that the spectral variation
15 equivalent to the sun as a blackbody radiator at a temperature of 5000
deg K The power spectral density function at one AU for solar irradiance
1s shown i1n Figure 4-1 in radiometric units For other planets the spectral
distribution is assumed to be 1dentical but the power density 1s scaled as
an inverse square law of distance relative to the Earth at one AU For
photometric units the solar constant at the Earth 1s takenas 1 3 x 105
meter-candles and scaled to other planet distances by the same inverse
square propagation law

For planets with relatively dense gaseous atmospheres such as
Saturn a reflection moded in the form

2

W = HPcos“g (2)

1s used where
W 1s the radiance of the scene
H 1s the solar constant at the planet
P 1s the albedo

® 1s the sun-planet-observation point angle as shown in
Figure 4-2

The variation with observation angle 1s assumed to be cos’g to
account for limb darkening One of the most difficult problems 1s to esti-
mate values of albedo variation with spectral band Based on available
though incomplete information the values of spectral band albedos for
planets with gaseous atmospheres shown in Table 4-1 will be used
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Figure 4-2 Observation Geometry

For planets which do not have an observable atmosphere or have
only a tenuous atmosphere a Lambertian reflecting surface 1s assumed In
this case the scene radiance 1s given by

W = Hpcos® (3)

where the quantities are as described previously The values of planetary
albedo to be used 1in computing W are given in Table 4-2

Values of H(A) can be computed by numerical integration of the
spectral power density of the blackbody radiation curve of the sun for an
assumed temperature of 5000 deg K  Whaile the procedure 1s tedious it
can be simplified 1f a narrow spectral band is assumed and the albedo 1s
assumed independent of wavelength In a strict sense the appropriate value
for W i1s of the form

Ry
w —fu W(N) dx (4)
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Table 4-1 Characteristics of Planets with Dense Atmospheres

Sclar Constant {W/rnz)

Average Albedo

Distance

Total Average

Total uv Visible IR uv Vis IR Bond From Sun

Venus 2 676:«:103 A 42;:102 1 08x102 6 62.:;102 0 35 [0 76 0 42 0 85 1 08%x10%km
Jupiter 5 2::101 4 7 20 3 12 9 03 0 45 0 15 0 58 7 8x108km

Saturn 1 5:s<IOl 1 36 5 85 371 0 35 {0 76 0 42 0 57 14 3x108km

Uramus | 4 0 36 1 56 0 99 03: 093 |03 |o080]| 28 7x10%m
Neptune | 2 0 18 1 17 0 49 03! |0 84 0 25 0 71 45x108km

O
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Table 4-2

Characteristics of Planets with Tenuous Atmospheres

Solar Constant (W/m?2)

Average Albedo

el-¥

Distance

Total Average

Total uv Vis IR uv Vis IR Bond From Sun

Mercury | 9 343x10° | 8 45}:102 3 64x103 2 31::103 007 | 011 |0 30 | 00595 8x107km
2 2 2 8

Mazrs 6 03x10 R4 6 2 36x10 1 46x10 0 05 015 0 35 0 15 2 310 km

Pluto 1 0 09 0 39 0 25 0 07 |0 14 0 30'| 0 15 59x108km

{{Estimated f: om similar planet type )

\lo
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However, 1if spectral independence 1s assumed over narrow spectral bands
then to a first approximation

W = pcos8® H) (5)
where the bar indicates averages at the wavelength of interest

4 2 3 2 Radiometric Models

Thermal or self-emaission of planetary surfaces can be characterized
by the blackbody radiation curves of measured or estumated planetary sur-
face temperatures shown in Table 4-3 Under the assumption of an
emmissivily of one, the spectral radiance can be estimated directly However,
the sensitivity of a thermal mapper to an incremental temperature or
emassivity difference i1s dependent upon the slope of the radiant emaittance
with respect to temperature For the range of significant planetary surfaces
shown in Table 4-3 the following function has been evaluated

\ 8V, (T)
oW :f — (6)
0T o} oT

and plotted 1n Figure 4-3 As an example of the use of the curves, assume
that the value of the integral 1s required between 10 and 12 macrons for a
temperature of 300°K, from Figure 4-3 the following values are found

12 10
oW =/ Wy (300) ar “f 3Wy (300) N (7)
T 0 3T a aT
= 3 5x107 -2 65x10” %
aw - 3 5X10-5 watts (8)
T cm deg K

4 2 4 Optical System Design Considerations

4 2,4 1 Design Procedures

In contrast with the great diversity of detection mechanisms which
are employed in the optical portion of the electromagnetic spectrum, the
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Table 4-3 Planetary Temperature Characteristics

Atmospheric Temperature Surface Temperature

Planet {deg K) (deg K}
Mercury - 100

Venus 200 750

Mars 150 200

Jupiter 100 150"

Saturn 100 100+
Uranus 100+~ 90 .3
Neptune 95.1 701

Pluto —_ 63 -~

idark side mimimum

at

¥ estimated

design of optical systems 1s highly unified for the spectral region from the
far infrared to the vacuum ultraviolet Both the axt and the science of
optical system design are highly developed and generally applicable over
the full range of the optical spectrum so that a single optical design proce-
dure i1s generally sufficient This 1s not meant to indicate that an optical
system which 1s useful 1n the IR portion of the spectrum would be satisfactory
at UV since material characteristics, required tolerances, etc , are
generally wavelength dependent The materials used are selected to
optimize performance 1n a particular spectral region Exclusive of this
type of limitation, the procedures used in establishing optical system
characteristics are essentially the same throughout the optical spectrum

4 2 4 2 Modulation Transfer Functions

The design of an optical system to meet required performance specifica-
tions has in the past been based on the tedious process of ray tracing
{geometric optics) and the skill of the designer in selecting combinations
of materials of varying index of refraction and geometry to meet require-
ments While the procedure has been adequate 1t has proved to be
inflexible since 1t has not always been possible to predict variations in
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performance of an overall optical instrument resulting from variations in
optical system characteristics or operating conditions

Modern optical design technology has generally circumvented the
more cumbersome procedures used in detailed design with the application of
the optical transfer function approach to optical design In essence the
optical transfer function 1s not new since it 1s a2 consequence of diffraction
of a point source of :1llumination by a finite aperture The application of
the approach to complete instrument design however is of fairly recent
origin and as insight into the power of the method has increased it has
become rnore widely applied

With a few notable exceptions the optical transfer function per se
has not been widely used but rather a quantity associated with it has had
wider application This quantity 1s defined as the modulation transfer
function (MTF) which 1s the absolute value of the optical transfer function
with all phase information surpressed For non-coherent sources of
illumination the MTF 1s generally adequate and it 1s only when coherent

sources are used as in holography that the optical transfer function is
required

It 15 a consequence of diffraction that a point source of i1llumination
focused by an optical system onto an image plane results in the spreading
of the 1llumination in the 1mage plane over a finite area In a purely
mathematical sense, the MTF 1s the Fourier transform of the point spread
function of the optical system Furthermore the point socurce of 1llumi-
nation 1s mathematically equivalent to an impulse function i1n electrical
networks In a formal sense the MTF 1is the equivalent of the impulse
response of an electrical network The transition from electrical network
theory to optical theory requires only the proper definition of such terms
as frequency in the optical sense before the technology of network theory
15 applicable to optical design The optical analogy of electrical frequency
18 spatial frequency where for normalization purposes spatial frequency
15 described as variation in contrast in the 1mage plane of the optical sys-
tem Standard practice 1s to describe the variation in terms of optical line
pairs per millimeter of distance in the image plane abbreviated to lines
per millimeter In this sense each element of an optical imstrument can
be considered as a low pass filter of spatial frequency The overall
spatial frequency response can be obtained by cascading the MTF's of each
clement of the optical system, considered as a low pass filter, to obtain
overall system response Overall system response 1s therefore the
product of the response of each element which has a definable MTF A
detailed procedure for applying the methodology 1s given in Reference 11
as well as the procedures necessary to develop MTF"s for all of the
elements of an optical instrument

4-17
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In addition to system performance prediction, it has become common
practice to describe optical system design in terms of one or more MTFE's
Typical of this is the description of diffraction limited optical systems in
terms of the i1deal performance and the resulting degradation resulting from
aberrations A typical set of generalized MTF's for an optical system 1s
shown 1n Figure 4-4 for the diffraction limited performance of a circular
aperture A range of levels of aberration 1s indicated Much useful infor-
mation 1s contained in the figure since it demonstrates the best possible
performance that can be obtained with a given optical system, the diffraction
limited performance, and the tolerance whach must be maintained as a
function of aperture ratio ("f' number) and wavelength

The information contained in Figure 4-4 1s based on the assumption
of an optimized optical design with maximum angular resolution at the
longest wavelength for a given aperture diameter This type of optics 1s
referred to as diffraction limited It 1s based on the Rayleigh resolution
criterion for a circular aperture in the form

@= 1 22-% (9)
where
o 1s the angular resolution in radians
b 15 the wavelength of the radiation
D 1s the aperture diameter in the same units as A

In the 1mage plane, 1t follows from the geometry, that the minimum size of
a point source in object space 1s approximately

a = N\ (10)
where
a 15 the dimension of a point source 1n the image plane
N 15 the focal ratio or f number = %,
£ 1s the focal length of the optical system,
D 1s the aperture diameter,

A 1s the wavelength of the light

4-18
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In terms of spatial frequency in the image plane it follows that the
maximum, spatial frequency for a diffraction limited optical system is

1
= —— lines per millimeter (11}
max a

if Y'a'" 1s in millimeters The limiting resolution as & function of focal
ratio over the wavelength region of optical instruments 1s shown in

Figure 4-5 However, diffraction limited optics do have a himitation on
attainable aperture ratios (f number} resulting from aberrations A com-
mon criterion for aberration limits 1s the Rayleigh tolerance on focal
shift in the form

5= AN (12)

where § 1s the amount of shift of ""best'" focus in the image plane in the
same units as A For an aberration-free system 6 1s zero but as tolerances
are relaxed to obtain wide spectral response there 15 an accompanying loss
1n resolution This effect 15 also indicated in Figure 4-4  Since the
Rayleigh tolerance 1s a measure of how much focal shift can be tolerated,
it follows that large aperture ratios permit lower quality optics It also
leads to a limitation on state-of-the-art capabilities 1n large aperture,
diffraction limited optics Thus in the visual and UV portion of the spec-
trum, a state-of-the-art limit of aperture ratios in the range of 3 to 4 1s
imposed by optical quality On the other hand, intermediate to long
wavelength IR optical systems can be designed with very small aperture
ratios in the range of 0 5to 1

4 2 4 3 Optical Aperture Size

The requirement for high angular resolution, where it exists,
imposes the requirement for large aperture diameter It 1s possible to
concelve of a space rated optical system design which 1s equivalent to the
largest Earth-based telescopes This would lead to the conclusion that a
reflective system with an aperture as large as 200 inches could be designed
for space use As a matter of economic feasibility however it 1s doubtful
that the investment would be made since there does not appear to be an
overriding requirement to warrant the investment Several research and
development programs have been conducted to design diffraction limated
100 i1nch aperture systems for space applications but the overall optical
quality of such systems 1s difficult to demonstrate for long term unattended
operation so that the application of large diameter optics has been confined
to manned space missions where realignment and refocusing can be accom-
plished While improvements can be expected i1n this area it appears that
a realistic limit on optical apertures for unmanned systems 1s of the order
of 100 inches

5D 70-361-1
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The 100 inch Iimaitation applies basically to erther purely reflective or
catadioptric configurations since purely refractive systems become
extremely difficult to design and handle for diameters greater than 36 inches
even in a ground environment The state-of-the-art lirmt for refractive
systems for unattended space operation i1s of the order of 16 inches although
slightly larger diameters could be accommodated if a firm requirement for
a refractive system 1s established The choice between a reflective or
refracfive system 1s generally based on field of view requirement Wide
fields of view generally dictate refractive optics but the weight advantage of
reflective or catadioptric systems 1s such that it 1s frequently more advan-
tageous to sacrifice field of view and use a reflective system In a typical
comparison of moderately large apertures, a 16 inch refractive system would
have a weight five times as large as a 16 inch catadioptric system

In estimating support requirements of optical sensors, it 1s obvious
that one of the heaviest, most dense systems to be put on a spacecraft 1s a
large aperture optical system For i1mage forming systems with discrete
detector arrays such as IR and UV mappers, the difficulty 15 increased by
the addition of a scanning mechanmism which usually consists of a driven
mirror system to change the direction of look of a fixed optical aperture In
Reference 12, data were presented on optical system weights which while
adequate were applicable to high speed scan systems  The basic werght
estimate for an optical aperture was estimated empirically to be 1n the form

2
M, =168 D, (13)

where
M, 1s the mass of the collector optics in kilograms
D. 1s the diameter of the collector optics 1n meters

The expression was obtained from survey data for actual systems as shown
1n Figure 4-6 The expression for estimating mass given above 1s shown by
the solid curve in the figure It can be seen that for large diameter optics
the mass increases faster than the square of the diameter The dashed line
in the figure shows a cubic power dependence which would be obtained
without any optimized design approach to reduce excess weight A better fit
to the available data appears to be a 5/2 power law which 1s shown by the
heavy dotted line 1n the figure

The 5/2 power law can be rationalized according to the following
reasoning based on a reflective optical system Small pyrex glass mirrors
for telescopes have a thickness of 1/6th of the diameter from which a cubic
welght law would follow As the mirror diameter 15 increased and sigmficant
weight reductions can be obtained by optimizing the structural design of the
mirror, such procedures are generally followed Thus it 1s common practice
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SD 70-361-1



NS 1'ASS { KILOGRANMS)

L.C

’ Space Division
North Amernican Rockwell

1000
coog-

600

00—

200}-

£
EOO;—

]
—

o
o

\
) —— --w--uo [F T——
) T

™
o

10—

O REFRACTIVE

3 CATADIOPTRIC

[
vu}u.on
camerd

! ! ' L

L8
20 4Q 80 {00 200 400 600 1000

Figure 4-6 Estimated Weight of Large Diameter Optics

4-23
SD 70-361-1

2000



‘ Space Division
North Amencan Bockwell

to cast large glass mirror blanks using a cellular structure and to form
metal mirrors on a metal webbing or ribs The break in the design
procedure 1s not firm but generally results in sigmficant weight reduction
when the marror diameter 1s greater than 10 inches Thus the 5/2 power
low appears to give better agreement with experience It 1is also substan-
tiated by optical design practice wherein mirror blank thickness before
polishing 1s generally one sixth of the diameter (Ref 13)

A commonly used configuration for large diameter optics in spacecraft
18 shown in Figure 4-7, such that the optical path to the detector or image
plane 15 folded in either the Cassegranian or Newtoman configuration as
indicated The primary optical assembly thus consists of a secondary
mirror to fold the optical path and an external mirror which can be driven
to rotate the field of view about the primary optical axis For image formung
systems which employ discrete detectors the external mirror may be used to
scan the object plane in the cross track direction to spacecraft motion

In addition to the primary mirror it 15 also necessary to estumate the
welght of the secondary mirror as well as the external mirror, to obtain a
realistic estimate of total optical system weight Since the secondary for a
Cassegranian configuration requires the removal of some of the center
portion of the primary 1t follows that the primary weight 1s reduced as a
function of the diameter of the secondary, Dg In estimating the primary
welght of a Cassegranian telescope the following expression 1s used

M =xk[p%/?.p?/? (14)
o2 [ s

where K 15 a scaling constant depending upon the material used From the
design equations of a Cassegranian telescope it can be estimated that the
diameter of the secondary 1s given by

DC
D =0 5—= 15

where N 1s the telescope focal ratio For a Newtonian system a slightly
smaller secondary can be used resulting in

DC
DS =0 42 '-N— (16)
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It follows that the mass of the secondary reflector 1s given by

5
05 Dc /2
MS =K T Cassegranian (17)
0 42 Dc 5/2
Ms =K — Newtonian (18)

The weight of the associated scan mirror 1s difficult to estimate
because 1t 1s highly dependent on overall system requirements and spacecraft
limitations For example in the configuration shown in Figure 4-7 there may
be no overriding requirement for an external mirror for planetary missions
so that the primary aperture 1s pointed at the planet of interest On the other
hand, the comcal scan mirror configuration described 1n Reference 12 may
be required to obtain high speed scan of the object plane THigh speed scan 1s
generally not required for mapping especially for flyby missions of the outer
planets, so that only the single mirror case has general application This
point 1s exemplified by such current mapping missions as the Multispectral
Point Scanner (MSPS) for the Earth Resources Technology Satellite (ERTS)
The MSPS uses an oscillating mirror to obtain transverse scan Using the
1/6 thickness criterion and an assumed optimum structural design of the
scan marror 1t follows that

T 5/2
M > PDC (19)
where

Mm 1S the mass of the scan mirror

P 1s the mater:al density

DC 15 the diameter of the primary

It 1s common practice to incorporate large diameter optics into a
spacecraft such that the spacecraft structure 1s the telescope housing 1Itis
then problematical whether the weight penalty of the telescope housing 1s
properly apportioned to the telescope or the spacecraft For planning
purposes 1f will be assumed that an additional weight penalty 15 itncurred
since special provisions may be necessary to obtain a sufficiently rigid
spacecraft structure to accommodate the telescope
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It 1s common practice in the design of large telescopes to design the
primary mirror and associated prime aperture with an aperture ratio of
1tol 5 Assuming an aperture ratio of one, it follows that the length of
the telescope 1s approxirnately equal to the aperture diameter To a first
approximation, optimized space structure techniques would permat a
structural design which has 80 percent of the primary mirror thickness
The structure considered as applicable 1s basically thin and rigid truss
members with stretched panel cladding The shell structural volume would
then be

w _5/2
Vss = -1—5- D (20)
and the structural mass would be
n5/2
Mog=15 PP (21)

where p 1s the structural material density which 1s probably aluminum with
a density of 2 7 x 103 kg/m3

For reference purposes the weight estimating approximations are
surmmarized in Table 4-4 The values in the table are based on a density
of 1 85 x 103 kg/m3 for beryllium, 2 7 x 103 kg/m3 for alumingm and
7 9 x 10> kg/m3 for glass For the prumary mirror system beryllium is
generally optimum on a weight, strength and temperature coefficient basis
Alumainum structure 1s assumed

4 2 4 4 Auxaliary Optical Components

One of the principal functions of non-image forming optical systems 1s
the resolution of radiant energy into spectral components or bands Spectral
resolution may be accomplished in a large variety of ways depending upon
the spectral resolution required and the available electromagnetic energy
With the exception of such techmques as haze reduction by filtering 1n
photographic systems, any optical instrument which employs bandpass
spectral filters can be considered a spectrometer Depending upon the
filtering technique used, the resulting spectral resolution may range from
crude to high The scientific purpose to which the spectroscopy will be
applied generally determines the type of filtering employed
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Table 4-4 Mass Relationships for Estimating Primary
Optical Systermn Weight Penalties

Cassegranian Newtonian
1 Primary Mirror Mass Mc
Glass 300 (D 5/2 -D 5/2) 305 D 5/2
c s c
5/2 2
Beryllium 230 (Dc / - DSSI ) 235 DCS/2
2 Secondary Diameter, DS 05 Dc 0 42 Dc
N N

3 Secondary Mirror Mass, Ms

2 2
Glass 195 (DC/N}S/ 170(DC/N)5/
Beryllium 150 (DC/N)S/Z 130(DC/N)5/2
4 Scan Mirror Mass
Glass 300D 5/2 300 D 5/2
c c
Beryllium 230 DCSI2 230 Dc5/2
5/2 5/2
5 Telescope Structure 567 Dc 567 Dc

Mass 1n Kg
Dimensiong 1n meters
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There are a large variety of spectral filtering techniques available for
scientific instrumentation They are generally classified, according to the
filtering mechanmism employed, into the following classes

1 absorption
2 wnterference
3 dispersive

Dispersive filters are further categorized according to the dispersion
technique into prismatic and diffraction grating

One of the most common filter techniques used 15 absorption filtering
Colored glass and gelatin emulsions 1n a glass sandwich act as absorbers of
radiant energy to 1solate a portion of the optical spectum Absorption filters
can be obtained in a large variety of combinations ranging from high pass to
low pass and bandpass to band stop spectral configurations The spectral
resolution of absorption filters 1s lamited by the filtering mechanism to
values of the order of 500 A° (50 mp)} so that they are most frequently used
when crude spectral data 1s of interest The primary limitation on absorp-
tion filters 1s poor optical transmission especially in narrow band applica-
tions, where several filterlayers are used in cascade Thus a 500 A°
absorption filter may have an optical transmission as low as 0 30 The
advantage of absorption filters 1s that they are relatively inexpensive and
function over relatively large fields of view

A principal type of filter 1s the dielectric sandwich interference filter
based on the principle of constructive and destructive interference of electro-
magnetic radiation By proper selection of materials and control of material
thickness an optical sandwich can be constructed such that the transmission
1s high over a finite wavelength interval Outside of the passband of the
filter, destructive interference occurs resuliting in a narrow bandpass
spectral filter The basic assumption of an interference filter 18 that the
sandwich 1n combination with a suitable reflector 1s one half wavelength,
thus double passage through the filter results in constructive propagation
However, a limitation of interference filters is that any wavelength for which
the filter is an integral number of wavelengths are also passed This may
result 1n multiple spectral response regions The unwanted spectral regions
can be removed by suitable absorption filters The advantage of sandwich
interference filters is the flexibility of the design approzch available and the
improved spectral resolution Current technology 1n dielectric sandwich
filters results in filters of approximately 25A° bandwidth and optical
transmission of 0 75

4-29
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The limitation of interference filters, 1n addition to the multiple
spectral response, 1s imposed by the assumption that the 1llumination of the
filters 18 collimated For non~parallel incident radiation the bandpass
characteristics of the filter shift so that the total field of view of the filter
1s limited, especially for high spectral resolution For good spectral
resolution over a narrow spectral range it 1s generally necessary to incor-
porate an optical collimator with attendant penalty of increased weight and
complexity If dielectric interference filters are used 1n place of absorption
filters over wider spectral ranges then the field of view of the optical system
must be limated to less than 30 degrees to obtain controlled spectral resolution

Somewhat higher spectral resolution with interference filters can be
obtained by the use of birefringent crystals, that 1s crystals which exhibit
anisotropic transmassion properties By a careful selection of optical
components, birefringent crystals can be used to obtain constructive inter-
ference over a narrow spectral region Birefringent filters as narrow as
6 A have been used in astronomical work but they are both complex and of
limited flexibility They have found principal application i1n 1solating specific
spectral lines and would have only limited application in planetary spectro-
scoplc 1avestigations

Recent developments in spectroscopy are based on the principle of
temporal scanning of a Michelson interferometer as discussed 1n para-
graph 4 2 5 1

The technique most frequently used to obtain high resolution spectral
separation 1s dispersion of the received electromagnetic energy into spectral
regions which are uniquely related to an angular position of viewing The
two most cormnmonly used dispersion techniques are prisms and diffraction
gratings The figure of merit of dispersive separation filters 1s the resolving
power which 1s defined as

Rs =-M. (22)
AN

where Rs 1s the spectroscopic resolving power
M 1s the wavelength of the radiation

which 1s Just resolved from a wavelength of X such that
AN =N - \ (23)

It can be shown from geometric reasomng that the resolving power of a
prism 1s given by

d
RS = tp—— (24)
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where
tp 1s the width of the prism base i1lluminated by the optical aperture
d
a}{ 1s the rate of change of index of refraction of the prism material

with wavelength (25)

Prism spectrometers are therefore limited by both the size of the prism
which can be 1lluminated and the material from which the prism 1s built
Typical values of resolution for a flint glass prism of 5 ¢cm base are 5000

at a wavelength of 600 mp and 12, 000 at 450 mp A quartz prism of the same
base has a resolving power of 2000 at 600 mp. but increases to 75, 000 at

200 mp  The increased resolving power of quartz in the ultraviolet frequently
permaits relabively good spectral resolutions in the 180 to 250 mpu region of
the ultraviolet The lack of high dispersion materials in the infrared
generally precludes the use of prismatic spectrometers in the IR portion of
the spectrum

To obtain high spectral resolution in the visible and IR portions of the
spectrum the most generally applicable techmque 1s the diffraction grating
A large variety of grating structures have been built for spectroscopic
investigations in both transmaission and reflecting forms  The resolving
power of a diffraction grating 1s determined by the size of the grating and
the fineness of the spacing of the lines which can be ruled on the grating
This results in the resolution being determained by the total number of grating
lines However, the spacing of the lines in the grating 1s generally several
wavelengths so that the resulting diffraction pattern may have several
secondary maxima The secondary maxima are classified by order number
into socalled secondary spectra Thus the resolving power of a diffraction
grating 1s of the form

Rs =—-*_ = mN (26)

where
N 1s the tofal number of lines m the grating and

m 15 the order of the spectrum or the number of the subsidiary
maximum

For the primary grating lobe the value of m 1s one whereas for extremely
high spectral resolution orders as high as 10 may be used For space
applications the third order spectrum appears to bea practical limait
Gratings up to 10 inches wide with as many as 15, 000 lines per inch have
been built A grating this large would then have a resolution of 150, 000 1n
the first order Thus at 500 mp, a ten inch grating 1s capable of producing
a spectral resolution of 0 001 mp 1n the third order
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4 2 4 5 Optical System Power Requlrements
The power required for optical sensor systems 1s of three basic types
1 Operational power for electronic functions
2  Scan mechamsm operation and precision pointing

3 Auxiliary functions suchas closed cycle cryogenic cooling for IR
detectors and radiant energy source operation for calibration

The requirements imposed by the first and third types are particular-
1zed to the type of detectors used and the spectral region of operation Scan
mechanism operating power requirements are, with few exceptions,
equivalent for all spectral bands where scanning, whether spatial or spectral,
1s employed Therefore, scanning mechamsm power requirements are
established under a single set of assumptions and can be used whenever
scanning 1s indicated Operational power requirements, other than scanning,
are discussed in the appropriate sections either by detector or sensor type

Two requirements for power 1n the mechamzation of scanning optical
systems can be differentiated depending upon whether a continuous or an
oscillatory scan mechamsin 1s employed If a segmented scan mirror with
n faces 1s used to obtain high speed scan then the power required to main-
tain a constant rotation speed is relatively small since only the loss in the
bearings must be supplied to maintain the rotational speed To estimate the
power required, consider the scanmng portion of the system fo be a seg-
mented conical mirror, rotating about the axis of the cone For a rotational
speed of w radians per second, the kinetic energy of the rotating mirror 1s

2
E=Iw (27)

where I 1s the moment of inertia of the assumed right circular cone
Assuming that the base of the cone 15 equal to the diameter of the primary
optics, D, then the moment of inertia of the cone about its altitude as axis
18 given approximately by

03M D
2
I= —i‘d-—? kg - m (28)
and the kinetic energy is
E=0075M Dzwz 1 29)
= Mo joules (
4-32
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where
MM 1s the total muirror mass i kg
Do 1s the diameter of the primary optics in meters

w 15 the rotational speed i1n radians per second

The power required to bring the mirror up to speed can be approximated
from

k
P =-E—Watts =~ B wwatts (30)

so that

P=0 075 MMD02w3 watts (31)

For high quality bearings, the total requirement for maintaining speed
including drive motor inefficiency i1s estimated to be 10 percent of the 1mitial
power so that a constant speed drive would require

- 2 3
P=75x10 3 D MM w  watts (32)
o

for continuous rotation of a segmented mirror

If a single scanning mirror 1s used i1n an oscillatory search mode,
then under the assumption of a linear acceleration - deceleration operation,
a scan half angle ¢ 1s covered in time t under an angular acceleration a

£/2
then the scan half angle 1s given by

2

¢=%atf (33)

Likewise, during the second half of the scan the mirror 1s decelerated
by the same amount so that

cb= -k oat (34)
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The torque applied 1s given by

T=1,¢ (35)

where

IM 1s the moment of 1nertia of the marror

a 1s the angular acceleration (or deceleration)

Substituting for a gives

8¢>IM

tZ
£

T =

(36)

If the mirror 1s assumed to be a thin disc of diameter Dy and mass
My rotated about an axis through the center of mass and lying in the plane
of the disc, the moment of inertia 18

MM (37)

and the torque 1s

MM (38)

during acceleration

The work done on the mirror i1s then

M M (39)
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and the power requiredtorotate the mirror through the angle ¢ in time tf/Z 18
2,2
M D "¢
W
P =2t— = M3 M watts (40)
i tf

Since the same amount of power 1s required to decelerate the mirror, the
total power required at the murror 1s

£

Assuming an electric drive, a high quality electric motor may have an
efficiency of 25 percent so that

P =4P_ = M watts {(42)

The same approach can be used for any rotational optical component
such as reticles and filters, but because they are generally of low mass (less
than 100 grams} and low moment of inertia the power required can be approx-
tmated as a fixed small amount for each function For estimating purposes,
a power requirement for rotation or movement of lightweight optical
components of 0 1 watt per function 1s realistic

In the event that the optical sensor 1s mounted on a gimbal for image
motion compensation purposes, then the power required to operate the gimbal
control 1s a function of the sensor mass For estumating purposes, the gimbal
control power can be obtained from Figure 4-8 as a function of the optical
parameters of the sensor The data 1n the figure were obtained from Ref 12

The power requirements for optical system scanning and pointing are
summarized in Table 4-5

Table 4-5 Power Required For Scanning And Pointing

Function Power Required {Watts)
1  Scan Mirror Rotation 7 5x 10-3 Doz MM‘—"?’
2  Oscillating Mirror 8 Dyl Mg ¢ 2/t:f?’
3 Reticles, Rotating Filters, etc 0 1 Watt per function
4 Gimballed Structure for Pointing Figure 4-8
4-35
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4 2 5 Infrared Spectrometer and Radiometer

An infrared spectrometer or radiometer consists of a collecting lens,
frequency selective elements (either an appropriate set of filters or a dis-
persive element), and an intensity modulating element such as a chopping
reticle, a detector and an electronic system to amplify and code the signal
Requirements regarding the necessary spectral interval, spectral resolu-
tion, and instrument sensitivity, have led to the development of several
prototype configurations, many of which have been flown in satellites and
balloons

4 2 5 1 Design and Performance

Four basic mnstrument types of spectrometers are considered as
candidates Their characteristics are discussed briefly

Filter Radiometer This 1s the simplest configuration with reasonable
sensitivity but with low spectral resolution It 1s the best instrument in
texrms of weight, volume and power consumption but the information content
15 limited since it 1s not a scanning device An optical schematic for this
mstrument 15 shown in Figure 4-9 The incoming radiation 1s focused onto
a detector A set of transmaission filters are rotated in turn into the incom-
1ing beam and the transmaitted signal 1s detected The number of filters
employed determines the number of spectral intervals, and the transmaission
band pass of each of the filters determines the spectral resolution of the
mstrument |

NOTE Spectroscopists usually deal 1n wave numbers and frequency rather
than wavelength and wavelength interval This results in no basic difficulty
provided that caution 1s exercised By definition the wave number 1s

n =

s (43)

where A 1s the wavelength of the radiation in centimeters By definition it
follows that

1
An = - = A\ (44)
22
or
2
[aAX] = N An (45)
4-37
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Figure 4-9 Optical Schematic -~ Filter Spectrometer

A = 10p and An =3 cm_l =3 xlO_4 I-lul

IAN = 10%%3x10"%=3x107? n

The same procedure 1s followed in converting frequency v and frequency
mnterval A v into equivalent wavelengths quantities Thus since

vA = G (46)

Av = - A (47)

<
22

where C 1s the velocity of light in vacuum It should be noted however that

Ay = - £ (48)

C A
A X
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vV T T (49)

In specifying the resolution of a spectrometer it 1s 1mmaterial whether
frequency or wavelength 15 used

The state-of-the-art for the maximum spectral resolution in IR inter-
ference filters is about 3 cm=~! (3::10'2 i) but a resolution of 10 cm-1 (0 1)
15 more reasonable over the infrared spectrurn This instrument 1s 1deally
suited to making average atmospheric emissivity measurements, since for
these measurements high resolution 1s not required and broadband filters
may be used to obtain a suitable average of the detected radiation The
instrument 18, 1n summary, a low resolution, reasonably sensitive
radiometer

Polychromator Radiometer The instrument uses a dispersing element
such as a grating and a bank of detectors each located at the desired sampling
frequency at the exit plane of the spectrometer A schematic for the system
1s shown 1n Figure 4-10 Up to 10 detectors may be used to obtain a ten
channel spectrometer

The advantage of this system over a filter spectrometer 1s that all
channels, and therefore all spectral intervals, are observed simultaneously,
so that the integration time for each spectral band 1s increased over that for
sequential observation for a given observation time The improvement in
mntegration time for each sampling frequency, or in the required observation
time 1f the integration time 1s fixed, 1s by the square root of the number of
sampling channels In addition, each detector may be chosen such that its
response 1s maximized for the particular wavelength interval whereas in the
previous case, the detector must be broadband to encompass the range of
the observed spectrum This results in an improvement of about an order
of magnitude in sensitivity However, 1t 1s not possible for this system to
utilize the very fast optical system at the detector as was the case for the
filter spectrometer For a given resolution, the detector size is limited by
the dispersive properties of the grating and overall improvement in signal
to noise at comparable resolution 1s consequently only about a factor of 4
to 5 This modest improvement 1n sensitivity 1s offset by the complexity of
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Figure 4-10 Optical Schematic - Polychromator Spectrometer

the system as well as by the heavier weight and larger volume requirement
The operational spectrometer systems of this type utilized i1n TIROS and
NIMBUS satellites weigh in the order of 90 pounds whereas a filter system
should weigh only 10 pounds It 1s, however, capable of high resolution at
a sacrifice of observation time required (better than 1 cm'l)

Scanning Spectrometer A spectrally scanning spectrometer 1s in
principle 1dentical to conventional laboratory instruments A typical con-
figuration i1s shown in Figure 4-11

The usual spectral range of the grating i1s about three to one
(fmmax = 3 f11n) and the instrument can, 1n principle, be scanned coatinu-
ously over this frequency range with very high resolution Practical con-
siderations such as observation time and intensity of signal available,
however, limits the usefulness of such a device The resolution 1s propor-
tional to the slit width whereas the intensity at the detector 1s falling off as
the square of the slit width Therefore, the high resolution capability 1s
achieved only at a great sacrifice in integration time This drawback limits
the usefulness of such as system to applications where relatively long
observation times are available {(on the order of minutes)
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Figure 4-11 Optical Schematic -
Scannming Spectrometer

Michelson-Type Interferometer The interferometer offers the best
characteristics as a candidate spectrometer 1n terms of resolution and
sensitivity, as well as information content of the measured observables
Prototypes developed in the past for balloon and satellite applications have
achieved resolutions much better than 1 cm~1l and over an order of magnitude
1n spectral range Advanced developments in this area are being actively
pursued which will enable this type of instrument to be used for a wde
variety of remote sensing applications Its primary disadvantages are that
the system 1s necessarily complicated and the analysis of the interferogram
obtained requires somewhat complicated mathematical analysis of the
recovered data A basic Michelson interferometer 1s shown in Figure 4-12

The 1ncident radiation from the source 1s collected by a telescope
system The beam 1s then split into two equal-intensity parts by a beam
splitter Thin films of Ge or S1 on BaF or GaF2 are generally used for
the near infrared region whereas for the longer wavelength region (far-
mfrared), metallic mesh and mylar films have been used with success The
two beams are then recombined at the detector via the two reflecting mirrors
and a lens system  As the movable mirror's position 1s changed, a phase
difference 1s introduced between the optical pathlength of the two beams and
an interferogram results at the detector The output F(x) at the detector as
a function of the displacement x 1s then given by,
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Y2
F{x) =f B{v)(cos 2 mxv)dv (50)

v

1

where v 1is the frequency in wavenumbers (cm-l), B(v) 1s the desired
spectrum extending over the frequency mnterval from vj to vz B(v) 1s then
recovered from the interferogram by taking the inverse transform, (usually
through a computer),

B(v) =f F(x) cos 27vx) dx {51)

-

In reality, however, the computation represented by the above equation
which 1s necessary for the faithful recovery of the spectral distribution of
B(v), cannot be realized, sunce the maximum path difference, Xmasxs 18
necessarily fimite The sampling of F(x) 1s by discrete intervals rather
than as an analytic expression These conditions essentially define the
resolution and the maximum frequency coverage of the instrument The
resolution of the instrument 1s given by
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Av = 1/2x (52)
max

and the maxumum frequency, v 4y’ 1S Slven by
max

v = 1/2Ax (53)
max

where Ax 1s the sampling interval

The minimum number of sampling points required 1s then (xmax/&x) or
(vmax/Av) The actual number of samples 1s usually taken to be twice the
minimum or 2Vmax/Av  Practical limitations on the accuracy with which
the mirror movement can be measured usually limits the resolution to

about 0 1 cm~! whereas the sampling points required impose an observation
time for a complete mterferogram of about 10 sec

4 2 5 2 Infrared Detectors

Infrared detectors are available 1n many forms but the most frequently
used, in other than laboratory environments, are the solid state and bolom-
etric types Solid state detectors, frequently called photon detectors, are
classified according to the detection mechanism used as photoconductive
{PC), photovoltaic (PV), and photoelectromagnetic (PEM) Most IR detector
cells are of the photoconductive and photovoltaie type although some devel-
opmental detectors are operated in the PEM mode The great preponderance
of detectors are photoconductive which undergo changes 1n resistance when
they absorb photons of suitable wavelength Because the change 1n resistance
1s the measured gnantity, photoconductors are most frequency operated with
an external bias source Photovoltaic detectors find wide application 1n
power conversion systems for spacecraft and the photovoltaic effect 1n
semiconductors can be exploited for radiant energy detection They are
generally not competitive with photoconductive detectors at long wavelength
but find application 1n the near IR and in the transition region between IR
and the visible spectrum

Bolometric detectors are basically of the energy absorption type and
are frequently referred to as heat sensors Bolometers are of several
types but the principle ones are the radiation thermocouple or thermopile,
thermistors, and superconducting doped semiconductors

The sensitivity of IR detectors can be described in many ways but it
has become standard practice to describe the performance 1n terms of
specific detectivity, D For photovoltaic and photoconductive detectors D*
may be a gross over sumplification because the detectivity 1s a function of
many parameters which are suppressed 1n order to establish a simple
quality factor for comparing performance Thus 1t can be shown that
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detector response 1s characterized not only by a variation in radiation
wavelength but by a long wavelength threshold such that at wavelengths
longer than the threshold the response i1s essentially zero Because of the
energy relations involved 1n raising an electron from the valence to the
conduction band 1n the detector material, 1t follows that the detectivity is
highest at the long wavelength cutoff This is frequently approximated by

Dk
A

A
== D (Ash 54
xp Dp (hshP) (54)

where

Dg 1s the peak value of the specific detectivity
}\.P 1s the wavelength of peak response

In addition to the long wavelength cutoff, the temperature at which the
detectivity 1s measured, the temperature of the source, and the field of
view of background ambient radiation to which the detector 1s exposed may
have a marked effect on 1ts detectivity Many radiation detectors exhibit
so called 1/f noise where f 15 the modulation frequency of the incident
radiation The requirement for modulating solid state detectors arises
from the difficulty of building stable d-c amplifiers To reduce the 1/f
noise to msignificant levels it 1s common practice to chop the incident
radiation at as high an audic frequency as possible consistent with the
response time of the detector From these considerations 1t follows that a
statement of the specifiic detectivity should be 1n the form

D% (T, 8, £) = 5{-‘1; DX (T, 8, 9 (55)

where
T 1s the operating temperature of the source

6 1s the field of view to which the detector is exposed
(Common values of 8 are 60 degrees and 180 degrees)

f 1s the modulation frequency which for most detectors 1g taken
as 1 kHz resulting in negligible contribution of 1/f noise

For computation purposes many of the factors which affect D* are either
umplicit, such as £ and 0, or are stated separately so that a sumple expres-
s1on 1s uged
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The characteristics of some typical IR detectors are discussed below
to 1indicate the current state of detector technology In addition, a wider
range of detector types with typical characteristics 1s given in Table 4-6
While the data 1s specifically for point detectors, some of the lIimitations
imposed by current technology on the construction of detector arrays for
umage formation are also included

The sensifivity of radiation detectors is lumited by noise generated by
the detector itself since the signal level must be greater than this 1f 1t 15 to
be detected Detector noise 1s often expressed as noise equivalent power
(NEP), the input power level required to give a signal to rms noise ratio of
one The noise 1s usually generated evenly across the surface of the detec-
tor, and is uncorrelated from point to point In such cases, the NEP will
increase with the square root of the area of the detector Further, if the
noise spectrum 1s constant, or "white,' the NEP will be proportional to the
square root of the measuring bandwidth These considerations have led to
the sumplified definition of DI (D-star),

D' =P (5¢)

where Af 1s the measuring bandwidth, Ap 1s the area of the detector 1n cm?
and NEP 1s the noise equivalent power in watts The NEP 1s relatively
independent of the shape of the detector and measuring bandwidth for most
types of detectors

E

The ultitnate sensitivity of a radiation detector 1s luimited by the total
incident radiation, or background level This radiation 1s quantized 1nto
discrete energy units, photons, which arrive randomly, causing shot noise
If the NEP of a detector 1s no larger than the photon shot noise level, the
detector 1s said to be background limited The background limited D* of a
detector producing a signal proportional to the incident photon flux 1s

D = — (57)

where A 1s the wavelength of the signal radiation, c 1s the velocity of light,

h 1s Planck's constant, Qg 1s the background photon flux level on the detector
(photons/cmz-sec), and n 1s the quantum efficiency, 1 e , the fraction of
incident photons which are converted
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As discussed previously there are three types of detectors useful in
the infrared regions Bolometers, photoconductive detectors, and photo-
voltaic detectors They are discussed below

Bolometers Bolometers offer the advantage of ambient temperature
operation, and uniform spectral response independent of wavelength The1r
sensitivity 1s usually lower than other types of detectors and their response
time 15 generally longer The response time of a bolometer 1s determined
by conduction to a heat sink, and 1s thus controllable to a certain extent
The D+ of a bolometer, however, is usually proportional to the square root
of the response time, which thus should be made as long as possible for the
given application If the bolometer were so well isolated from the heat sink
that heat in the bolometer would be dissipated by radiation rather than by
conduction, the bolometer would be background Iimited It 1s theoretically
possible to have an ambient temperature bolometer with a D¥ of 1010 For
this degree of performance, a heat sensing material with very low specific
heat would be required

Thermistor Bolometers The most commonly used bolometer 1s
probably the thermastor It 1s rugged and gives a signal level large enough
to be used with most high impedance amplifiers It 1s basically a resistor
whose resistance 1s a decreasing function of temperature These detectors
are avallable as small as about 5 mails in size, have a D* of 108 and a
1 millisecond time constant

Radiation Thermocouple The radiation thermocouple 1s used exten-
sively 1n spectrophotometers Because of its low impedance 1t requires a
rather bulky output coupling transformer, although radiation thermopiles of
equal or better sensitivity, and requiring no transformer, have appeared
recently A D+ of 2 x 107 15 possible with a 50 millisecond time constant
These devices have a better D* at a given time constant than thermistor
bolometers, and may, upon further development, replace them

Ferroelectric Bolometers A relatively new detector i1s the ferro-
electric bolometer It contains a small piece of ferroelectric ceramaic
whose Curie temperature 1s ten or twenty degrees below room temperature
The capacitance of such material 1s a rapidly decreasing function of tempera-
ture, this provides the heat sensing mechamism This detector type can
provide a D¥ of 3 x 108 over a 500 cycle bandwidth Unfortunately, a good
detector cannot be made smaller than about 020 1n , and DY cannot be
traded for bandwidth because of the inherent large 1/f noise These diffi-
culties will probably be reduced or eluminated after further development

Cooled Germanium Bolometer The bolometer with the highest per-
formance 1s the cooled germanium bolometer This 15 a flake of germanium
doped with an impurity such as gallium so that its resistance near absolute
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zero 1s a rapidly varying function of temperature This bolometer 15
operated at liquid helium temperature or lower, and 1s background limited
Since other detectors generally perform better with less cooling, this
bolometer 1s used only when its flat response over virtually unlimmted
spectral range 1s desired,

Photovoltaic and Photoconductive Detectors Photovoltaic and photo-
conductive detectors produce a signal roughly proportional to the incident
photon flux for all wavelengths shorter than some cut-off wavelength, and
have zero response to longer wavelengths Both types of detectors are made
from semiconductor material, and they often can both be made from the
same material The cut-off wavelength of photovoltaic detectors 1s deter-
maned by the energy band gap of the intrinsic detector, while the cut-off
wavelength for the photoconductive detectors 1s determined either by the band
gap, if the material 1s sufficiently pure, or the doping level, 1f the material
1s doped Thus, while photodiodes are at present limited to wavelengths
shorter than about 15 p photoconductors have been built which operate down
to microwave frequencies

A common characteristic of these detectors 1s their temperature
sensitivity Above some maximum operating temperature, their sensitivity
degrades exponentially with temperature, while below this temperature they
are often background luimated

Lead Sulfide This detector 15 prepared as a photoconductive thin film
and 1s useful in the medium infrared region When cooled to liquid nitrogen
temperature, the detector 1s sensitive to wavelengths out to about 4 p, and
yields a D% of about 1041 The low temperature 1s required primarily to
shift the long wave response, not to increase sensitivity These detectors
are available in single form or arrays of elements 001" x 001' each They
are one of the oldest infrared detectors still being used, and their technology
1s the most advanced Their characteristics tend to drift with time, however,
and they should be aged several months before use Variation from element
to element 1n large arrays would cause streaking in thermal 1mages sensed
by such arrays This might make them unsuitable for use 1n equipment that
had to operate for long unattended periods Unfortunately, precise data on
aging characteristics are unobtainable

Lead Selenide This material 15 also prepared as a thin film photo-
conductor and i1s available in several modified forms The most useful form
for the systems considered 1s optimized for use at -80°C, at which tempera-
ture 1t produces a D* of about 2 x 1010 and cuts off Just beyond 5 p.  Large
arrays are available with detectors as small as 002" x 002", they suffer
from the same instability problems as lead sulfide The principal supplier
of lead selenide, Santa Barbara Research Center, claims that the stability of
both of these detectors has been improved recently so that they are useful for
mfrared imaging
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Indium Antimonide This material 1s available as both photodiodes,
and photoconductors The photodiode 1s the best choice for 1imaging appli-
cations, however, because of its stability The detector 1s operated at
liguid nmitrogen temperature, and yields a D of about 8 x 1010 with a cut-off
wavelength of 5 50  Large arrays of elements as small as 004" x 004"
are avatlable

HegCdTe and PbSnTe These semiconductors are mixed crystals
(HgTe with CdTe, and PbTe with SnTe) whose band gap, and thus cut-off
wavelength, can be adjusted over a wide range The goal of the development
of these detectors 1s to produce a fast, sensitive detector for the 10 p region,
which will operate at liquid mtrogen temperature Although this appears
possible theoretically, it has proved difficult to achieve The detectors are
in the development stage, and both photoconductors and photodiodes have
been built * values as high as 8 x 107 have been reported for HgCdTe,
which has a time constant of 20 nanoseconds

Mercury Doped Germanium  This material 1s photoconductive as a
result of the photoionization of the mercury which 1s added to the germanium
crystal The detector must be cooled to about 30°K, at which temperature 1t
1s background limited for all practical background levels Its radiation
absorption is rather low, however, and thus the detectors must be made
thick, at least one muillimeter This has made it dufficult to produce large
arrays, or small detectors The background limited behavior of the
detector makes it possible, however, to mask a large detector, the sensi-
tivity will then be the background limuted sensitivity associated with the open
areas of the mask The cut-off wavelength of mercury doped germanium 1s
13 5 1, and i1ts quantum efficiency i1s about 30 percent It 1s readily available
in hand-assembled arrays with elements as small as 020"

Mercury doped germanium has high responsivity 1n addition to high
sensitivity The conductivity of the material 1s directly proportional to the
infrared radwation entering the sensor This high responsivity makes 1t
possible for a thermal mapper using these detectors to measure absolute
temperature, rather than temperature differences, without using an internal
standard This 1s extremely difficult to do with other detectors These
advantages are so great that once the problems associated with building large
arrays and long term cooling are solved, this type of detector will probably
replace others for thermal mapping

Detector Cooling The salient feature of the response of photovoltaic
and photoconductive detectors 1s the dependence of the spectral response on
the operating temperature of the detector Long wavelength and high D¥*
are obtained at the expense of low temperature operation For laboratory
operation, temperatures in the range of liquid helium may be obtained but 1t
1s difficult to postulate such a cooling system for a detector which would
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meet reliability requirements for planetary missions Much research has
been done on cooling systems for radiation detectors but practical, long life
cooling systems of the closed cycle type are not available except as postu-
lated developments If a firm requiremrent for long wavelength IR detectors
can be established then i1t does not appear to be beyond the state-of-the-art
to develop a closed cycle cryogenic cooling system to operate at 779K

This would permit detection in the 15 to 20 micron region of the IR spectrum
using discrete detectors This conclusion 1s based on the following

Arthur D ILattle Corporation, Cambridge, Massachusetts, and
Airesearch Corporation of Los Angeles, Califormia have both built working
prototypes of 770K coolers that exhibit long Iife potential They use closed
gas bearings and appear capable of runnming indefimitely A space-rated
model based on the Airesearch design could be built in one year, and one
designed to cool to a temperature of 309K could be available in two years
The major lumitation 1s large power consumption The 77°K cooler requires
about 500 watts and the 30°K cooler would require about one kilowatt Both
would provide two watts of detector cooling

The Arthur D Laittle design 1s more efficient, but development 1s not as
advanced A 30°K cooler could be developed by Arthur D Iattle in three to
five years It would require less than 200 watts power per watt of cooling
A more efficient design has been proposed by Hughes Aircraft Co for a
long wavelength detector for the ERTS Multispectral Point Scanner (MSPS)
Hughes Aircraft Co has bult and flight tested a closed cycle cooler for
detector operation in the 80°K range It 1s capable of cooling a 600 milliwatt
heat load which 1s the approximate heat generated by the ERTS IR detector
to 80°K The current device 1s being built for a lifetime of 3000 hours but 1t
15 claimed that only minor modification would be required to extend the life
to 10,000 hours The cooler i1n the ERTS application would consume approxi-
mately 40 watts of electrical power and weigh 3 pounds It would therefore
be a high efficiency, lightweight device It should be noted however, that in
spite of the apparent availability of a closed cycle cryostat, the long wave IR
channel has been eliminated from the multispectral point scanner (MSPS) for
the Earth Resources Technology Satellites A and B

A more efficient approach to the problem of detector cooling, especially
for outer planet missions, would be radiative cooling to deep space which 1s
essentially passive In Reference (12) a single stage radiant cooler based
on a NIMBUS design uses a one-half pound radiative horn capable of dis-
sipating 20 rmlliwatts 1s discussed The resulting detector operating tem-
perature 1s approximately 1359K While passive cooling 1s obviously
advantageous, 1t does not appear that any reasonable system can be designed
to obtain temperatures in the range of 30 to 77°K  The thermal design of
radiative coolers, while attractive, appears to be at least partly conjecture
so that a design based on a radiative aperture 1s not believed to be within the
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state-of-the-art Even if a radiative system were used, the support require-
ments are nominal since the primary requirement 1s tc furnish sufficient
radiating aperture to remove the heat load from the detector

For support requirements estimating the Hughes Aircraft design 1s
assumed as a useful guide The scaling coefficients given in Table 4-7 can
then be used to estimate the support requirements for an 80°K detector
operations temperature

4 2 5 3 IR Spectrometer Scaling Law

The necessary wnstrument criteria 1n order to satisfy a given set of
observation requirements are described below We shall first consider the
constraint on the optical system of the instrument imposed by the ground
resolution This, together with the satellite velocity, bounds the total
observation time available The sensitivity of the available detectors,
together with the characteristics of each of the previously described wnstru-
ment types will then enable the evaluation of the mazxaymum obtainable spectral
resclution and intensity resolution

Consider a satellite moving at a velocity vg at an altitude H from the

surface of a planet of radius R Then from Figure 4-13, the plane to
centric half angle 8, defined by the desired resolution length W, 1s given by

W
8 = R (radians) (58)

W 1s constrained by the geometry to be

-1 R
W =< 2Rcos [R+I—I] (59)

Table 4-7 IR Detector Cooling Scaling Coefficients

Detector head load 300 millawatts per detector

Cooler electrical power consumption 20 watts per detector

Cooler weight 1 5 1bs per detector

0 25 £t3/detector

Cooler volume

4-52
SD 70-361-1



‘ Space Division
North American Rockwel

Vs

W/2

R¥57/R

Figure 4-13 Planetary Viewing

The half angle field of view of the instrument 1s then given by,

-1 R4+H W
¢ = cot [Rs1n (W/2R) - cot ZR] (60)

For small B, 1 e , for W<<R, the expression reduces to the planar case,

The solid angle &, subtended by the surface 1s then

Q = nsm_z ¢ = Trsm2 c:o’l:—1 |EST§(;§'—2R“S - cot [E‘%]l (61)
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The total observation tame available, t, without image motion com-
pensation, 1s taken to be the time i1n which the field of view of the instrument
will have traversed a complete sampling grid (or linear dimension W) on
the ground Therefore

£t =

BN (62)
.

g

where v, 1s the apparent ground velocity For slowly rotating planets
(Venus, %\/Iercury, Mars), vg = Vv, Whereas for rapidly rotating planets, the
angular velocity of the planet becomes non-negligible and Vg becomes the
vector sum of the satellite velocity vg and the velocity of the observation
point due to planetary motion

Again for the case of W<<R,

W = 2Htan ¢= ZH,/% (63)

Therefore, the available observation time t 1s given by

t = {64)

For the general case, W must be solved 1n terms of £ via Eq (61)
and then substituted into Eq (62) to obtain the time t

A slightly more accurate expression assuming W<<R, and retaining
the next higher-ordered term in W/R gives,

ﬂi\E [1 ;2 (E_)] (65)

Detection Sensitavity The ability of an instrument to perform safis-
factorily in a particular application 1s determined by the sensitivity of the
instrument to the measured signal with the requared spectral resolution within
the specified observation time This criterion can be expressed in terms of
the signal-to-noise ratio (S/N) of the system over the frequency interval Av,
which 1s given by
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S5/N =f Dsys {(v)P {v)dv (66)
Av

where

Dsys (v) 1s the system detectivity

P(v) 1s the available radiant power

If the instrument resolution Av 1is small, then DSVS (v)and P (v) can be
replaced by the average value over v and

S/N = D e (v} P, Av (67)

The detectivity 15 determined by the noise of the system and the
characteristics of the detector used,

D 1 Py 6
sys‘NEp‘"[A Af1/2 (68)
a ]

where

(NEP) 1s the noise equivalent power of the system

Aj 15 the detector area
Af 1s the noise equivalent bandwidth
Dﬁ 1s the specific detectivity of the detector

For photon detectors (photovoltaic and photoconductive cells, etc ),
which exhibit a long wave cut-off threshold, D™ 1s independent of the value of
the detector time constant but 15 1inversely proportional to the frequency,

Vo
DV~ = DC-) (69)
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where
vy 18 the frequency of peak response

D; 1s the measured detectivity at v

For thermal detectors (thermocouples, bolometers, etc ), the
detectivity 1s independent of frequency but 1s proportional to the square root
of the detector time constant 5

D' =D S (70)

Typical values for various detectors are shown in Table 4-6

The available spectral radiant power, P, Av, at the detector 1s pro-
portional to the aperture area, Ag, the solid angle & and the efficiency n of
the system, and the spectral radiance I, (watts- em~? - steradian-1 - cm -1)
seen by the detector Therefore,

P

v/_\v=T|AOQIvAv (71)

The detector area Ay and the solid angle Qg under which the detector
15 1lluminated 1s related to the aperture via,

A Q= A Qe (72)

and §24g 1s expressible in terms of the focal length f, and the aperture
ratio, N, of the system by

A
_; - _Ci (73)
f N

Qd=

where

C 1s a constant relating area to the effective diameter of the collector

Substituting Eqs (68), (71), (72) and (73) into Eq (67),
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/2

S/N = (ca_2/a0" % pr1, Av/N) (74)

If the requirement 15 not to measure the total radiance but to measure
an absorption or emission feature of intensity AI,, superimposed upon a
background, I,, then

1/2

AS/N = 7 (CAO 2/ Af) %\’; AL, Av/(N) {(75)

Substituting for @ from Eq (64) then gives,

/2

1
S/N = n (Ca_w/af)"' " Dy tv, 1, Av/2H(N), (76)

and

/2

AS/N = n (CA_ w /At D¥ tv AL, Av/2H(N) (77)

We shall now specialize the above general expressions for the case of
the four instruments previously described

To indicate the variation in performance which can be expected for the
various types of spectrometer-radiometers a typical set of design param-
eters 1s selected for discussion purposes The values are selected to show
performance variations and are used to demonstrate overall performance
for a constant aperture design For i1llustrative purposes an optical aperture
area of 100 cm? 1s assumed

Filter Radiometer For an aperture of 100 cm? and focal length of
10 cm, the aperture ratio, N, is unity, and C can be taken as one The
noise bandwidth of the system 1s taken as 1/2t The efficiency of the system
15 given by the transmaission losses in the optical system and the filter, the
detector time constant, and noise factors of the detector bias and amplifier
A reasonable figure i1s 1 = 0 05 Therefore, substituting into Eq (77),
1/2 cm/watt,

assuming a typical D¥* of 107 Hz

3/2

S/N=06x100t (v /H) 1, (Av) (78)

Polychromator Radiometer The improvement i1n the S/N of this sys-
tem over the previous one i1s mainly due to the longer integrating time
available (by the square root of the number of channels) and that higher
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specific detectivities canbe achieved since each channel can be optimized
However, the achievable aperiure ratio of the optical system 1s only about 5
In addition, the solid angle 1s now lumited by the spectral resolution rather
than by the observation time t For a grating spectrometer, 2 <0 17 Av/v
which imposes an upper Iimit criterion on the maximum value of £

The resolution of a grating instrument can be written as

Ay snh
v ~ fsin6 (79)

where
s 1s the slit width
f 1s the focal length
8 1s the incident angle on the grating
n 1s the order of the spectrum
The solid angle, @, for a conventional spectrometer 1s given by the

area of the slit divided by the square of the focal length f, 1 e ,

Q= sf/f (80)

where
£ 1s the slit height

Combining the two expressions, then

o (5(2) ==

v £ n

where
#/f 1s then the angular height of the slit

For the case of n=1, the values of ({/f)sin® for various grating instru-
ments has a range typically from about 0 02 to 2 maximum value of 0 17
Therefore, for the optimal case,
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Q<0 17%’ (82)

For a D‘:) of 1010 Hz1/2 ~cm/watt, and assuming vgtz/tle =0 17 Av/v,
an n channel system would have a S/N of

3/2

S/N =1 2x100¢ (v /M1, (40 Ja (83)

If the required spectral resolution 1s such that i1t becomes the deter-
mumng factor in the maximum allowable value of §2, then

s/N = 3x 108 ¢ a2 Y2 (84)

Scanning Spectrometer The analysis for this instrument 1s similar to
that of the filter radiometer The same criterion on £, due to the resolution
requirement, exists asinthe case of the polychromator radiometer, 1 e
£2=0 17 Av/v Provided that this condition 15 not exceeded, then

Ed

S/N = 0 6x10° t3/2(vg/H) I, Av (85)

Otherwise a degradation in S/N occurs due to the fact that @ must be kept
small to be consistent with the required resolution For this case then, as
before,

108 t1/2 3/2 L, 172

S/N =1 5x (av) 71, (86)

Michelson-Type Interferometer Since the beam splitter reflects 1/2
the 1ncident radiation back towards the source, Eq (71) 1s modified to
become

1
P, Av :ET}AOQI\,AV (87)

The noise equivalent power in an interferometer 1s given by

NEP = (1/D )(24, Afjn)t!? (88)
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where

n 1s the number of sample points taken per interferogram

The nl/2 relationship results from the fact that the signal 15 self-
coherent and 1s multiplied by n, the number of sample points, but the noise
1s incoherent so that it 1s multiplied by nl/2  The signal required to give a

signal to noise ratio of one, that 1s NEP, 1s then divided by nl

Therefore the system detectivity 1s given by

Deys, v = D, /(2aga8/n)1/2, (89)

The noise equivalent bandpass and the number of sample points taken
to obtain the interferogram 1s related to the total observation time t by

t = n/2 Af (90)
Therefore, substituting Eq (90) into Egq (89) for Af yields

/2

. 1
D = D¥ (t/Ad) (91)

sys,v

Using Eq (72) and (73) to relate Ay 1n terms of the aperture ratio, N,
of the system and setting C=1, we obtain

1/2
D ey = D) [t/AOQ:{ (92)
Finally, combimng Eq (90) and Eq (85)
S/N = D P, Av= (1 D*/2N) [ao @t]/%1 AY (93)
sys,v "V B v [ o ] v

For an interferometer, the solid angle £ 15 related to the resolution
of the instrument by

Q=2mAY v (94)
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Therefore, for the case of §I = v2t2/4H < 2wAY /v, then the S/N1s
given by &

1/2t3/2

S/N = (n D;'r-/élf N)(Aow) (vg/H) I,4v (95)

Taking typical values of A, = 100 cmz, N =1, D% = 1010H21/2-cm/

watt, n = 0 05, then

S/N = 2 x 109t3/2(vg/H) I, Av (96)

On the other hand, 1f the criterion on 2 1s limited by the required

spectral resolution rather than by the geometry 1nvolved for the necessary
ground resolution, then Q=27 AV/v, and

S/N = (n DjF/2N)(27 Aot)1/2 I, (Av)s/zv -1/2 (97
Evaluating as before gives
SIN = 6x10%t1/2 (avy2g v1/2 (98)
and with equation (62)
S/N = 6x10° (_VV.‘T_)I/Z 2 an?? (99)
g

The advantage of this instrument over that previously described 15 two-
fold First, the spectral coverage 1s continuous and therefore the information
return 1s much higher for the same S/N. Secondly, as can be seen from
comparing Eq (98) to the corresponding case of Eq (84) and Eq (86), for
high resolution requirement the S/N 1s well over an order of magnitude higher
In general, then, the interferometer is the most desirable instrument in
terms of high resolution, spectral range, and information content of the
measured data Penalties, however, have to be paid in terms of weight,
complexity of system, and power requirement
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The trade-off analysis and general characteristics of the competing
mstrument designs are summarizedinFigure 4-14 The trade-off analysis
1s only the first step however since once an instrument type 1s selected it
will then be necessary to establish the support requirements associated with
a range of system parameters The scaling to establish support require-
ments 15 based on an interferometer design since it represents a generally
difficult case exclusive of estimating the requirements of the primary optics
which are similar for all the cases considered Spectrometer design flow
logic 1s summarized in Fagure 4-15

For instrument scaling law purposes and support requirement
development the following guidelines will be used

1. A signal-to-noise ratio of 20 dB 1s the rmnimum acceptable on a
single look basis If, with vehicle steering or image motion
compensation, more than one look 1s available then it can be
assumed that by post processing of the data the overall measure.
ment signal-to-noise ratio may be improved as the square root of
the number of loocks The post-processing would be accomplished
after return of the data to Earth

2 The instrument stability, principally from drift of analog
electronic circuits, detector heating, etc , limits any single
look to a maximum of 20 seconds without recalibration For an
interferometer the calibration time 1s equal to the observation
time so that the time between measurements 1s equal to the
measurement time The value of 20 seconds for instrument
stability 1s based on the best narrow band amplifier design
available

3 Even for uncalibrated, relative spectrometry, a reference source
1s required if the observation time exceeds 20 seconds For
radiometry a reference source is always assumed etther for gain
control referencing or for absolute reference calibration

4  Where appropriate, detector cooling will be used but because of
limatations in cooling technology the maximum long wave cut-off
of photo detectors 1s taken as 20 pn

Detection beyond 20 p 1s assumed to be beyond the state-of-the-
art in realistic spacecraft systems because of the difficulty in
reducing background thermal emission Such devices as cooled
optical systems, and cooled filters are required to suppress
ambient radiation below object field radiation beyond the stated
long wave cut-off Since they are not available except as proposed
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development 1tems they do not appear realistic 1n the time frame
of the planetary missions

Basic optical system scaling laws for weights, volume and power are
given in Paragraph 4 2 Certain general scaling laws for the electronics
associated with non-1mage forming IR systems can be established for weight
and volume estimating purposes The following general considerations

apply

1 Infrared detectors are generally lightweight, pre-packaged
devices of small size Depending upon the output coupling_
auxiliary optical components and the integration of the pre-
amplifier into the detector package, they may range from a few
grams to 0 1 kilogram Assuming that integrated circuit
packaging techniques are used, a conservative estimate of 0 05 kg
per detector can be used

2 Reference sources are frequently used with spectrometers as
gain control devices and are a necessity for absolute radiometers
The source may be external with the sun being the most fre-
quently used reference For absolute radiometry an internal,
calibrated reference source 1s used The two types of sources
are not essentially different from the point of view of weight
scaling so that a weight penalty 0 5 kg 15 used

3 Auxiliary components such as choppers or reticles, beam-
splitters, filter wheels, drive motors, etc , are generally light-
welght devices The design of auxiliary components 1s usdally
optimized after basic design of the instrument 15 established with
such factors as duty cycle, aging characteristics, etc , having an
effect on overall system weight or volume For estimating
purposes, the weights given in Table 4-8 are assumed although
many of the estimates may be in error by as much as 50 percent
This 15 not a severe shortcoming, however, since with few
exceptions the components are lightweight

4  The electronics at the output of the instrument depend upon the
function performed and the detector type used Modern micro-
circuit technology permits functional packaging of the order of
0 005 kg per function and resulting packing densities of the order
of 370 kg per cubic meter Thus an electronic package which
performs ten functions such as amplification in five stages,
automatic gain control, detection and conversion, would weigh
approxumately 0 05 kg and occupy a volume of 1 4 x 10-4 m3

4-66
SD 70-361-1



Table 4.8 Weight Estimation for Auxiliary Components of IR Optical Instruments

L9-¥

I-19¢-04 OS5

Function Weight Volume
-4 3
IR Detector 0 05 kg/detector 13x10 "m™ *
-4 3
Reference Source 0 5 kg 76x10 "m” Rk
2,3 N
Gratings, Mirrors, Field Lenses, etc 4 x 107 L7 kg A4 ek e
Filter 0 25 kg/channel A vk
Beamsplitter 0 05 kg/channel Aok
Rotary Filter Drives and Auxiliary Motors 0 2 kg/channel Pk
Mirror Scan Drive Motor (for scanning mirior) 0 2(0 1+ Dp) SRy L
-4 3
Electronics 0 05 kg/channel 1 4x10 "m =
5 2 3 3
+ Microminmiature Ciicuit Package 3 7x10 kg/m™ (25 lbs/ft7)
14 Solid State Distributed Circuit Package 7 4x 102 kg/:rn3 (50 lbs/ft3)

l-:‘

i Included 1n Volume of Primary Telescope
S Eh DP 18 the Primary Optical Aperture Diameter in Meters

pd Y fas the Diameter or Width in Meters

Y
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4 2 5 4 Spectrometez_- Support Requiremenis

System Weight The weight of the spectroscopic instrument 1s
contributed principally by two major subsystems - the primary telescope
and the spectrometer The primary telescope weight can be established
from the data given in Table 4-8, once the telescope parameters have
been defined

The scanning mirror and detector of the Michelson Interferometer
consists of the following basic components

1 A rigid optical bench

Z2  Input optics for collumation
3 A beam-splitter

4 A fixed mirror

5 A scanning rmrror

6 Condensing optics

7 A detector assembly

Using a typical laboratory instrument as a prototype, the interferom-
eter weight results primarily from the optical bench on which the optical
components are mounted The diameter of the collimated i1nput radiation 1s
taken as two inches although i1t can range from one-~half inch to several
inches depending upon the sensitivity requirements and the angular resolu-
tion of the instrument An input diameter of two inches requires an opfical
bench surface of ten inches by ten inches For proper rigidity, the thick-
ness of the bench 1s one fifth the surface dimension so that the volume of
the bench 1s 200 in3 (3 13 x 10-3 m3) At the density of steel of 7 83 x

103 kg per m3>, the weight of the bench alone 1s 24 5 kg

For an input diameter of 2 1in (5 x 10-2 meters) the weaights for the
optical components can be determined from Table 4-8 The beamsplitter
used in the interferometer must be at least \f2 times the input diameter In
addition, the weight of a reference source must be included for calibration
purposes

The scan mechanism weight 1s included 1n the basic weight of the
optical bench so that no additional weight penalty 1s associated with it
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System Volume  The volume of the primary telescope 1s established
from the data given in Table 4-8

The volume of the spectrometer is determined by the surface area of
the optical bench times the height consisting of the thickness of the bench,
the diameter of the input collimated beam, and opfical mounting mechanisms,
for a total height of 0 75 of the base For a base dimension of 0 25 meters,
the volume of the spectrometer package 1s 1 2 x 102 m3

Syvstem Power ‘The power for the spectroscopic mstrument 15 of
four types

k3

1 The power to operate an external scan mirror if one 1s used
2 The power to operate the spectrometer mirror linear drive
3 Detector cooling power

4 The power to operate the detector electronics

Power requirements for types 1 and 2 can be obtained from Table 4-5,
while detector electronics power can be obtained as indicated below

The power requirements for IR detector electronic circuits is quite
modest Even for circuits with discrete components the power consumption
per detector and associated electronics 1s less than 0 5 watt If integrated
circurts are used the power consumption per detector 1s approximately
0 1 watt per detector.

In addition to the basic electronics of the detector, there 1s usually a
requirement for a reference source for calibration The power required to
operate the source 15 of the order of 5 watts If an array of detectors 1s
used the requrements for the source should be increased to 10 watts

Data Rate The data rate for the Michelson interferometer is
determined by the necessity of reconstructing the time modulated output
signal To prevent signal frequency suppression the minimum number of
samples to reconstruct the highest frequency with a given resolution 1s

_ 2V max
= (100)
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where AV 1s the resolution The best resolution is established by the
accuracy of the mirror drive to approximately 0 1 em™!l  To scan a
spectrum from V max to V mun with a resolution of AV will then give a data
rate of

A
Data Rate = —— = =5 samples/sec (101)

Stabilization If the angular resolution of the instantaneous field of
view of the opfics 1s given by

¢ = tan"! [—-—] (102)
which 15 approximately
(103)

for small angles and the time available for sampling 1s taken as the time in
which the field of view traverses a resolution interval, W, then

_tVg
$ > o (104)
slnce
W o= tV (105)
g

The stabilization of the optical axis in terms of field of view rate is

= —£& radians/sec (106)

b v
&t T 2H

For small fields of view at long ranges this requirement could pose
stringent penalfies since observation times may be long
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4 2 6 Visible and UV Spectrometer and Radiometer

4 2 6 1 Design and Performance

The scaling laws for visible and UV spectrometers are not essentially
different from the scaling laws for IR spectrometers In general the design
procedures are identical with the principal difference being in the compo-
nents used such as detectors and the attainable spectral resolution Typical
spectral ranges of seven spectrometer types are shown in Figure 4-16 Of
the types indicated in the figure the most commonly used laboratory instru-

ments are the prism spectrometer and one of the several grating spectrom-
eter indicated

Prism spectrometers, although relatively strarghtforward, have not
found wide application in space because of the generally large attenuation
through the prism material and the difficulty of obtaining good spectral
resolution with a movable detector-prism combination The primary
emphasis 15 on grating spectrometer although background information on
prism spectrometers 1s included for reference purposes

Prism Spectrometers Basically, a prism spectrometer disperses
light according to wavelength by employing a material which has a variation
m refractive index as a function of wavelength The geometry of the prism
produces an angular dispersion proportional to the dispersion in the index
of refraction The geometry of a ray passing through a prism 1s shown in
Figure 4-17 If there are two such rays of wavelength Aj and A3 and the
respective 1ndices of refraction for the two rays are n; and njp then

2a 511'1%
A® = (n; -n,) (107)
—\/l-ﬁuz sin® =
2
where
n. +n
— 1 2
= —— 108
R > (108)
The system 1s defined to be at mmimimum deviation when 1] = 1; and
r; = r; At mummum deviation, the theoretical ultimate resolving power
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for an infinitely narrow slit can be found Referring to the geometry 1n
Figure 4-18, AB represents the minimum separation of outgoing rays which
may be observed at the diffraction limnit Then the resolving power 1s
given by

_ A _ ,dn
R = 7 = too (109)

where dn/d\ 1s the rate of change of index of refraction with wavelength
One may also express the dispersion in terms of angles, so that

dée _ de dn
dx  dn dx (110)
where
2 sin%
*-é-e- = z (111)

dn \/
-2 2 o
l -n sin >

Table 4-9 shows n, d@/dN at the wavelength of the sodium D line and
for a 60° prism as well as region of transmission and region of best useful-
ness for several common prism materials

The resolution discussed above 1s for infinitely narrow non-diffracting
slits The effects of a real input slit on a prism spectrometer 1s shown in
Figure 4-19 where I, 1s the peak intensity of a line, Hye is the line width
and y,d = wBd/\f where B 1s the slit width, N 1s the wavelength used, f

“the focal length and d the semi-~diameter of the collimator lens

The scaling for effective spectral width for a Littrow mount prism
monochromator may be expressed by

1/2
[l + n2 51n2' 3]

2 5 A
AN = = 112
(cm) 4 sin Q’/Zﬂ £ ") Zbﬂ ( :
dx dx
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TABLE 4-9
DISPERSING PRISM CHARACTERISTICS

Region of Region of
Formula Material n, (dB/dMD Transmission Best Suitability
810, Quartz (Fused) 1 45848 517x10"° 1850A-3 5p 1850A-2 7
LiF Lithwum Fluoride 1 39177 286x10™° 1200A -6y 2 Tp-5 5p
CaF, Fluorite 1 43385 333x10-5 1200A-9p Bp-9p
NaCl Rock Salt 1 54431 938x10-5 2000A-17y 8u-16p
KBr Potassium Bromaide 1 5581 1 449x10~° 21001?&—28;1, 15u-28u

The resolution discussed above 1s for wnfinitely narrow non-diffracting slits

The effects of a real input slit on a prism spectrometer are shown in Figure 4-19,
where Ic 15 the peak intensity of a line, HNC 1s the line width and

Lpo d = wBd/ \f where B 1s the slit width, A i1s the wavelength used, f the focal

length and d the semi-diameter of the collimator lens

Y,
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Figure 4-19 Intensity I and Lane Width Hy
as a Function of Reduced Shit Width ¢ d

radiafion wavelength in cm
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and

F(s) 15 a function running from approximately 0 9 for s = 0 to about
0 5 when first term above equals ccefficient of F(s)

Grating Spectrometer Grating spectrometers for the visible and UV
portions of the spectrum are not essentrally different from the polychromator
radiometer and scanning spectrometer discussed under IR spectrometers
above However, because of the difference 1n specifying photomultiplier
performance it 1s necessary to compute the signal-to-noise ratio in terms of
responsivity rather than detectivity In terms of responsivity, R, the
signal-to-noise ratio for a photomultiplier 1s

I
s

2eAf

S
N = (113)

where
I, 1s the output signal current
Af1s the noise equivalent bandwidth
e 15 the charge on the electron = 1 6x 10719 coulombs
The output signal current 1s determuned by the overall responsivity of

the photomultiplier and the available radiant power over the wavelength
reglon of interest in the form

A2
I, = fR(h) P(n) dX (114)
M

where
R {Xx) 1s the spectral responsivity in amperes per watt
P ()\) 1s the spectral radiant power
Ay = My = AN 1s the spectral passband of the detector

If the spectral resolution 1s small then R (1) and P (i) may be
replaced by average values at the wavelength region of interest Therefore

Is = Ry Py AX (115)
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and the signal to noise ratio 1s

S _ R Py o (116)
N 2eAf

Equation (116) 1s actually the power signal-to-noise ratio so that in
terms of peak to peak signal to rms noise the signal-to-noise ratio is

) [R% Py AN ]1/2

ZeAf {117)

S
N

The available radiant power at the detector 15 of course determined by
the spectral radiance, I and the optical parameters in the form

Py AN = MA, QI A (118)
where
M 1s the overall efficiency of the optical and detection process
15 the area of the collection optics
2 1s the instantaneous solid angular field of view of the optical system

I, 1s the spectral radiance

AN 1s the spectral bandwidth

The primary design equation thus becomes

1/2
ﬁ_z[nR‘}t AOQI?\.A?\]/ (119)
N 2e Af )
as with any system which 1s limited by detector size, Ay, we have
2
Ag = A QN (120)
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where N 1s the aperture ratic or f/number of the complete optical system
from entrance aperture to the detector including field lenses, collimator and,
as appropriate, aperture stops or slits Since

- A2
Q= (1223 (121)

for a diffraction limited system and 2 <<1, 1t follows that

A = K2 N (122)

or the linear dimension of the detector, {, determines the best spatial
resolution attainable with an instrument without loss of signal It also
indicates a primary limitation at short wavelengths since

£ = N\ (123}

and as A decreases the attainable value of N must increase to maintain
instrument performance

In terms of the available observation time, t, from equation (64) of
the IR spectrometer section

t = ———— (124)

where
H 1is the altitude
Vg 1s the effective surface velocity

the value of the 1nstantaneous field of view 1s

4-79
SD 70-361-1



‘ . Space Division
North Amencan Rockwell

1
Sustituting 1n equation (119) gives

(125)

S . NaRy Ag Iy AM] t Vg
N 2ef 2H

This 15 the primary design equation for the optical system of the
spectrometer The values of Ry are obtained from Figure 4-28 and Iy
1s determaned for the wavelength region of interest from Tables 4-1 and 4-2
1 combination with the viewing geometry for specific planets

It would appear from all of the signal-to-noise ratio expressions for
discrete detectors, that as large a signal-to-noise as 1s required could be
obtained by making the bandwidth Af decreasingly small The minimum
bandwidth however i1s basic to the instrument stability criterion discussed in
the spectrometer section Narrower and narrower bandwidths mmply band-
pass characteristics of increasing Q The minimum resistance losses of
real components tend to limit attainable Q even with feedback so that overall
instrument stability of approximately 20 seconds 1s an upper limit on the
state-of-the-art

Spectrometer Gratings Diffraction gratings produce dispersion as
the result of interference of light passing through many parallel slits The
fundamental grating equation is

nkx = d{sine+ sinp) (126)

where A 1s the wavelength, n 1s an integer, d 1s the grating width and angles
¢ and P are shown in Figure 4-20

The resolving power of the plane diffraction grating is given by

ﬁ = % (sin ¢ + sinp) {127)

where w 1s the electrical width of the grating in wavelengths and the other
factors are as before It follows that

A = N (128)

where again n 1s an integer and N 1s the number of lines i1n the grating
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N
N2

GRATING

Figure 4-20 Daffraction Angles of a Plane Transmission Grating

Grating mmstruments 1n the visible and ultraviolet are reflective with
grooves 1unstead of slits, for which the above descripfion holds exactly

Almost all reflection gratings are blazed That 1s the grooves are
shaped so that the light 1s reflected most strongly for some ni of interest
An unblazed grating has the highest intensity for n = 0 where there 1s no
dispersion In selecting a blaze angle for a grating one must take the
relative efficiency of the grating over a range of wavelengths into account
Although grating design 15 at best an 1nexact science, 1t requires a high
level of skill 1n manufacture since overall parameter adjustment to obtain
an optimum grafing 1s a cut and try process

The total flux transmitting power of a spectroscopic instrument may
be scaled by the following relationship

- £, 46
F = kT4 Ags (129)
4~81
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where
F = flux transmitted
k = a scaling constant independent of grating parameters
£ = slhit height (maxumum without changing resolution)

f = focal length

T = the optical transmission

A = hw cos i (the effective area of the grating)
where

h 1s height of the grating

w 1s width of the grating

1 1s the angle of incidence on grating

j—? 15 the angular dispersion of the grating
This relationship i1s for constant resolution and 1s employed to scale
parameters as follows if two instruments are to be compared with flux

transmission F'; and F; then,

F, 2 by £ A, (ge_
o\ /,

T, £, £, A 5N
1
Tl 1 72771 1 (130)

It 1s 1mportant to note that for such instruments the so-called f/number 1s
not a good measure of flux transmission

The resolution as a function of f varies linearly down to a critical slit
width w, below which the resolution does not improve but the intensity
drops rapidly

£
we, T o (131)

4
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where
A 13 the wavelength
f 1s the focal length

and D 1s the diameter of the collimator

Collimating Optics The basic assurnption in grating design 1s that the
grating 1s 1lluminated by plane waves, that 1s a parallel beam of radiation
This requirement 1imposes an optical transformation between the primary
focus of the collecting optics where the beam of radiation 1s convergent and
the grating which requires a parallel beam of radiation The diameter of
the collirnated radiation 1s generally slightly larger than the dimension of
the grating to permit motion of the grating in the collimated beam

A large variety of collimators have been used in grating spectrometers
but two classes are the most common They are classified as straight
through or dioptric and reflective The dioptric types are generally com-
plex and heavy since they require a combination of field lens and negative
lens to collimate the beam, and collecting optics to focus the output of the
grating on a slit to illuminate the detector Since grating sizes up to
10 inches 1n width are feasible, the refractive components of the collimator
would be in the size range of 12 to 15 inches in diameter Their weight and
mechanical alignment problems would be generally large

A somewhat simpler configuration 1s obtained with reflective compo-
nents In place of the field lens and negative lene al the focal plane, a
slightly convex marror 1s used to reform the convergent beam into an
essentially collimated beam  After illuminating the grating the radiation
is refocused with a second concave mirror to i1lluminate the exit slat  The
result of this approach 1s the so-called Ebert spectrometer which uses a
single mirror The diameter of the mirror 1s essentially twice the grating
width In combination with a reflective grating the inner portion of the
mirror surface serves as the collimating element and the outer portion is
the condensing optics The advantages of such an approach are a folding of
the optical path and a reduction 1n the number of optical components to be
kept 1n mechamcal alignment

There 15 a wide variety of possible optical arrangements for a grating
spectrometer Schematic diagrams for spectrometers using a plane trans-
mission and a reflection grating are shown in Figures 4-21 and 4-22

By using a curved reflectron grating, a reduced weight system can be
achieved with the same performance, but with increased complexity as
indicated in Figure 4-23
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Figure 4-23 Rowland Mounting of 2 Curved
Grating UV Spectrometer

The Paschen mounting on 2 Rowland circle, the Rowland mounting, or
the more compact Eagle mounting could be considered 1n a spectrometer for
planetary atmospheric study The Eagle mounting, as shown in Figure 4-24
1s also based on the Rowland circle but on only a short, lower chord of it
The entrance and exit slits are placed as close as possible to each other in
the Eagle mounting This means that the detector must be placed just behind
the primary mirror The focal point of the telescope should be placed about
6 inches behind the rear surface of the primary

The choice of mounting 1s dictated by the required spectral range of
the instrument and the resolution requirements in addition to packaging
Limitations The Eagle mounting will be assumed for the following discus-
sion of UV and visible spectrometers for the 0 2 and 0 8 micron range

Part of the problem of mounting stems from the requirements of the
photodetectors needed to cover the spectral range of interest For wide
spectral range an array of phototubes would be required

Each sensor 1s placed behind 1ts own slit, and they would be operated
in parallel It 1s assumed that all of the required photosensors needed to
cover the wavelengths of interest could be housed 1n the same instrument
and the entire spectral region from 0 2 to 0 8 microns could be covered by
the same optics and diffraction grating
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Figure 4-24 FEagle Mounting of a Curved
Crystal Spectrometer

An example of a combined range type instrument 1s the Princeton OQAO
telescope and spectrograph package shown in Figure 4-25 This package
consists of a Cassegrain telescope and fused-silica 2400 £/mm curved
grating on a Rowland circle Two sets of photodetectors are used covering
the 750 to 1500 A° and the 1500 to 3000 A’ region with a 0 1A’ resolution

An earlier OAO package, shown in Figure 4-26, used six photodetectors
with a combined spectrometer mirror (Ebert type reflection mount) as dis-
cussed above

An early rocket-borne ultraviolet spectrometer of the Ebert type by
Perkin-Elmer 1s shown in Figure 4-27 The wnstrument did not use a
telescope to provide a narrow view angle It covered the region between
875 to 1600 A’ and the 1750 to 3000 A’ region with separate photosensors
A &' Ebert mirror was used The total package weighed 46 kg

4 2 6 2 Visible and Ultraviolet Detectors

Discrete detectors for the visible and ultraviolet portions of the optical
spectrum are almost umiversally of the photoemissive type However, the
data presented mn Table 4-6 indicate that silicon photodiodes can probably
be used 1n the longwave visible portion of the spectrum 1n place of the more
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Figure 4-26 Goddard OAO Experiment

complex photoemissive detectors The performance of photodiodes 1s
significant not only for their competition with photoemissive detectors in the
long wavelength visible spectrum but also because under certain conditions
they can be shown to exceed the theoretical performance limits of discrete
detectors shown in Table 4-6 The effect which produces the improved
performance 1s commonly referred to as avalanche multiplication such that
a single photon event produces a multitude or avalanche of output electrons
rather than a single electron or none at all When operated in an avalanche
mode, photodiodes have been reported with a D° as lmgh as 3 x 1013 which 1s
several orders of magnitude above the performance obtainable with the best
IR detectors This type of performance probably represents the near term
maxirmum attainable D for solid state detectors since the reported per-
formance 1s only on a laboratory basis It does not represent attainable
performance of deliverable detectors

Aside from photovoltaic detectors, the most sensifive and commonly
used discrete detector i1n the visible and ultraviolet i1s the photoemissive
detector with gain which 1s commonly referred te as a photomultiplier In
a sense 1t 18 quite similar to an avalanche photodiode since a single photon
event may produce as many as 106 output electrons In operation however,

4-88
SD 70-361-1



68-%

1-19¢-0L As

BCANNING
ENTRANCE
MIRROR

CYLINDRICAL CASE
15 REMOVED

INCIDENT LIGHT
FROM PLANET

CENTRAL
AX13

NUTATING
MIRROR

RETICLE = '
< @
r Yy T

PHOTOCELL

REAR MOUNT
RING

EXIT SLITS FOLLOWED BY UV DETECTORS

DIFFRACTION
GRATING

PARABOLOIDAL
MIRROR

Figure 4-27, Rocket-Borne Ultraviolet Spectrometer

\ls

JleMyo0Y UedLIBWY YUON
ucisiAlg aoedg



‘ Space Division
North American Rockwell

it 153 substantially different from an avalanche photodiode 1n that it can be
shown that the signal-to-noise ratio at the output of a photomultiplier 1s
always less than the signal-to-noise ratio at the detector cathode The
difference 1s a function of the photomultiplier multiplication ratio

The performance of photomultipliers 18 described 1n a variety of ways
In principle, performance canbe described in much the same way as photo-
conductive and photovoltaic devices, that i1s in terms of specific detectivity,

D , in the form
JA AL
. Y D
D' = NED (132)
where

Ap 1s the photocathode sensifive area
Af 1s the equivalent noise bandwidth

NEP 1s the input power required to produce an output signal-to-noise
ratio of one 1n a unit bandwidth

However, photomultiplier tube performance 1s not generally specified in
terms of the cathode area so that D" 1s not used as a figure-of-menit for
photomultipliers However, whenit 1s computed 1t generally results 1n
values of D* of the order of 5 x 1014 at wavelengths near peak response
The improved performance of photomulfipliers over IR detectors is
indicative of the fact that they are generally background or photon shot
noise limited

The noise equavalent input power iz sometimes used as a figure-~of-
merit for photomultipliers For background noise-limited operation the
mimmum monochromatic power which a photocathode can detect 1s that
which produces a signal current equal to the photon noise shot current
which 1s assumed to have a Poisson probability density function For back-
ground limited operation the photon noise current can be shown to be given
by

RMS = ZeIdC Af {133)

[l
i

where

Iqc 8 the steady component of the signal resulting from photon
conversion
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e 1s the charge of the electron
Af 15 the equivalent noise bandwidth
The signal current 1s generated by the arrival of photons and 1s defined as

I, = BQge (134)

where

n 1s the average rate of photon arrival
Qe 18 the quantum efficiency of the photocathode

Therefore

I = V2e?q, naf (135)

RMS

Qee

the product has the umts of amperes per watt where

hv
h 1s Planck's constant
v 1s the frequency of the radiation

Therefore P watts of signal can be converted into a signal current

_ Qee
IdC = F hv

amperes (136)

The same result can be obtained from the product of the average
photon rate and the energy of a photon in the form

P = whv watts (137)
and substituting for T

Equating the signal current to the shot noise current gives

/2 nAf
= —_— 138
P hv Qe { )

and the noise equivalent power, defined in terms of a unit bandwidth 1s

NEP = —— = hv\/—

(139)
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This expression is sometimes convement i1f the only data available on
the photocathode 15 the quantum efficiency as a function of spectral
wavelength

The most common method of describing photomultiplier performance 1s
in terms of the responsivity The responsivity of a detector with a current
output 1s by definition the current output in terms of the signal power input,
that 1s

R = ldc 2mps (140)

P, watt
or in photometric units 1n amperes per lumen While the responsivity 1s
meaningful, some caution must be exercised in its use since the responsivity
may be in terms of the cathode responsivity or the anode responsivity, output
measured The two quantities are related by the current gain of the multi-
plier chain but are modified by internal noise contributions of the multiplier
By definition of a photon noise limited photocathode the signal to noise ratio
at the output of the cathode 1s

S) s
= = (141)
(N K I..2

where
IS 1s the signal current

IN 15 the noise current

But for photon noise limited operation

Iy = J2e I Af (142)

so that

S I
(N)K T 2e Af (143)

For a cathode responsivity of R amperes per watt and a signal of P watts,
the cathode signal-to-noise ratio 1s

[, -
N K T 2eAf

(144)
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However, in going through the dynode multiplication structure,a decrease in
signal-to-noise ratio results Thus not all of the electrons which leave the
cathode are captured by the first dynode so that the signal-to-noise ratio at
the input to the first dynode 1s reduced by the capture efficiency, €, to

%)
e(2) est (145)
(%)

At the first dynode, a secondary emission process occurs such that
each incident electronliberates an average of o electrons The secondary
emigsion process 1s assumed to be a Poisson process so that the signal
and noise components are similar to the cathode emission The noise
component of the dynode 15 assumed independent of the cathode noise so that
the two noise components can be added

2 2 2

IN = (INl) + (INZ) (146)
which upon substitution and reduction becomses
(IN) = Z2eA fI2 (1+ o) (147)

and the signal-to-noise ratio out of the first dynode becomes

), - () (8), - ) ), ow

K

If the process is repeated for each of the dynodes and the electron
multiplication o, i1s assumed equal for all stages 1t can be shown that the
anode signal-to-noise ratio approaches

5 _ (o -1) (S
6 - e (3
a K

for a large number of dynodes Typical values for the design parameters
are ¢ = 4 and € = 0 9 so that the multiplication process does reduce the
output signal-to-noise ratio by approximately 30 percent In applying
measured data to the computation of signal-to-noise rafio, care should be
taken to distinguish between cathode and output responsivities
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The photosensitive materials used 1n photocathodes exhibit broad but
fimte spectral response characteristics For photoemission to occur, the
incident photons must provide enough energy to raise the energy level above
the conduction level and the surface barrier potential before the electrons
are ejected Photocathodes therefore exhibit a long wavelength threshold

At wavelengths shorter than the threshold, the quantum efficiency
rises to a maximum until the optical absorption of the photo surface and any
window material causes the available energy to decrease

The limits on spectral bandwidth have resulted in a large variety of
photomultiplier tube types Typical spectral response characteristics are
shown in Figure 4-28 The basic differences among tubes are in the photo-
cathode type and the window material used The long wavelength cutoff for
photoemuitters 1s approximately 1 2p although high responsivity 1s
generally lirmited to approximately 0 7u In the ultraviolet region, normal
glass envelopes cause a radiation cutoff at approximately 0 35y  Thin,
special purpose windows cutoff at approximately 0 22p while fused-silica
glass extends the cutoff to approximately 0 165y Special purpose UV tubes
are available with lithium fluoride windows which extend the cutoff to as
low as 0 1p

4 2 6 3 Visible and Ultraviclet Spectrometer Scaling Law

Basic optical system scaling laws for weight, volume and power are
given in Paragraph 4 2 4 3 Where appropriate, the weights and volumes
of additional optical components are given for specific scaling laws Certamn
general scaling laws for the electronics associated with non-rmage forming
visible and UV systems can be established for weight and volume
estimating purposes The following general considerations apply

1 Visible and UV detectors are usually of the photomultiplier tube
type If photovoltaic detectors are used in the visible, then they
would have the same characteristics as IR detectors Since
photomultipliers have internal gain and require a high voltage
power supply for operation they are generally somewhat heavier
For estimating purposes the photomultiplier 1s assumed equiv-
alent to commercially available tubes which weigh approximately
0 I kg Some difficulties usually arise 1in obtainming high level
packaging density of photomultipliers in the 1mage plane It 1s
common practice to use transfer optics from the image plane to
a convenient detector location Fiber optics are frequently used
and add approximately 30 percent to the detector system weight
A realistic estimate for a photomultiplier with transfer optics 1s
therefore 0 13 kg per detector
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2 Reference sources are frequently used with spectrometers as
gain control devices and are a necessity for absolute radiometers
The source may be external,with the sun being the most
frequently used reference For absolute radiometry an internal,
calibrated reference source 1s used The two types of sources
are not essentially different from the point of view of weight
scaling so that a weight penalty 0 5 kg 15 used

3 Auxiliary components such as field lenses, beamsplitters, filter
wheels, drive motors, etc , are generally lightweight devices
The design of auxiliary components 1s usually optimazed after
basic design of the instrument 1s established with such factors as
duty cycle, aging characteristics, etc , having an effect on over-
all system weight or volume For estimating purposes the weights
given in Table 4 8 are assumed although many of the estimates
may be in error by as much as 50 percent This 1s not a severe
shortcoming, however, since with few exceptions the components
are lightweight

4 The electronics at the output of the instrument depend upon the
function performed and the detector type used Modern micro-
circuit technology permmts functional packaging of the order of

005 kg per function and resulting packing densities of the order
of 370 kg per cubic meter Thus an electronic package which
performs ten functions such as amplification in five stages,
automatic gain control, detection and conversions, would weigh
approxamately 05 kg and occupy a volume of 1 4 x 107" m

5 Solid state high voltage power supplies weigh approximately
10 trmes as much as mucrorminiature circuits but have packing
densities which are approximately twice as high A typical high
voltage power supply with rectifiers, inverters and regulators
would then be sized by power drain and the degree of regulation
A typical 100 rmulliampere high voltage supply for a photomultiplier
would have 15 functions at 05 kg per function or a weight of
0 75 kg The volume would then be 10-3m3

The first step in the scaling law 1s to determine the telescope
parameters to meet the required signal-to-noise ratio and the spectral
resolution requirements
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Table 4-10 Weight Estimation for Auxiliary Components

of Visible and UV Optical Instruments

Function

Weight

Volume

Photomultiplier (with fiber optics transfer)
Reference Source

Gratings, Mairrors, Field Lenses, etc

Filter

Beamsplitter

Rotary Filter Drives and Auxiliary Motors
Mirror Scan Drive Motor (for scanning mirror)
Electronics

H V Power Supply

0 13 kg/detector
0 5 kg

4 x 102 03%kg iddx

0 25 kg/channel
0 05 kg/channel
0 2 kg/channel
02 (0 1+Dpy) i*id
0 05 kg/channel

0 75 kg/10 channels

2 x 107 %m>

7 6x 10~-4m3 %

¢ Microminiature Circuit Package
3% Solid State Distributed Circuit Package

241 Included 1in Volume of Prumary Telescope

3 7 x 102 kg/m3 (25 1bs /£t3)
7 4 x 102 kg /m3 (50 1b/£t3)

A DP 1$ the Primary Optical Aperture Diameter in Meters

A4+ § 18 the Diameter or Width in Meters

Y4
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In terms of the input power, the signal-to-noise ratio 1s

) R(M) P(\) dr
- = (150)
N AN 2eAf \
and for narrow spectral bandwidth, this 1s given approximately by
5 _ R(M) PMAX
N 2eAf (151)
where
RV 1s the responsivity in amperes per watt

P(MA A 1s the available radiant power at the detector in wavelength
interval AA

e 1s the charge on the electron = 1.6 x 10719 coulomb
Af 15 the electrical bandwaidth

In terms of the aperture diameter, D, angular resolution ¢ and
integration time, t, this can be expressed as

S _ RAAGIANA AL
N - nD,A¢ e (152)
where I) A ) is the available spectral radiance determined from
Iy & = H(MA) p(N) cos BAX {153)

H (\) 1s the solar constant at the planet of interest in the wavelength
region of measurement

p (A) 1s the albedo from Tables 4-1 and 4-2

g 1s the observation angle shown in Figure 4-37
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a 1s the exponent determined by planet type

a 1 for planets without atmospheres

a 2 for planets with atmospheres.

The value of the efficiency, n, which accounts for all losses from input to
signal ouiput 1s taken as 0 25

An alternative expression given in Reference 2, 1s useful when the
quantum efficiency of the photornultiplier s gaven rather than the respon-
sivity In terms of the quantum efficiency, the signal-to-noise ratio is

1/2
P
S . 33x10lp ag |Re(Cph A (154)
N c w
where '
%)' 1s the awell time and 1s equivalent to the integration time

(Cpf) is the available spectral radiance and 15 computed for narrow
spectral ba.nd\}vldth as indicated above That 1s, (Cpf) can be
replaced by {CPf) = Iy, Ax

The second step 1s to determine the spectrometer parameters based
on the spectral resolution required and the spectral range The Eagle
mount 15 assumed The marrors and grating are sized and the weight
estimated assumaing that each 1s a mirror with scale weight given 1n
Table 4-1Z2 The volume required for the spectrometer 1s generally ngh
because the aperture ratio of spectrometers is generally high The high
aperture ratio results from the minimum spatial requirements for the
collimation of the incident flux, the formation of the far field pattern of
the diffraction grating, and the focal ratio of the collecting optics True
aperture ratios for collimators are highly dependent upon the size of the
grating but are generally in the range of 4 to 15 Waith folding and optimum
design, the overall length can generally be reduced to one third of the
equivalent focal length This results in a length approximately equivalent to

1. ND
L =3f=—> (155)
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where
N 1s the aperture ratio of the spectrometer )
D 1s the width of the grating !

The spectrometer 1s assumed to be packaged in a cylindrical structure The
diameter of the spectrometer housing is in the range of 1 5D to 2 5D
depending upon the type For an Ebert maurvor the diameter would be 2 5D
but for a dioptric spectrometer it would be 1 5D For estimating purposes
a value of 2D1s a useful average value

The structure weight to hold the spectrometer can be estimated as a
shell structure using the same procedure for telescope structures given in
Table 4-4

4 2 6 4 Support Requirements

The procedure for estimating spectrometer support requirements 1s
summarized 1n Figure 4-29

Data Rate In a photomultiplier, each photoelectron emitted from the
photocathode undergoes cascade multiplication inside the tube and comes out
of the tube as a pulse of many electrons If the photoelectrons were
multiplied by this process to form pulses of exactly equal sizes, they would
contribute equally to the signal current, but in actual photomultipliers the
amount of multiplication i1s very different from one photoelectron to another
Consequently, the stream of pulses coming out of a photomultiplier tube has
a very broad range ol amplitudes, some of the pulses contributing ten times
as much to the photocurrent as others Since the pulses are not of equal
size, 1t 15 evident that the signal-to-noise performance of a photomultiplier
will be lower when used 1n combination with an ordinary current measuring
or charge collecting {(condenser-integrator) system than when used 1n a
system that counts the pulses with equal weight regardiess of these sizes
However, the current measuring method 1s simpler to implement Because
of the variation 1n emission rate with source intensity, a pulse counting
technique would require a system of high capacity, high speed counters which
become somewhat tmpractical for spacecraft applications So far as 1s
known, a pulse counting system has not yet been implemented 1n a space
system  For this reason an analog integrator i1s assumed The data rate is
then inversely proportional to the integration time and directly proportional
to the number of channels and the dynamic range of the instrument

DR = HTL (156)
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where

n 1s the number of channels

L 1s the dynamic range

t 1s the integration time
The dynamic range requirements are highly dependent upon the function of
the instrument but for estimating purposes a value of 100 to one 1s

reasonable so that a maximum of seven bits per sample 15 assumed

If dynamaic variations in the spectrum are of interest then a sampling
rate to meet dynamic measurements must be established The data rate
1s then the product of the number of channels, the dynamic range and the
sampling rate

Power Requirements The power for the spectroscopic instrument
1s of three types

1 The power to operate an external scan mirror i1f one 1s used
2 The power to cperate the spectrometer scan drive 1f one 15 used
3 The power to operate the detector electronics

Power requirements for Types 1 and 2 can be obtained from Table 4-5

The power required to operate a photomultiplier 15 relatively modest
For estimating purposes a value of 1 0O watt per detector 1s useful The
estimate includes the high voltage power supply so that it would tend to be
low for a single detector Therefore if an array of up to five photomultipliers
15 used, an additional power allowance of 2 watts should be made for the high
voltage power supply

Stabilization If the angular resolution of the instantaneous field of
view of the optics 1s given by

¢ = — [%] (157)
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which 1s approximately
¢ =

W
o (158)

for small angles, and the time available for sampling 1s taken as the time
in which the field of view traverses a resolution interval, W, then

£V,
¢ = = (159)
Sllice
W = tV (160)
g

The stabilization of the optical axis 1n terms of field of view rate 1s

v
¢r=2_,_g

= £ 1
- St radians/sec (161)

For small fields of view at long ranges this requirement could pose
stringent penalties since observation times may be long
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4 2 7 Polarimeter

A polarimeter 1s basically a telescope, an optical analyzer and one or
more detectors The scaling law for this type of instrumentation 1s identi-
cal to that for a spectrometer with the optical analyzer package replacing
the spectrometer at the output of the telescope Depending upon the spectral
reglon, the detector would be photoconductive, photovoltaic, or a
photomultiplier

The analyzer may be made in a variety of forms depending upon the
application The most common forms of analyzers are based on birefringent
crystals cut into various prismatic shapes The illumination of the prism
must be collimated and the polarized light 1s focused on an exit slit to the
detector To measure the polarization of the mnput illumination 1t 1s simple
to rotate the prism to change the plane of polarization For scaling purposes
the analyzer can be considered equivalent to the mirror assemblies of
approximately 10 cm diameter The welght can then be established from
Table 4-8., The scan motor 1s a low power device of the type used to drive
a filter wheel The other scaling parameters are 1dentical to a spectrom-
eter with an equivalent aperture ratio of 5

The logic diagram for a spectrometer shown in Figure 4-29 can be
used for a polarimeter

4 3 IMAGE FORMING OPTICAL SENSORS

4 3 1 Introduction

Any radiant energy detection system which results in a two dimen-
sional geometric array of variation in radiant intensity can be considered
as an image forming system  For descriptive purposes, however, it 1s com-
mon practice to distinguish among the many possible types of image forming
systems according to the spatial resolution and the method of 1lluminating
the image plane Thus high resolution systems with large fields of view
require detection mechanisms which are continuously distributed over the
image plane as 1n a photographic emulsion or television pickup tube Low
resolution systems with large fields of view have an array of individual
detectors in the image plane KEach detector has an output Image forming
sensors with narrow fields of view generate an image by scanning the narrow
field over a wide angular field with one or at most a limited number of 1ndi-
vidual detectors n the image plane The latter two types have resolutions
which are limited by the smallest discrete detector which can be built The
detector technology is 1dentical to discrete detectors discussed previously
so that only the Iimitations imposed by detector array size and/or mechani-
cal scanning are considered
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There 1s relatively little difference between the theoretical perform-
ance of photographic and television image forming sensor systems An
adequate description of photographic systems 1s contained 1n Reference 2 so
that only television systems are discussed here

Scanning systems are of many types depending upon their function
They may be scanning radiometers, thermal mappers, scanning spectrom-
eters and photometers and multispectral mapping systems However, all
of the multispectral point detector scannming systems can be described by a
single general scaling law with mmnor variations imposed by spectral band
or function

4 3 2 Television Systems

4 3 2 1 Design and Performance

In describing the performance of television systems, it would be
desirable to isolate the performance of the detection mechanism, as with
discrete detectors, and establish a figure of merit to describe performance
But in much the same way that the performance of a photographic emulsion
cannot be separated from the method of developing the latent image, so the
performance of a television cannot be specified separately from the method
of reading the image information from the photosensitive surface Con-
sideration of the detection mechanism used 1n wideangle image forming sys-
tems indicates the reason for thigs With discrete detectors such as IR cell
detectors the output 15 1n the form of an electrical signal produced with neg-
hgible delay at the output of the sensor With wide angle image forming
systems the detected information 1s stored at the detection surface and 1s
only available as an output after suitable processing Overall performance
of image forming systems can therefore not be described accurately except
as a complete system

Image formung sensors, whether photographic or photoelectric can all
be specified on a common basis provided that specific definitions are estab-
lished for the detection process Once a common method of specifying
detection 15 established the highly developed techniques for photographic
system design are applicable, at least wn principle, to any umage forming
system but are particularly useful in television design The reduction of
image forming design to a common set of parameters and techniques has
been accomplished by O H Schade and described in detail in References 8
and 9 Schadehad developed a unified approach to 1maging system evalua-
tion The overall system performance, defined in terms of a resolving
power function 1s based on modulation transfer functions and 1s determined
by the granularity of the image forming stage and the transfer functions
which are required to convert tmage forming light into either an electrical
signal or a permanent record
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The crux of the approach 1s the defimition of a sampling area, a, 1n
the image plane and a statistical description of the variation of particle
density 1n the sampling area as a function of image coordinates In a tele-
vision camera the input radiant energy is directed by a lens to an imaging
surface The radiant energy excites electrons 1n the photosensitive surface
and the array of stored charges in the surface 1s the latent umage of the
camera The latent image 1s extracted by an unmodulated electron stream,
suitably focused, which '"reads' the stored charge level by absorption of
electrons as it neutralizes the stored charges The modulation of the read-
ing beam 1s extracted, amplified and transferred out of the camera as an
electronic si1gnal for subsequent display. The conversion of the input radi-
ant energy to equivalent charge in the storage surface 1s subject to statisti-
cal variations so that signal amplitude 1s subject to statistical fluctuations
which 1s noise

A photographic emulsion functions 1n essentially the same manner
since the input radiant energy releases electrons i1n the emulsion which are
converted and stored as a silver atom image. In a subsequent development
process the silver atoms are amplified to much larger grain, forming a
visible tmage Apgawn the conversion process 1s subject to statistical vari-
ations resulting 1n granularity noise

On this basis the problem of image formation 1s reduced in funda-
mental terms to a decision process based on the number of signal units
produced in the sampling area compared to the number of noise units in the
same area ‘This 1s comumonly referred to as the absclute signal-to-noise
ratio 1 the sampling area In the conversion or detection process the
number of signal units 1s gwen by

n =o1n _.a (1)

where fg(1) 15 the signal density per unit area caused by exposure to the
radiant energy and a 1s the sampling area  The quantities ng(1) and & are
the essential parameters common to both photographic and television sys-
tems since it 18 precisely variations 1n these quantities which result in
apparent differences 1n the resolution performance of the two processes
Laikewise, they account in large measure for the variations of performance
among the several types of TV pickup or camera tubes

The statistics of the conversion process are generally difficult to
describe in simple terms but for a random particle source it can be shown
that the rms deviation in the signal unit count, that 1s the noise density, 1s
never less than
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"ny T VP (2)

so that the absolute signal-to-noise ratio 1n unit area 1s

n
R = S(l) = (n )1/2 (3)
nn(l) s{1)

which 18 characteristic of Poisson shot noise If excess noise 1s present
such as 'fog'' density in a photographic emulsion or dark currents na TV
system the absolute signal-to-moise ratio 1s given by

n
_ s(1)
R(1) - (n i n 172 (4)
s(1) d(l))
where nd(l) 1s the excess particle density which 1s independent of si1gnal
density

These fundamentals can be extended directly to the concept of a dif-
ference signal-to-noise ratio which 1s generally more meaningful 1n
describing resolution performance for a given contrast or modulation level,
mg 1n the object plane It can be shown that the difference signal, the
mean signal and the modulation are related by

An =

s(1) ~ TP (5)

where m 1s the modulation

Based on these fundamental concepts Schade develops a generzal
method of comparison for photographic emulsions and TV photosensitive
surfaces In order to use the approach 1t 1s necessary to review the mean-
imngful parameters of the charge storage surfaces of the detection process
Under the assumption of constant current charge and discharge of the stor-
age surface the charge per untt area q(l) 18 given by

= C V=_

9y, (1) eyt (6)

4-107
SD 70-361-1



‘ Space Division
North Amenican Rockwell

and the electron density 1s given by

n = /
1 - e
where
2
q(l) charge/mm  {coulombs)
2

C(l) = storage capacitance/mm (farads)
A% = potential at the storage surface
:;;(1) = mean current density per mmz during time t
q, = charge of the electron = 1 6 x 10-19 coulombs

The electron or charge demsity, n(1), 1s built up during an exposure
time t = tg The charge potential 1s read out 1n a2 time, tf, which may be
larger, equal to, or smaller than ty but 1s a characteristic system param-
eter since maximum signal extraction 1s determined by the level to which
the stored change 1s neutralized Basic lIimitations are imposed by the
readout process since the following two effects are inherent

1 The maxumum charge potential which can be read out by a low
velocity electron beam 1s limited to Vmax = 6 volts due to
secondary emission and electron reflection

2 The value of the read-out beam current 1s limited to values less
than 200 nancamperes because of the increasing spread of elec-
tron velocities with beam current density

Therefore, for high definition storage surfaces where a high level of electron
density 1s required, the only free parameters are the unit capacitance and
the readout time The combination of large unit capacitance and large sur-
face area leads naturally to read-out times which are of the order of several
seconds Based on these considerations and the definition of an equivalent
noise particle density of Kodak type 4404 high definition emulsion, Schade
has developed the data given 1n Table 4-11

The noise equivalent sampling area of the 4404 emulsion has a diam-
eter of 2 microns Because the equivalent potential spread of a point charge
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Table 4-11

of Charge Storage Surfaces (V = Vmax’ 90% Discharge)

Approximate Characteristics and Mimimum Readout Times

Readout Time!

Equiv Charge (Sec)
Thickness C volt Potential 2 2
Type of Surface (triLcrons) (pF) Bs (1} Vmax {A=1cm) (A = 25 em )
4404 Film 2 8 5%107 4 25 0 0345 0 86
ASOS photoconductor 1 160 1x107 6 0 385 9 60
(Vidicon) 80 5x108 6 0 192 48
Porous photo - 4 10 6 25X107 6 0. 024 0 60
conductor
(Vidicon)
Plumbicon 14 3 37 2 3x10° 6 0 0089 Insuff,
storage
S EC 12 08 5X106 6 0. 0019 0 0475
(Westinghouse)
Glags Target Image 25 0 35 2 2.15{106 4 0 00158 0 0395

Ozrthicon
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t/C

45 for Vma.x
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on an electrical storage surface 1s approximately equal to i1ts thickness, d,
an electrical storage surface having a thickness of 2 microns has the same
sampling area as the 4404 emulsion (The bearn senses the potential and
not the charge itself )

Table 4-11 compares the constants of various charge storage surfaces
with these reference values

The small thickness (d) of ASOS (antimony sulfide — antimony oxi-
sulfide) and porous photoconductors used in vidicons indicates equivalent
sampling areas comparable to or smaller than the 4404 emulsion and high
resolving powers (for the surface itself) because the electron densities
(ns(l)vmax) exceed that of the highest definition aerial film

The minimum read-out time (tf) computed for a 90% discharge 1s given for
a 1 cm? area {one-inch vidicons and similar television camera tubes) and for
the 25-cm?2 area of developmental high-definition vidicons

The last three surfaces listed in Table 4-11 have small capacitances
and are thus particularly suited for live pickup in standard television systems
because an adequate discharge can be obtained in 1/30 second Their resolv-
ing power 1s lower, however, because of the greatest thickness and lower
electron density

It 15 necessary to develop a methodology of describing the performance
of an imaging system using specific parameters This can be accomplished
1n two essential steps which Schade has followed i1n defining a resolving power
function 1n terms of state-of-the-art in photosensifive detectors, available
image formung light and the modulation transfer functions of the components
of the camera systemn Before applying the method developed by Schade there
1s one basic difficulty which must be reconciled As indicated previously,
the principle of signal unit counting in a unit area i1s the foundafion of the
approach This leads naturally to the process by which radiant energy 1s
converted to an equivalent charge density at the detector The common unit
of intensity 1s the exposure, E, in meter-candle seconds, a photometric
guantity which involves the response of the human eye through the so-called
standard observer curve for photopic vision The candle and lumen are suf-
ficiently imprecise that they are difficult to work with when attempting to
define charge density at the detector

A natural unit of energy absorption at the detector 1s the photon which
15 a true radiometric quantity The difficulty arises 1n converting the known
photometric values of a planet in the form of broad spectral band luminous
intensity to an equivalent photon arrival rate at the detector surface which
has a sensitivity which is also dependent on the spectral content of the
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illumination This follows from the fact that the energy of a photon 1s
spectrally dependent since

-12
1 964 x 10
B = hy = T
() N ergs (N

where A 1s the wavelength 1n microns
h 1s Planck's constant

v 18 the frequency

To at least partially recomncile the conflict between photometric and
radiometric units, 1t 1s common practice to relate the exposure 1n meter-
candle seconds to an incident monochromatic energy, U}\, producing the
same effect at a particular wavelength X This involves rather tedious
numerical integrafion of the products of the normalized standard observer
curve and the relative energy distribution of the i1lluminant as well as the
product of the relative spectral sensitivity of the detector and the spectral
distribution of the i1lluminant TUnder very restricted and partially artificial
conditions, this has been accomplished under the assumption of a daylight
1lluminant equivalent to a 5000 deg K black body and a detector spectral sen-
sitivity equivalent to the standard response curve ofthe eye (standard observer
or standard lurminosity function) TUnder these assumptiions the conversion
equation 1is

_ Ps(1)1
E = — meter candle seconds (8}
7 5x 10
where
E is the average exposure
ns(l)l 15 the average incident radiation or photon density per mm

This 1s a useful approximation for planning purposes but it may require
adjustment under conditions of changing detector sensitivity or a more pre-
cise photometric model of the reflected sunlight The assumption of a spec-
tral response which 1s equivalent to the standard observer curve 1s not
arbitrary It closely approximates the normalized spectral response of the
ASOS photosensitive detector used 1n high definition return beam vidicons
(RBV) which are the most likely tubes for use in high definition TV
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It 1s not within the scope of this study to establish a definitive photo-
metric or radiometric model for the planets It 1s however, necessary to
understand the basic limitation of the approach described here since ultimate
system resolution may be limited by exposure or alternatively major changes
in system parameters may result from large changes in any assumed sim-
plified photometric model

The absolute lim:t of the resclution of an imaging sensor is shown by
Schade to be established by the photon Iirmt of the incident radiation, that 1s,
the exposure, and the threshold of detection signal to noise ratio of the detec-
tion process, under the assumption that the incident photons are converted
100 percent by the photoelectric detection process In terms of exposure
or incident energy in the tmage plane of the sensor, the resolution or resolv-
ing power, f,. expressed in standardized units of cycles per pullimeter 1s
given by

1 94x10° E“Zmo
£ = % (9)
where

f,.0= resolving power 1n cycles per mm
E = mean level exposure 1n meter-candle-seconds
m = the object modulation determined by the object plane contrast

ratio C in the form m_ = C-1/C+1
K = the threshold signal-to-noise ratio

It 18 understood that the detector 1s not saturated although it will of necessity
have a limited dynamic range

Extensive theoretical and experimental investigations have established
the value of the threshold signal-to-noise ratio for visual imagery as

K

I}

3 6 for a single image

K 2 for a moving 1mage

Since live pickup of imagery is generally not meaningful for planetary sens-
ing a value of K = 3 6 will be used throughout
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The scaling factor 1 94 x 105 1s not unique It contains all of the
spectral variations of the radiant energy and the spectral sensifivity of the
detector As a first approximation, it is constant for television camera
pick-up tubes using solar illumination For first order design purposes,
the value given 1s adequate

No system can approach the resolution given above since any real sys-
tem has several sources of degradation A more realistic upper bound on
absolute resolution must include the photoelectric quantum efficiency, e,

which 1s generally less than one The quantum efficiency reduces the inher-
ent resolution as follows

1 94 x 10°(E) %2 m « 172

£ = = (10)

The quantum efficiency of photoconductors 1s generally in the range

0 1 = ¢ < 1 whereas the fastest photographic emulsions have quantum
efficiencies ¢ <0 01 To a large extent this explains the superior perform-
ance of television image forming systems over photographic emulsions under
low light level operating conditions

The quantum efficiency limited resolufion of an 1maging system 1s a
highly simplified concept since it does not take account of the two principal
causes of degradation in an imaging system  These limiations are the
insertion of noise 1n the 1mage conversion process and the limited informa-
tion bandwidth of any real system  The combined effect of these two factors
mn resolution degradation 1s extremely complex but because of the assumed
linear nature of the system, can be treated separately and the results com-
bined in an overall statement of realizable system resolution These two
factors are discussed below

Television camera system noise, exclusive of the thermal noise intro-
duced by the output video amplifier, is highly dependent upon the type of
photosensitive surface used and the number and type of conversion processes
employed Thus image orthicons do not have all of the same noise generating
process as return beam vidicons so that noise levels of the two sensing proc-
esses camot be expected to be similar To establish the effects of system
noise on resolving power, however, it can be shown that the overall effects
of noise are identical This follows from the way in which resolving power
1s defined 1n terms of the threshold signal-to-noise ratio and exposure If
the overall system signal to noise ratio 1s degraded by noise, the photon or
quanftum limited resolving power of the system can be restored by increasing
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the exposure, within limits, to a value which restores the threshold signal-
to~-noise ratio Since system noise 1s the result of the internal conversion
processes only, it follows that the increased exposure results in a restora-
tion of the resolving power The amount by which the exposure must be
increased, called the exposure factor, ¥,, 1s highly dependent upon sensor
design factors over which the system engineer has no control Typical
effects 1ncluded i1n the exposure factor are quantum efficiencies, photon gain
of 1mage intensified stages, if used, the readout efficiency of the scanning
electron beam, dark currents and residual charge effects in the storage sur-
face Typically, values of the exposure factor are in the range of 10 to
4000 or more depending upon the type of sensor configuration Futhermore,
the factors which determine F), are functions of the exposure so that a
straightforward calculation of resolving power 1s not feasible and graphical
solution methods are indicated An example of the type of effects of F;; on
the theoretical resolving power of a 3-inch image orthicon 1s shown 1in
Figure 4-30 Conversion noise has its largest effect i1n the low exposure
regron The data presented in Figure 4-30 are for illustration only but are
generally representative of the effects of conversion noise on the theoretical
resolution of an 1mage forming system which 18 extracted electronically

The types of results shown in Figure 4-30 are representative of the
physics of the conversion process Improvement over the results indicated
will only be obtained by basic research in materials and energy conversion
processes Improvements of this type are extremely difficult to predict so
that for planming purposes detection technology 1s based on essentially cur-
rent state-of-the-art or modest predicted mmprovements 1n technology

Once having established the basic performance of a detection process,
1t 1s logical to inquire why practical systems appear to be so far from attain-
ing predicted detection performance The answer lies i1n the fact that the
information bandwidth of the information gathering and read-out portions of
a television camera introduce major degradation in system performance
especially 1n the high exposure-high resolving power region of the camera
system The system information bandwidth 1s represented by the modulation
transfer function (MTF) of the camera Degradation results from the linuta-
tions on attainable MTF's of both the visible laght optics of the information
gathering portion of the system and the electron optics of the information
read-out mechanism The combined results of the MTF's represents an
overall decrease 1n information bandwidth such that the resolving power of
the camera 1s one or more orders of magnitude lower than the quantum
Iimited performance The degradation may be worse than indicated, espe-
cially in the high exposure region of operation uniess care 1s taken to select
design parameters of the imaging and read-out portions of the camera which
represent mimumum degradation
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Typical state-of-the-art MTF's for high quality television components
are shown in Figure 4-31 Various combinations of the MTF's shown in the
figure represent eirther existing camera systems or current experimental
designs To determine the effect of system MTF on overall resolution it 1s
generally necessary to use graphical procedures since the expression for the
exposure E containing the effects of system MTF 1s of the form

. Eo(fr) Fn
E = (1)
2 2
r (f) m
T o

where 1 (f;) 15 the system MTF  The difficulty in solving for E results from
the fact that r (f3) 18 a function of the resolving power which in turn 1s a func-
tion of E, since

— 2 -
E =0 267K £ x 10 10 (12)

The difficulty 1s further compounded by the fact that F,, may also be depend-
ent on E as shown in Figure 4-30 The procedure for obtaining overall
camera system resolution is tedious but not difficult once the camera system
definition 1s established The results of the reduction in resolution because
of the MTF's however serve to indicate both areas where 1mprovement can
be made and an insight into apparent component improvements which do not
result in overall camera system resolution improvements

To 1llustrate the effects of the MTT refer to Figure 4-32 reproduced
from Schade The case shown in the figure 1s for illustration only It rep-
resents a quantum limuted resolution of 300 lines per mm for an image orthi-
con at peak white exposure and high contrast The MTF of an excellent lens
reduces the resoclution to 100 lines per mm (MTF #1 in Figure 4-31) The
combination of the lens, image section and reading beam (MTF's 1 x 4 x 5)
reduce the resolution to 32 lines per mm at peak highlight exposure For
low contrast (Mg = 0 1) targets, the maximum resoluiion attainable for the
samme MTF combination 1s reduced to approximately 15 lines per mm It
should also be borne in mind that the values given in the figure are static
resolution obtained with a continuous exposure and 1/30 sec frame time, that
18 'live' television pickup, so that further degradation can result either from
single exposure operation or dynamic operation For the condition shown in
the figure, the MTEF combination 1 x 3 x 4 can be taken as an upper limait of
improvement 1n 1mage orthicon cameras A maximum resolution of approxi-
mately 60 lines per mm at high contrast and peak highlight exposure is the
upper limit
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The use of an 1mage intensifier stage in an orthicon may be useful in
increasing low light level sensitivity but results in a basic reduction of maxi-
mum resolving power Three effects can be noted from the use of an 1mage
intensifier stage as follows

1 The exposure factor, ¥,,1s decreased by an amount proportional to
the photon gain of the intensifier resulting in operation nearer the
ultimate photon limited performance

2 The maximum exposure decreases by the amount which 15 inversely
proportional to the photon gain so that the maximum resolving
power 1s reduced

3 The introduction of the MTF of the intensifier stage further
reduces the resolving power

The overall result of the 1ntensifier 1s the improvement of low light
level sensitivity at the expense of reduced resolving power in the high expo-
sure region of the resolving power function

The level of resolufion attainable with a television imaging system 1is
determined 1n a gross sense by the resolving power function discussed above
There are other factors which can either improve ot degtrade the predicted
theoretical resolution depending upon overall imaging system design Typi-
cal of these are the following

1 High resolving power oplimization with so-called aperture
correction (MTF correction)

2 Scanning (raster) line density adjustment to take account of the
self-sharpening effect of the scanmng electron beam equivalent
aperture which gives rise to the so-called Kell Factor

3 Dynamic operation which results 1in 1mage smear unless 1mage
motion during exposure 1s insignificant A correlary to this is
image blur resulting from overexposure or excess time between
successive read-outs of imagery in the storage medium when con-
tinuous exposure 1s used

From a practical point of view these effects may or may not be signif-
icant depending upon the application of the TV system  They are discussed
briefly for the sake of completeness

Aperture Correction It has been demonstrated that the principal
cause of difference between theoretical and practical resolution in a TV
camera results from the decrease in system response at high spatial
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frequency as described by the systemn MTF However, from the point of

view of filter theory 1t can be shown that spatial frequency filtering can be
used to improve overall system response with a properly designed filter such
that the filter response to signal increases linearly while 1ts response to
noise increases only as a half power The same result may be obtained either
optically or electrically but in TV systems 1s most frequently accomplished
electrically by adjusting the response of the video amplifier at the output
Typical results of electrical aperture correction are shown in Figure 4-33
Two types of correction are indicated for a typical response of an uncorrected
MTF, curve 1 and an optimum high frequency correction function curve 2,

the combination results in the response shown in curve 3 Alternatively, the
curves shown dashed represent corrections {curve 4) for improved low fre-

quency response of curve I  The result,shown by curve 5, results in an
image of improved sharpness

The results of aperture correction are not without drawbacks since
under certain circumstances they may make the image difficult to interpret
For this reason 1t 15 common practice to make aperture correction a select-
able feature which can be switched out However, advanced television trans-
mission systems are now being proposed in which a combination of pre-
emphasis, or aperture correction, and noise weight filtering are used to
obtain an improvement 1n effective transmaission signal-to-noise ratio of as
much as 15 db  The aperture correction improvement cannot be applied
twice so that its applicability 1s problematic

It 18 commonly assumed that there 1s a direct proportionality between
raster line density or read-out beam scanning rate and the resolution of the
TV as an imaging system  This 1s generally not the case unless the reading
beam 1s completely absorbed by the image target In most practical TV
designs, only a portion of the beam 1s absorbed so that there 1s little direct
correlation between the scan line number and the attainable resolution The
raster pitch or line density 1s selected to give equal resolution in both scan
directions, that 1s X and Y, such that the reading beam 1s advanced one
beamwidth 1n the Y direction for each 5 scan lines The net result of this
scheme 1s that maximum resolution 1s 1n the diagonal directional with the
X and Y resolutions being equal to 707 of the maximum resolution This 1s
the so-called Kell factor which 1s used to reduce the maximum attainable
resolution under the assumption that a potential step i1n the charged target 1s
corhpletely discharged However, in the development of the resolving power
function and the MTF of the reading beam of the camera, the loss in resolu-
tion 18 already accounted for The beam 1s self sharpening for a high density
raster pitch so that the results of the Kell factor are insigmficant and a Kell
factor of one 1s used

Image Motion Compensation In the event that exposure times are long
or the operating environment 1s turbulent, the attainable system MTF is
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limited by the uncompensated portion of the motion of the image plane during
exposure The MTF of equivalent image motion 1s given in Figures 4-34
and 4-35 for the most frequently encountered types of motion linear motion
resulting from translation and camera mount random wibration For long
range operation linear motion 1s generally small since it 15 determined by
the ratio of velocity to height Camera mount steadiness however, may be
the limaiting factor since it may be made up of both periodic and random
vibration imposed by both spacecraft design and servo control limitations

The MTF of uncompensated motion given in the figures must first be
scaled to the operating parameters and then combined with other MTF's of
the TV system to establish an overall MTF which 1s then combined with the
gquantum lmimited performance of the system to establish resolving power as
a function of exposure In the event that the MTF of the uncompensated
motion results in unsatisfactory performance, a specification of required
IMC may be developed to establish satisfactory resolving power

Resolving Power The resolving power of a TV system has two basic
limitations They are not completely independent so that several i1terations
of design parameters may be necessary to arrive at a satisfactory system
description The first limitation, discussed above, 1s basically imposed by
the requirement for suitable exposure to obtain a given resolving power The
second limatation 1s imposed by electrical parameters of the ountput electronics
These limitations are discussed briefly below

Exposure

The exposure of an rmage forming system 1s determined by

Brt
E = —°— (13)
4 (M F

where
B 1s the object brightness

T 1s the optical transmission

t 1s the exposure time

N 1s the optical speed or focal ratio

F 1s the filter factor which accounts for the percentage of
available illurmnation which reaches the image plane
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Each of the factors has a significant effect in outer planet exploration

Since a system capable of a reasonable level of spectral resolution 1s
required

In general, 1llumination levels are intermediate Typically, the solar
constant at Saturn 1s only 1 percent of the solar constant at Earth If the
solar constant 1s taken as 1 3 x 105 meter-candles at the Earth then 1t will
be of the order of 1 3 x 103 meter-candle at Saturn If this value 1s used n
combination with accepted values of albedo, then approximately 60 percent
of the incident parallel 1llumination 1s reflected into space Accepting avail-
able evidence of limb darkening to indicate Lambertian scattering which
follows a cos? law, then the light available for 1mage formation can be esti-
mated as

I =13x 103 p cos 2 O meter candles (14)

where
p 1s the albedo assumed equal to 0 6
@ 1s the Sun-Saturn observation point angle

Figure 4-36 1s a plot of this function for the assumed conditions It
can be seen that,in general,light 1s available for image formation 1f a lugh
quality optical system in combination with long exposure times are used
Optical quality 1s generally expressed in terms of the lowest f numbers which
result 1n near diffraction limuited performance over the spectral range of
interest and the optical transmission factor, T State-of-the-art in optical
design 1s always debatable but diffraction limited perfarmance at aperture
ratios smaller than three, over the visible spectrum, are very unlikely on a
near term basis For planning purposes an aperture ratio range 1s there-
fore assumed from three to six for scaling purposes Likewise high quality
optics for image forming sensors may have transmission factors approach-
img 0 9 Within these values, the image plane i1llumination or exposure may
be established parametrically for Saturn, based on the available 1llumination
given in Figure 4-36 The range of values of the exposure are given in Fig-
ure 4-37 for a range of exposure times For low observation angles, rela-
tively short exposure times can be used to obtain near optimum resolution
which occurs at exposure levels near one meter-candle-second However
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as the observation angle approaches 90 degrees, long exposure times are
indicated even with high quality optics To obtain limifing resolution over
the range of observation angles some form of exposure control 1s indicated

Electrical Bandwidth Limitation The dynamic response of the reading
beam of a TV camera imposes a minimum requirement on the electrical
bandwidth of the output video amplifier The requirement of converting
spatial frequency in the form of resolving power into an equivalent video sig-
nal 1s given by

Af = —— (15)

where
Af 15 the required bandwidth 1n Hz

b 1s the blanking factor which is a measure of the part of each scan
line which 1s active It 15 given by

t
f
b = T
f (unblanked)
and 15 usually designed to give a value of b = 1 23

A 15 the image area scanned 1n mm

f 1s the resolving power in cycles/mm

t. 1s the frame time in seconds.

While this expression appears to establish independent requirements
for obtaining a given resolving power, it does not do so Rather, it estab-
lishes the minimum electrical bandwidth to obtain a given resolving power
for a set of readout parameters, under the assumption that an adequate sig-
nal level 1s reached in the readout bearm The implications of signal-to-noise
ratic have been discussed previously The implications of electrical band-
width are fairly straightforward howewver, if it 15 assumed that the output
signal level 1s adequate To conserve electrical bandwidth for a given com-
bination of image size and resolving power 1t 15 desirable to scan at as slow
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a speed as possible ILaimitations,on scan time are generally imposed by the
storage characteristics of the image surface Thus Vidicons have generally
long image storage times while such storage surfaces as Image Orthicons
and Plumbicons have very short storage times An Image Othicon with a
characteristic readout tume of 1/30 sec would requare 120 taimes the band-
width of a Vidicon with a 4 sec readout time, all else being equal It follows
that the combination of high resolution, large storage surface area and
required scan time, lead to the selection of Vidicons for the planetary
imaging missions This conclusion 1s further fortified by the fact that there
does not appear to be a requirement for very low light level operation where
the Image Orthicon with 1ts superior low light level sensitivity would be most
useful For planning purposes a Vidicon system will be assumed

Current state-of-the-art in Vidicon technology 1s shown in Figure 4-38
for so-called 1 inch and 4-1/2 inch tubes In each case the active image
area 15 somewhat less than the available cross-sectional area Typically,
the 1 inch Vidicon has an image area of 125 mm? while the 4 5 inch Vadicon
has an active area of 2500 mm? Both Vidicon's have a maximum resolving
power of approximately 80 lines per mm after degradation resulting from
the camera MTF (but without aperture correction) Assuming a scan time
of 4 seconds the bandwidth reguirements are

2 46x125x 6 4x 103
B 4

Af =0 492 MHz (1 1n Vidicon) (16)

2 46x2 5x100x6 4x10°

Af v

= 9 84 MHz (4 5 in Vidicon) (17)

Even for relatively slow scan readout, the combination of large area and
high resolution lead to wideband video amplifier requirements To obtain
the MTF limiting resolution the television line number must, for a square
image, have the value

N =2f /A (18)

This leads to the following requirements

N =2 x80 /125 = 1850 lines {1 1n Vidicon) (19)
N =2x80 /2500 = 8000 hines (4 5 1n Vidicon) (20)
4-129
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The value of 8000 lines appears to be the current projected limit of
TV camera technology Conflicting design requirements, image storage
technology, circuit limitations and operational degradation combine to limit
any projection of the state-of~the-art to camera systems with a maximum
of 10,000 lines It does not appear that any single factor himits attainable

performance to this figure but rather a combination of interacting effects
produces this result

4 3 2 2 Television Scaling Law

The design of a television system 1is basically a reconciliation of
conflicting requirements among the limited size and spatial resolution of
television pickup tubes, high resolution coverage of the object plane and
limited available image forming light The reconciliation of the coniflicts
1s not always a straightforward procedure so that a given design may have to
be iterated several times before a useful design evolves This follows from
the fact thatmany ofthe design parameters are not independent so that a
change 1n one area may produce an end result which 15 unacceptable

A television system consists of three principal parts A light collection
or optical telescope sub-system, a camera sub-system consisting of a photo
sensitive detector and readout electronics, and a mount to point the aperture
of the telescope at the object plane The required scaling law in simplified
form would then consist of selecting an optical design from paragraph 4 2 2
1n connection with the current TV camera technology discussed in para-
graph 4 3 2 1 and then specifying a mount steadiness requirement to prevent
resolution degradation during exposure The exposure requirements would
then be established from the values given 1n tables 4-1 and 4-2 with a
photometric function selected according to planet type

Such a procedure, while relatively straightforward, would be
misleading since 1t would not account for many of the aspects of TV system
performance which affect overall resolution Thus the effects on resolution
as a function of exposure would be 1gnored and performance prediction would
be misleading However, the utility of the abbreviated approach 1s that it
permits bounding the detailed approach to ranges of values which are realistic
For this reason a complete scaling law for TV systems would be accomplished
at two levels The first1s a sumplified approach based on geometric con-
siderations while a detailed approach based on modulation transfer functions
1s indicated to permit detailed system design if 1t 15 required This will
not ordinarily be the case since scaling can be accomplished with first order
approximations The detailed approach would be used 1f a complete specifica-
tion were to be prepared or 1f a fundamental question of TV system feasibility
in a mission were to arise

4-131
SD 70-361-1



‘ Space Division
North American Rockwell

First Order Design Procedure The procedure is based on imaging
requirements 1n the form of surface resolution and area coverage for fly-by
missions of specific planets using available image forming light Several
approaches can be used so that the procedure given is not unique

Starting with the required resolution of the imagery, the surface
resolution of a camera system 15 given by

h

Ff 25 4
r

G = (21)

where
G 1s the surface resolution
h 1s the height above the surface
F 1s the focal length of the optical system in inches
fr 15 the resolving power of the sensor system in lines per millimeter

Surface resolution as a function of various parameters 1s shown 1n Figures
4-39 through 4~41 The basic variables are surface resolution, G, as a
function of height above the surface, h, with optical system focal length and
sensor limiting resolution as parameters Figures 4-39 through 4-41 are
plots of surface resolution for optical focal lengths of 6, 12 and 24 inches
Several system design constraints are apparent from the figures For
fly-by missions, the viewing distances are large so that the attainment of
even a one kilometer surface resolution requires a combination of long focal
length optics and high sensor resolution

it follows that the optical system would have to have a focal length
with a state-of-the-art limited sensor resolution of 80 lines per mm for a
one kilometer surface resoclution at viewing distances greater than 10° kilo-
meters At the other extreme, an upper lumit of surface resolution of
100 kilometers permits operation with a much wider range of sensor
resolution-focal length combinations with long viewing distances

Several associated system parameters are irnmediately derivable
once a sensor-focal length combination 1s selected As discussed previously
the state-of-the-art in wide spectral band, diffraction limited optics leads to
attainable aperture ratios of approximately 3 to 6 This places a design
requirement on the aperture to meet surface resolution requirements while
making maxiumum use of the available itnage forming light, in a first order
sense, since once the focal length and aperture ratio are selected the
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required aperture 1s fixed Taking as an example an excellent, diffraction
lumited £/5 6 lens with a 10 in focal length, an aperture of 1 8 inches 1s
required However, a 2401n focal length optical system of the same quality
would require an aperture of 45 inches diameter The range of optical
system sizes to meet the surface resolution requirements can therefore be
established to be in the range of one to 80 inches depending upon specific
mission selections

The attainment of a given surface resolution 1s not independent of other
mission requirements since the surface coverage obtained may not be
adequate on a sampling basis or have a sufficient variation 1n detail to permat
interpretation A compromise between surface resolution and surface
coverage may be necessary From simple geometry the surface coverage,
to a first approximation, 1s given by

L=<~ (22)

for a square format, where
£ 15 the format size length 1n the same dimensions as {
h is the viewing distance in km
f 1s the optical system focal length

Practical imaging tube designs range in format size from approximately
0 15 square inches to as much as 4 square mches for high defimition
state~of-the-art tubes A practical range of linear format dimensions 1s
therefore from approximately 0 5 to 2 inches, it bemng understood that the
larger formats are generally only available 1n high definition sensors

For long viewing distances surface coverage presents very little
difficulty with low resolution coverage Iamatations on surface coverage
are imposed more by viewing geometry than the inherent limitations of
format size or optical parameters in the range of surface resolutions
considered for most missions This point 15 perhaps more cbvious from
the angle subtended by the disc of a planet with Saturn used as a typical
example 1n a fly-by mission

Since the angle subtended by 2 planet disc 1s given by

R
an gty e
b
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where

RP 15 the planet radius, and
h 15 the viewing distance

the angle o 1s relatively small at long viewing distances when 1mage formaing
light 15 available The angle @ as a function of h in planetary radii 1s shown
m Figure 4-42 This can be combined with the camera field of view shown
in Figure 4-43 Except for the combination of small mmage format and long
focal length, the field of view of the camera and the angle subtended by the
disc are in relatively close agreement when best 1llumination conditions

exist A whole range of possible system configurations exist for meeting
one or more primary mission objective either partially or fully in a first
order sense with the final choice being determined by support requirements
and worth

The question of the amount of imagery to be accumulated can have a
direct impact on system design in addition to the generation of support
requirements From the encounter parameters of a fly-by mission, with
Saturn as an example, it can be established that imaging of 100 km surface
resolution or better can be obtained at viewing distances of at least 10 Saturn
radii to approximately one Saturn radius This permits image data accumaula-
tion for a period of approximately 10 hours In the available 10 hours there
are basic design choices on the amount of imagery accumulated If, for
example, the sensor is optumized to obtain the highest data rate,then 1800
mmages could be generated with a nominal read-out and recycle ttme of the
maging system of 20 seconds Since much of the data 1s redundant it may
be more reasonable to reduce the amount of data to the point of mimmum
redundancy, that i1s minimum overlap, and thereby reduce overall system
complexity FEach of these approaches 1s feasible but the main impact 1s on
support requirements since the sensors can be operated to meet erther
objective
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4,3 2 3 Support Requirements

For the first order design parameters selected for a given minimum
surface resolution, 1t 1s necessary to establish support requirements con-
sisting of the following

a Sensor system weight

b Sensor system volume

c Power requirements

d Sensor output data characteristics and rates

e Motion compensation and platform stability requirements

Sensor System Weight A TV sensor consists of essentially two sub-
systems as follows

1 Television tube and associated electronics, camera controller and
data output formatter

2 Image forming optical system

For low resolution, small diameter optics, it 1s common practice to
package the subsystems in a common camera housing A survey of
currently available, space-~rated TV sensors indicates that, on the average,
complete television camera systems are related to TV tube diameter by

W=154d

where
W 1s the camera weight in pounds
d 1s the tube diameter in inches

This expression 1s useful for systems up to approximately one inch

diameter and applies specifically to vidicon systems which are inherently
simple For more sophisticated pickup tubes such as orthicons and return
beam vidicons, the weight estimate must be increased by 50 percent

For large systems which are packaged in functional form as indicated
above, the television tube and associated electronics, as well as the camera
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controller, represent a small portion of overall system weight compared to
the optical system Under the assumption that large diameter tubes will be
used with large diameter optical systems, a useful estimate of tube and
controller weight can be made by assuming a constant weight of 50 pounds
for the tube and 10 pounds for the camera controller Large diamecter tubes
tend to be heavy because the high quality electron optics are obtained using
distributed magnetic focusing which 1s inherently heavy It should also be
borne in mind that large diameter TV sensors are generally much more
complex than small diameter vidicons because of the addition of such features
as image intensifiers and return beam read-out The electronics of the
camera controller may be reduced, but not significantly, by the use of
integrated circuits This foliows from the fact that the camera controller
incorporates such functions as precision frequency generating circults and
constant current control circuits for the electron optics of the readout beam.

When large, separate telescopes are required, the weight scaling
given 1n Table 4-4 1s used The basic camera weight does not change be-
cause the input optics to the camera are replaced by a field lens to refocus
the image plane of the telescope on the TV tube sensitive surface,

For large systems, the total sensor system weight 1s made up of the
sum of the optics, TV sensor, and camera controller The trend in system
welght as a function of aperture diameter i1s shown in Figure 4-44, The
dotted line indicates the region where the weight scaling law is questionable.
No systems exist in this region of aperture diameters to use as a basis for
comparison

Sensor Systern Volume Television camera system volume 1s directly
correlated with system weight and size For small aperture, complete
camera systems, the conversion coefficient 1s approximately 60 pounds per
cubic foot Thus, a 20 pound TV camera occupies approximately one third
of a cubic foot or 550 cubic inches

For large diameter, long focal length systems consisting of an optical
subsystem, a camera subsystem, and a camera coniroller, separate volume
allowances must be made for each subsystern However, 1t 1s common
practice to design large optical systems either as a reflective systems or as
catadioptric systems with folded opfics Folding ratios of four fo one are
common but the primary optics are designed so that the first pupil or folding
pownt has an '{'' number of one to one and one half so that the volume of the
primary optics 15 determined by the diameter of the aperture This results
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in a right circular cylinder of diameter approximately ten percent larger

than the optical aperture The volume can then be estimated from the
expression

V optics = 95D° (25)

The television pickup portion of the system 1s, as before, directly pro-
portional to the weight with a conversion coefficient of 60 pounds per cubic
foot

Power Requirements The power required to operate the sensor is
basically of two types The electronic circuits associated with camera
operation are independent of camera type with the exception of high
resolution systems in which extreme care 1s taken in the electronic design
Approximately 5 watts of power are required to operate the electronics in-
cluding the regulated power supplies In the case of high definition sensors,
this figure 1s doubled so that 10 watts are required

The second principal consumption of power is in TV tube operations
Primary power consumption increases in direct proportion to both tube
diameter and the quality of the electron optics of the television tube For
small, simple cameras, the pickup tube requires approxumately the same
amount of power as the electronics (that 1s, approximately 5 watts) but as
the tube diameter increases an additional 15 watts per inch of tube diameter
1s required Thus, for a 1/2 inch tube, 10 watts are required, while for a
one 1nch tube, 15 watts are consumed It 1s estimated that for a four inch
return beam vidicon with high quality electron optics, the power requirement
15 of the order of 65 watts

Since the principal use of power in high definition systems 1s in the
actual operation of the tube and 1ts associated electron optics, it 1s doubtful
that significant power conservation can he obtained with large scale
integrated circuits

Data Output The output from a TV sensor is inherently in analog
form For long range communications, 1t i1s generally most advantageous to
transmit the sensor information in digital form at a rate which may be lower
than the sensor output rate These requirements lead to system support re-
quirements which must be selected so as to introduce a minimum loss in
information content which 1s generally specified 1n terms of loss mn
resolution An optimum data handling system would thus result 1n no loss
in sensor system resolution but this result can only be obtained with a care-
fully designed data management and transmaission system
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Data transmission 1s not a part of this study so that it 1s not possible
to define a data management subsystemmn However, data handling require-
ments can be established i1n a broad sense based on the characteristics of
the sensor output data

As discussed previously, the output analog signal bandwidth required
1s given by

ZbAf 2
r

te

Af =

Three characteristics determine the output video bandwidth required,
that 1s the sensor area scanned, A, the resolution of the sensor, f., and
the readout time, tf Once the sensor characteristics, that is the resolution
and wmage area, are selected, the only parameter of choice 1s the readout
time, tf As indicated in Table 4-11, there are characteristic readout
times associated with sensor types so that there 1s not always a wide latitude
of choice i1n selecting a readout time, especially for high resolution tubes
To reconcile the conflicting requirements of wide bandwidth and long readout
times, 1t 1s common practice to select sensors which are compatible with
slow scan readout

It 1s clear from the data in Table 4-11 that a return beam vidicon with
an ASOS photosensitive surface offers the best compromaise between high
resolution and slow scan readout While the capability of slow scan operation
may not be the only criterion for selecting a given sensor type, 1t 15 obvious
that extremely wideband data will be generated by the combination of large
image area, high resolution, and fast readout This 1s evident 1n Figure
4-45 which 1s a plot of bandwidth as a function of readout time for several
combinations of sensor resolution and scanned area Unless slow scan
operation 1s used, electrical bandwidths of several megahertz are required

As a general rule, thick sensitive surfaces have poor 1mage charge
retention characteristics so that 1t 1s necessary to scan at a rate which 1s
close to the optimum scan rate If rates either slower or faster than the
optimum scan rate are used, then a loss in resolution results Since faster
rates are not significant, there 1s a basic question of the longest storage
time which can be used without significant loss in sensor resolution A 10
to one increase 1n storage time does not significantly degrade sensor resolu-
tion so that for a 10 second characteristic time, a maximum readout time of
100 seconds can be used as a bandwidth conservation scheme., This would
result in 2 loss of inherent resolution of 10 to 15 per cent, but will reduce
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the required bandwidth by an order of magnitude. Just what degradation 1s
acceptable 1s beyond the scope of the scaling law but 1t 15 obvious that very
wide bandwidth output signals result in very complex data handling systems
If digital storage and communication are assumed, 1t will be necessary to
have wide band analog to digital converters for wide band video signals
While such devices are feasible, they have limited dynamic range so that it
would be necessary to develop a conversion system which meets wideband,
high dynamic range requirements,

The bandwidth of the output video signal from the sensor determines the
data rate Thus, Figure 4-45 can be used to establish the trend in data rate
per image Difficulties arise when a direct conversion from analog band-
width to bits per second 1s attempted In data transmaission it i1s common
practice to characterize digital systems as bandwidth conservation devices
However, from the point of view of data conversion it follows directly that
the data rate in bits per second 1s determmned directly by the number of
resolution elements in the image and the dynamic range Thus, if there are
N TV lines in the image there are N2 picture elements in a square wrnage
If 1t 15 required to retamn k shades of grey in the image data, then the data
rate per umage 18

Data Rate/Image = G N2 bits/image (27)

where G = number of binary bits required to represent k shades of grey
and if the 1mage 1s scanned 1n tf seconds, then

2
Data Rate = Gf bits/second (28)

f

2
Thus, 1fa 0 25 1n area 500 line TV system 1s scanned 1n one second witth
64 shades of grey (6 bits) then the data rate 1s

5
6x2 1
DR = =% ?X O pits/second = 1 5x 10° bats/second (29)

However, the analog bandwidth of the video amplifier 1s, from Figure 4-45,
approximately 80 kilohertz so that there 1s not a one to one correspondence

between the analog waveform and its digital representation
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Image Motion Compensation The requirements for image motion
compensation are basic to the generation of imagery of a given resolution.
An inherent conflict exists between image motion during exposure and the
duration of the exposure time It may be required to have long exposure
times and with certain television pickup tubes 1t 1s desirable to have con-
tinuous exposure On the other hand, there are basic difficuities 1n
obtaining higher and higher levels of image motion compensation which con-
s1sts of angular motion due to translation of the mage sensor plane and the
steadiness of the sensor mount during exposure

Linear image motion compensation can generally be accomplished by
a single axis correction of the angular motion This leads to requirements
for so-called V/H sensors which generate a control signal to maintain a
constant look direction for the 1mage plane during exposure This can be
accomplished in many ways, either actively or by direct computation
Linear motion compensation of as much as 95 per cent 1s current state-of-
the-art so that residual errors are small

A severe limitation 1s imposed by the random angular motion resulting
from uncontrolled and frequently uncontrollable vibrations of the sensor
mounting structure If the sensor 1s mounted on a gimbal to 1solate 1t
from the spacecraft,then the limit cycle of the gimbal mount produces
residual, random motion of the image plane. Iakewise, 1f the sensor 1s
hard mounted to the spacecraft,then the attitude control system of the
spacecraft may have a limit cycle so that the results are not significantly
different Any moving parts on the spacecraft will generate motion noise
in the sensor during exposure

It 15 extremely diufficult to trade off random motion compensation
against resolution at the outset of a system design since 1t 1s handled most
meaningfully as a modulation transfer function in the sensor system MTEF
chain As shown in Figure 4-34 in the discussion of the MTF approach to
sensor system design, linear image motion has a modulation transfer
function which 1s given in normalized form by

ak
T - TR o

where

a 1s the magnitude of the uncompensated 1mage motion in the
image plane in millimeters

k 1s the spatial frequency
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The quantity "a' 15 a function of the focal length, f, the angular rate, w,
and the exposure time, Atg, m the form

a = fwAt
e

It 1s first necessary to determine the optical parameters and the exposure
time before placing requirements on the linear motion compensation

Experience has shown that random motion 1s generally the most severe
uncompensated motion encountered in imaging sensors As shown 1n
Figure 4-35 random image motion due to mount unsteadiness is given by an

MTF 1n the form

T (k) = e (szazkz) (31)

where k 1s the spatial frequency and '"a'' 1s the rms value of random i1mage
motion 1n the image plane As before, 1t 1s given by

a = fwat (32)

but now w 1s the rms value of the angular steadiness of the sensor mount

Typical values for w are in the range of 50 to 500 arc seconds per second
which may present difficulties when long focal lengths or long exposure times
or both are required [t has been estimated that with a sophisticated servo
system or an extremely '‘tight" spacecraft control systems, the rnount
steadiness can be reduced as low as 5 arc seconds per second but this level
of control would require significant development

Actual specification of image motion compensation 15 properly a part
of the design procedure since uncompensated motion 1s a basic quantity to be
traded off in the man:pulation of MTF's, focal length, and exposure time to
arrive at a complete system specification For estimating purposes, the
guantity "a'' may be used with the requirement that the total motion not ex-
ceed one TV line

Since

a=FfwAt (33)
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and one TV line represents one half of an optical line pair then "a'' 1n
millimeters 1s given by

1
a = —z"f-— (34)
r

where fr 15 the sensor resolution in lines per mm

Therefore, for estimating purposes

1

© =3 gat (35)

This represents the total allowable uncompensated image motion If it 1s
required to specify the motion compensation and mount steadiness separately,
the two values of w are combined as an rss

(36)

where
w, 18 the total allowable angular motion degradation

w; 18 the uncompensated image translation

W, 15 the mount steadiness

The two types of motion may be apportioned to remain within the allowed
degradation

The first order procedure given above has basic limitations because it
15 based on the assumption that adequate 1image forming light 1s available to
obtain the limiting resolution of the TV tube with reasonably short exposure
times Furthermore i1t assumes high scene contrast System degradation
can be estumated as a function of exposure or low scene contrast from
Figure 4-38 However, 1f a detailed tradeoff analys:is 1s required, then the
procedure given below must be followed It i1s particularly appropriate for
large area, high definiton TV tubes of the RBV type with ASOS photo surfaces
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where adequate data on tube performance 1s available It can be used for
other TV tube types but it 1s at best an approximation since 1t 1s difficult
to predict the quantum limited resolving power function based on manu-
facturer's data Likewise the modulation transfer function of the electron
optics can only be approximated, If no other data are available, then the
modulation transfer function of the 2-mil aperture shown in Figure 4-31
should be used Understanding the approximate nature of the approach, the
procedure detailed 1n Figure 4-46 can be followed

FIGURE 4-46

IMAGE FORMING SYSTEM SCALING LAW

I DETERMINE MISSION IMAGING REQUIREMENTS AND LIMITATIONS
1 Planetary mission geometry and dynamsics
A Range from spacecraft to planet surface

(1} First encounter (longest range at which imagery 1s to be
obtained)

(2} Minimum altitude at erther of the following
{a) Perigee
(b) Termainator 1s just out of the geometric field of view
B Time available for imaging planet visual surface
C  Spacecraft velocity relative to planet visual surface
2 Establish available image forming light level
A Solar constant at planet
B  Planetary reflectivity {Albedo)
C Reflectivity model

D Compute available light level as a function of viewing geometry
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FIGURE 4-46 (Continued)

Delineate imagery requirements

A

Visible surface spatial resolution

(1) Best

(2) Mimimum acceptable

Visible surface coverage required

(1) Minumum acceptable

(2) Overlap and nesting requirements

(3) Location preference, latitude, longitude
Spectral range 1f different from visible spectrum
(1) Spectral band(s)

(2) Spectral resolution

(3) Simultaneous versus sequential spectral coverage.

DEFINE SENSOR SYSTEM REQUIREMENTS

1

First order design procedure (static conditions)

A

Assume characteristics of high definition T V. camera (Fig-
ure 4-32) to establish resolving power function (fr)

Based on available image forming light, compute the required
exposure time to meet the resolving power requirements for
both high contrast and low contrast scenes

(1) Assume diffraction limited optics and compute the expo-
sure, E, as a function of exposure time, teo, with aperture
ratio, N, as a parameter from the expression
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FIGURE 4-46 (Continued)

where B i1s the scene luminance at the planet from I 2
above

T 15 the optical transmittance, taken as 0 9 for
high quality potics

Use values of N greater than 4 Lamait the value of E to
twice the mean exposure value indicated in Figure 4-32,

Select values of f,. from Figure 4-32 according to the
following criteria

(a) Scene contrast (modulation) expected

(b) Exposure time, t, Observe that exposure time for
single exposure operation (which 1s assumed) cannot
be extended indefinitely due to charge leakage at the
photosensitive surface For the data given in Figure
4-32, an exposure time of 2 seconds or less 15 1n-
dicated

Select one or more values of aperture ratio, N, to obtain
the selected value of f. for a range of exposure times, tg
Notice that N and te may be traded for a selected value of
£

Select an 1mage plane format size For the high definition
RBV considered, two basic sizes are available

2
() 125mm (11 2 x 11 Zmm) - one inch dia tube
2
(b} 2500mm (50 x 50mm) - 4 5 inch dia. tube
Intermediate format sizes could be made available 1f

required but high definition tubes in excess of 2500mm
area are beyond the current state-of-the-art
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FIGURE 4-46 (Continued)

(5) Determine the optical parameters of the system

(2) The linear object space surface resolution of an
optical sensor 1s given, to a first approximation, by

_ h
G = 77
E

where G 1s the surface resolution

h 1s the distance to the object space being
imaged

f+ 15 the sensor resolution in optical line
pairs per millimeter

f 1s the focal length of the optical system 1n
mzillimeters

Note that G 15 in the same units as h Determane the
required focal length from the required surface
resolution, the value of f,., and the distance to the
visual surface Note that the focal length 1s limited to
values less than 4000mm (240 inches)

{b) Combine the value of focal length, f, and aperture
ratio, N, from I 1 B.(3) above to obtain the optical
aperture diameter

f
Po " W
(c) Combine the format size of linear dimension, £, with

the focal length, f, to determine the field of view of
the sensor

i

tan ef2 = 5%
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FIGURE 4-46 (Continued)

and determine the linear surface coverage, L, ata
viewing distance h from the geometry

(6) Design Interaction

(2) Depending upon initial and final viewing conditions, it
may be necessary to repeat the design procedure
several times to arrive at a tentative design which
meeis mission requirements in at least one or mozre
major objectives

(b) If a state-of-the-art limited design does not meet
mission requiréments, the following design choices
are available

(1) Reduce viewing distance

(2) If appropriate, use more than one TV camera
system to obtain the required combination of
surface coverage and surface resolufion

{3) Use a combination of TV camera systems with
varying fields of view and surface resolution to
obtain a compromise between coverage and visual
surface resolution

III SYSTEM DESIGN REFINEMENTS

The procedure given in Il above does not cover the dynamics of image
motion during exposure To a first approximation, motion in the image
plane of the instantaneous field of view 1s given by

a = fwt
e
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FIGURE 4-46 {Continued)

where a 1s the motion of Airy Disc in the image plane

w1s the angular rate of the optical axis n rad/sec
f 1s the focal length

te 1s the exposure time

Depending upon the value of "a' the resolufion of the resulting imagery
may be degraded To compute 'a'' for the selected values of "'f'' and "t "
determaine "w'' as follows

1.

The angular rate of the line-of-sight 1s made up of two parts the
linear motion component, and the sensor mount steadiness com-
ponent The two components, assumed to be independent, are com-
bined by rass to establish a total value of w

Linear motion 1n the image plane during exposure results from an
angular rotation of the optical line of sight at a rate given by

{0 -

b1
1 h
where VH 1s the horizontal velocity of the object plane resulting
from

w; the spacecraft velocity, and the rotation of the planet
h 1s the view distance

A large part of the horizontal motion may be removed by 1mage
motion compensation (IMC} State-of-the-art limits on IMC are

95 percent compensation with suitable computation and sensing An
uncompensated component of linear mofion results from a change
1in viewing distance during exposure when the direction of look 1s
oblique {see the discussion in Ref 11, pp 98-99)

Random motion 1n the image plane during exposure results from
sensor mount unsteadiness 1n the form
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FIGURE 4-46 (Continued)

where ¢ 1s the rms value of the mount steadiness Values of ¢
may range from 500 arc seconds per second for a conventional
sensor mount to as small a value as 5 arc seconds per second for a
state-of-the-art projected multiple control loop system with ex-
ternal supervision

If sensor mount steadiness requirements are severe, then a major
impact on support requirements results since it may be necessary to
mount the complete sensor package on a gimbal structure The
trend 1n power required to support large diametier optics on a
gimbal 15 indicated 1n Figure 4-8

4 The total uncompensated angular motion 1s

5 The value of "a'" which results from the angular motion may be used
to establish a dynamaic value of f,, or the image motion limit may be
established so as not to degrade f;.. The criterion used to prevent
significant degradation of f,. 1s

as
25

Within state-of-the~art limits, several design choices can be made
but 1f the criterion on "a'' 15 not met then it 1s necessary to accept
the value of 'a'" as the limiting resolution and reiterate the design

beginning with Step II above

SUPPORT REQUIREMENTS

Establish the support requirements for the TV system given in Para-
graph 4 3 2 3 under "Support Requirements! making certain that, if a
gimbal 1s used to obtain extended exposure fime, the power to control
the gimbal 1s included in the Power Reguirements Also observe that
1f more than one camera 1s used to obtain extended surface coverage,
then the support requirements must be multiplied by the number of
cameras used
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FIGURE 4-46 (Continued)
MULTI-SPECTRAL IMAGERY

With minor adjustments, the procedure given above can be used to

establish support requirements for a TV system when spectral filtering

15 used The procedure given in Steps I through IV above are to be

followed with the following adjustments

1 Recompute the value of the exposure under the assumption that the
spectral band-pass filter in each spectral region has a rectangular
response characteristic The response of the filter 1s assumed to
be unity over the spectral range The value of the irradiance can
be determined from a numerical integration of the solar spectral
irradiance (Figure 4-1) integrated over the spectral passband of the
filter and scaled to the distance of the planet from the Sun In com-
puting the exposure, decrease the optical transmaission to 0 8 to
account for filter scattering loss To account for the spectral
response of the photodetector (assumed to be ASOS) scale the value

of irradiance by the average value at spectral band center of the
"standard observer' curve *

HIGHER ORDER DESIGN PROCEDURE

The procedure given above 1s based on the assumption that a relationship
between exposure and resolving power has been established For other
TV sensor types or for complete specification of the high definition type
considered, a more complete system design may be regquired The pro-
cedure 1s tedious but essentially straightforward provided that an
adequate description of the sensor i1s available It is recommended that
references 9 and 11 be followed for the detailed computation required
since the procedure given below 1s based on the procedures developed in
the references

The design procedure 1s summarized below
1 Establish modulation transfer functions for each of the principal

components of the camera system to include at least the following
(a) Optics, (b) Television tube electron optics, (¢) Image motion and

# The standard observer curve is well approximated by the shape of the i1r-

radiance curve of Figure 4-1 with a scaled value of one at A = 555 mic-
ron. If other photosensifive surfaces are used, periorm the numerical
integration of the product of the spectral irradiance and the relative spec-
tral response of the photosensitive surface
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FIGURE 4-46 (Continued)

mount steadiness If TV tube characteristics are unknown,
estimate electron optics MTFEF Use the standard 2 mail aperture
reading beam for conventional tubes or if new developments are
indicated, the MTF of either the so-called "super beam!' with a

0 7 mal aperture or the high resolution beam with a 1 mil aperture
are used It 1s not recommended that the MTF's for image motion
and mount steadiness be included in the design process until ex-
posure time has been established at least tentatively This will
require 1terative application of this procedure until a suitable
composite MTF has been established

2  Determine the 1mage plane :llumination available as a function of
geometry, spectral bandwidth, and optfical parameters This will
be a function of exposure time so that several values of exposure
time must be selected to feed back into step (1) above for generating
motion MTF's Lakewise, the dynamic range of the image plane
illumination 1s established in this step to assure compatibility be-
tween sensor characteristics and exposure levels

3 Compute the quantum limited resolving power function of the sensor
based on the data of step (2) above and the procedure given in Ref 9
This implies one additional exercise of judgment since 1t 1s necessary
to estumate the object plane contrast Latitude of choice exists but
it 1s common practice to first assume high contrast conditions (that
1s mop = 1) and then "test!' the design for low contrast (that is
mg =0 1) However, if a reasonable estimate of scene contrast can
be made at the outsetf then this value should be used in computing the
guantum limited resolving power function

4  Graphically establish the system resolving power function by combin-
ing the quantum limited resolving power as a function of exposure
with the camera system MTF including, as appropriate, the MTF's
of image motion and mount steadiness to establish the functional
characteristics of the camera

5 Define the optical parameters compatible with sensor requirements
to establish field of view, aperture diameter, focal length, format
size, etc

6 Establish support requirements based on the system design steps
See Para 4 3 2 3

* These data are only available for a limited number of tube types If not
available, use vidicon or image orthicon data depending upon light
sensitivity of photosensor
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4 3 3 Scanmng Image Forming Systems

4 3 3 1 Design and Performance

Image formuing sensor systems based on discrete detectors can have
many forms They may range from a large rectangular array of discrete
detectors to a single detector which 1s scanned in one or two dimensions
Scanmng system configurations have proliferated as a result of the large
number and range of functions which scanned systems can be postulated to
perform Both object plane and image plane scanners have been proposed but
the most common type 1s the object plane scanner Image plane scanners,
while advantageous from the point of view of reduced mechanical scan
requirements are generally difficult to mechanmize both optically and mechani-
cally They have not found wide application so that object plane scanmng 1s
the only type considered as realistic for planetary investigations

Even for object plane scanners, the number of possible detector
array-scanner configurations is large Most image forming scanning systems
for spacecraft and aircraft use a single axis mechamcal scan device whach
scans transverse to the direction of the velocity vector Several detectors
are arranged in a linear array in the direction of motion to reduce scan speed
requirements Alternatives to mechanical scan are the so called push~broom
configurations in which a linear array of detectors 1s arranged perpendicular
to the direction of motion A two dimensional 1image 1s obtained by the
forward motion of the vehicle

Push-broom scanners, while conceptually simple, are basically limited
by the largest linear array which can be built and the inherently poor spatial
resolution The problem 1s further compounded 1f the detectors require
cryogenic cooling since any temperature gradient across the array could
result in false signals or signal loss 1In addition, since each detector would
have a separate output, the stability and rnatching of the detectors would
impose severe design problems As indicated previously, most IR detectors
operate stably only when the input 15 chopped or modulated This implies
a-c coupling at the output of the detector and for impedance matching purposes
transformer coupling 18 usually required The overall problem 1s then one
of circuirt components Lirmiting the design approach  The net result 1s that
the inherent limitations of detector technology generally preclude the use of
long linear arrays i1n a push-broom configuration

The Iimitations of long linear arrays apply to rectangular arrays of
detectors The resolution of a rectangular array 15 determined by the
smallest detector which can be built while the object plane area covered 1s
determined by the largest array area which can be assembled Arrays as
large as 100 x 100 elements of detector sizes in the range of 0 1 mmillimeters
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are claimed to be feasible but the overall problems of such arrays have not
been solved in any real or postulated system It might be assumed that a
large array of IR detectors might be useful for planetary investigations to
obtain even a crude thermal or spectral radiance map However, the
problems of balancing or referencing each detector to a common level and
maintaining umform response of all the detectors preclude active considera-
tion of large detector arrays for planetary investigations

The most frequently used form of imaging with discrete detectors 1s
a mechanical scan system in combination with one or more detectors in a
linear array oriented in the direction of vehicle motion The resolution of
such systems 1s still limited by the smallest size detector that can be placed
in the image plane A moderately long array 1n the direction of motion
greatly reduces the requirement for high scan speed Up to 10 detectors
can be arranged 1n a linear array and since the detectors are in line with the
direction of motion, the effective scan speed requirements are divided by
the number of detectors

This approach has other advantages, since any system of discrete
detectors which are scanned 1s limited by the response time of the detector
and the information bandwidth of the output amplifier Most currently used
detectors have response times of the order of 10 microseconds or less so
that response time 15 generally not a laimitation However, 1f T 1s the time
avallable for a resolution element 1n the object plane to pass through the
instantaneous field of view of the optical system at the detector, then the
mimmum electrical bandwidth without sigmificant signal loss 1s

1
Af = 5= (37)
In terms of the scan rate this can be expressed as
6F
Af = 57 {38)

where
@ 1s the angular scan rate in radians per second
F' 15 the focal length of the optics
£ 1s the detector linear dimension in the same units as F

Since Af 1s the approximate noise bandwidth it 1s advantageous to operate at
as low a scan rate as possible to maintain high signal-to-noise ratio

4-160
SD 70-361-1



’ Space Division
North Amencan Rockwell

Image forming systems based on discrete detectors are most commonly
used in spectral regions where television systems do not perform They are
most frequently used 1n the IR portion of the spectrum as thermal mappers
to detect the thermal self emission variations or the reflected solar radiation
in the object plane From the system design point of view the two cases are
not essentially different but thermal mappers are most frequently described
in terms of the mimimum detectable temperature difference which the mapper
can detect 1n a given spectral region Performance 1s then specified either
as the mimmum detectable temperature difference or as the noise equivalent
temperature difference (NEAT) The NEAT represents a temperature
change 1n object space which results in a signal-to-noise ratio of one It
can be shown that the NEAT 1s given by

NEAT = NEP (39)
2 H
Wa———-

where

NEP 1s the noise equivalent power

g

1s the instantaneous field of view solid angle of the detector

kg

o2H 18 the slope of the blockbody radiance curve of temperature

@

T 1in the spectral region of interest

¢

For mapping an extended object plane which is 1lluminated by an
external source such as solar i1llumination, which 1s reflected selectively,
a somewhat more 1nvolved procedure may be required If the reflection
process of the solar radiation 1s independent of frequency, then the procedure
used 1n describing mapper performance 1s the same as for thermal mapping
The reflected solar radiation can then be considered as a thermal source of
equivalent block body temperature equal to the sun, approximately 5000 degK,
to establish the spectral content The intensity of the radiation 1s determained
by the distance from the sun, the viewing geometry and a simple reflection
coefficient This procedure 1s probably sufficient for planets without a
gaseous atmosphere but care must be exercised when the reflection process
18 highly spectrally dependent Highly spectrally dependent reflection and
transmission processes are characteristics of gaseous atmospheres and are
further complicated when particulate matter in the form of dust, aerosols
and condensates are present Even crude estirnates of system performance
are difficult to establish For these reasons the performance 15 generally
estimated in terms of the voltage signal-to-noise ratio in the form
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A
f D* (\) W (M) dr
N

Vs K 1 (40)
Vn 1/2
[842¢]
for detectors which are described by D¥* and
1/2
Aoy !
K h[ R{N) W (X)) dx
1
Is
In deAf (41)

for detectors which are characterized by a responsivity, R The spectrally
dependent function W (X} 1s the equivalent signal radiant power which may
be an extremely complex function so that the integral of the product of the
detector response and the source power require numerical integration

As with any sensing system which results 1n an 1image, the question of
speciufying performance presents certain difficulties Theoretically a
mapping system can be described in terms of a modulation transfer function,
the scene modulafion or contrast and the mimimum detectable difference
signal-to-noise ratio However, an equivalent resolving power function for
a discrete detector 1maging system does not have the same meaning as for
a continuous system such as TV because the spatial resolution i1s deterrmined
by the smallest detector which can be used The problem 1s more one of
mimmum detectable signal-to-noise ratio For visual imagery, this difference
15 3 6 so that two resolved areas which exceed a threshold, can be distin-
guished as different in temperature or different in spectral reflectance 1f
the signal-to-noise ratio differs by at least 3 6 The threshold i1s partly
subjective but a value of 3db 15 commonly used The number of steps of
contrast or reflectance difference which can be distinguished 1s then a
function of the overall signal-to-noise ratio

4 3 3 2 Scanning Imaging System Scaling Liaws
The scaling laws for scanning optical systems using point detectors

are conceptually similar to non-image forming optical instruments with three
different features
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1 A scannming mechanism, usually in the form of a scanning mirror,
1s added to scan the optical aperture of the sensor telescope 1n a
direction transverse to the direction of motion of the spacecraft
surface velocity vector

2 The time constant of the detector or detectors is significant
because the available observation time 1s limited by scan velocity
The concormtant to this 1s the bandwidth of the electronics which

must be relatively wide to allow contiguous coverage of the object
field

3 The resolution, spatial, spectral, or temperature 15 relatively
crude Spatial resclution 1s limited by the smallest detector size
obtainable while spectral and temperature resolution are limited
by the integration time Integration time can be increased by
using a linear array of detectors oriented in the direction of
motion but the longest feasible detector array 1s of the order of
10 detectors of the photoconductive and photovoltaic type For the
visible spectrum this restriction may be alleviated by the use of
fiber optics to transmat light from the telescope focal plane to the
sensitive surface of the detector However, fiber optics are lossy
with typical transrmissivities in the range of 0 6 for a one foot
fiber length Low light level may therefore preclude the use of
fiber optics to obtain a large array of photomultipliers

The optical requirements and/or arrangements of scannmng systems are
all similar TFunctional differences are incorporated in the focal area
depending upon specific functions A general concept of a scanner 1s shown
in Figure 4-47 To reduce scan speed requirements an array of deteciors
can be substituted for the detector-filter wheel shown If a linear array of n
detectors 1s used,then the angular scan rate can be divided by In addition,
various optical arrangements can be used to divide the incident flux into
spectral bands Dichroic marrors are commonly used to divide the flux
into the visible-UV regrons and the IR In addition, a dispersive prism may
be placed at the exit aperture to obtain spectral separation in the visible
These techniques are exemplified i1n the Multi~-Spectral Point Scanner (MSPS)
of the Earth Resources Technology Satellite (ERTS) program A layout of
the optical arrangement 1s shown in Figure 4~47 Laght 1s transferred from
the focal plane of the dispersion prism to ar array of photomultipliers by
means of fiber optics Preliminary characteristics of the instrument which
18 currently under development by Hughes Aircraft Corp are given in
Table 4-12 The MSPS 1s intended for multispectral mapping of the Earth
from an altitude of 500 miles Laght levels are high while orbital velocities
are intermediate The scan technique used 1s to oscillate the externalmirror
at a 15 Hz rate Referencing or gain control is by means of an external
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Table 4-12
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Parameters of MSPS for ERTS

Oscillating mirror

Total scan angle + 3 8 degrees
at 15 1 Hz, 13 7 by 9 4 inches
Flexure pivots with ""speaker
coil" drive

Optics

9~1inch Cassegraiman with 4-i1nch
secondary mirror, f/3 3

Instantaneous field of view

0 067 malliradian

Spectral bands and detectors

1) 0 5to0 6 micron photo-
multiplier tubes

2) 0 6 to 0 7 micron photo-
multiplier tubes

3) 0 7to 1l 1 micron silicon
photodiodes

4) 10 4¢t0 12 6 macron IR
photoconductor

Fiber optics for transmission
to detectors

21 ~ 0 002 inch glass fibers

Number of lines scanned/band

7 for bands 1, 2, and 3
2 for band 4

Lairmating resolution

~100 feet for bands 1, 2, and 3
~450 feetf for band 4

S/N at 200 feet resol , H=500 nm

26db at DC spatial frequency
~14 to 18 db (peak to peak/rms)

Noise equvalent temperature

1 degree at 300° K

Temperature for detector

80° K

Weight ~ 63 pounds for bands 1, 2, and 3
43 pounds for IR
Power 15 watts, wvisible

+40 watts for IR cooler
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mirror which 1s pointed at the sun The scan mirror '"looks" at the
reference marror at the beginning of each oscillafion to establish a fixed
radiation level at the detectors

Specific scaling laws by function differ principally in the computation
of aperture requirements to obtain a given signal-to-noise ratio Since the
end result of a scanning system 1s an 1mage, the requirements for imagery
usually impose high signal-to-noise ratio For imagery equivalent to com-
merclal television standards a signal-to-noise rafio of approximately 40 db
15 required A somewhat lower value of signal-to-noise ratio may still give
useful imagery but a mimumum value of 20 db 1s required for interpretation
purposes Signal-to-noise ratio calculations, as afunctionofaperture, are not
signmificantly different for 1maging system than those used for spectroscopic
computations with the exception that the geometry and scan speed are used in
place of the bandwidth to indicate dependence on these parameters IHowever,
procedural practices in IR thermal mapper design are usually based on a
statement of mimimum detectable temperature so that a detailed procedure
for thermal mappers 1s given with appropriate alterations indicated for
other spectral regions

Scaling Liaw for Thermal Mapper The scaling law for thermal
mappers 1s based on the noise equivalent temperature difference NEAT 1n a
given spectral band at the peak of the blackbody {actually greybody) radiation
curve The peak of the thermal radiation can be established from the
Stephan-Boltzman radiation law from the known or estimated thermodynamac
temperature in the object field The temperatures for the planets are given
in Table 4-3

Based on the parameters of the detector and optical system the noise
equivalent temperature difference 1s given by

‘IT‘/Ad Af
oH

NEAT _( )
— A_QD, 1
o A
oT T,N, A\

(42)

where
Aq 1s the area of the detector
Af{ 1s the electrical bandwidth
9H 1s the slope of ematted power at a blackbody temperature T,

9T peak wavelength, A\, in the spectral band Ak  See
paragraph 4 2 3
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Ag 1s the area of the collecting optics

Q 1s the instantaneous solid angle field of view of the optics

D\;\ 1s the specific detectivity of the detector averaged over A)
n 1s the system efficiency 3

It 18 customary to express NEAT in terms of the angular scan speed
of the detector and the viewing geometry The bandwidth required 1s related
to the scan speed through the time that it takes one surface resolution
element to pass through the field of view of the optics, that 1s

1
Af = —
f T (43)

For a linear array of n detectors the dwell time 1s multiplied by
the number of detectors so that

Af = — (44)

For a swath width, W, transverse to the heading direction, a surface
resolubron, G, a ground speed Vg at an altitude h, the expression for NEAT
can be converted to

1/2
> [Ad WVg]
mh™ |——
2n
NEAT = (45)
oH 3
3T A G Dn

For a given aperture area (Ay), a set of trajectory parameters (Vg,h)
and observation requirements (W, G, T,) a detector array of n detectors can
be selected to mimimize NEAT The value of n to be used including elec~
tronic and optical system losses 1s of the order of 0 5 For a detector of
known dimensions 1t must be established that the optical system meets the
requirement

d = N\ (46)

where
d 15 the detector linear dimension
N 1s the optical system aperture ratio
A 1s the wavelength of the radiation
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This point may seem obscure but it points up the fact that decreasing
the ground resolution at a fixed altitude 1mplies decrease in angular resolu-
tion or an increase 1n aperture diameter This procedure cannot be carried
out 1ndefinitely without adjusting the optical parameters since for a fixed
detector size, £ , it follows that

£= ND_a (47)

where
£ 1s the detector dirmension
N 15 the aperture ratio
D, 1s the aperture diameter
& 1s the angular resolution of the optical aperture

If £ 1s fixed, then the only way to match £ to the aperture 1s through N  If
N 1s taken as the aperture ratio of the collecting optics, then extremely long
focal lengths would result 1f the aperture requirements are large to obtain
small angular resolution To overcome this limitation it 1s common practice
to use a field lens to reimage the focal plane of the primary optics on the
detector The value of N, the so-called '"speed'’ of the optical system, 1s
then understood to be the "f/number" of the field lens There 1s a basic
conflict between spatial resolution determined by the aperture diameter and
system sensitivity imposed by the generally large values of N necessary to
match the primary optics to the detector

Alternatively, the aperture area required to obtain a given noise
equivalent temperature difference at a given surface resolution can be used
for scaling purposes In any event, the scaling 1s accomplished within the
state of the art limits given i1n Table 4-13 The scaling procedure is sum-
marized in Figure 4-48

Table 4-13 State of the Art Lamats for IR Thermal Mappers

Aperture Diameter 100 inches
Focal Length 240 inches
Number of Detectors in Linear Array 10
Minimum Detector Size ¢ 1mm
Maximum Wavelength 20p
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4 3 3 3 Support Requirements

-~
System Weight The weight of the telescope and scanning mirror are

determined from the data given in Paragraph 4 2 2 above The weight of
the detectors and auxiliary components are determined from Table 4-8 If
cooling 1s required, the scaling factors from Table 4-7 are used

System Volume The volume of the telescope and scan mirror are
determained from Paragraph 4 2 2 above The auxiliary components are
sized based on the data of Table 4-8

System Power The scan mirror power requitrements are determined
from Paragraph 4 2 2 above

For the detector array a power consumption of 0 1 watt per detector
1s required A reference source 1s generally required so that an additional
allowance of 10 watts 1s made for the source If cooling 1s required for the
detectors, the values given in Table 4-7 are used

Data Rate The data rate of the mapper 15 determined by the rate
at which the i1nstantaneous field of view of the aperture 1s scanned over the
swath width and the dynamaic range of the signal In terms of the system
parameters this becomes

DR = —/- (48)

where
w 1s the scan rate
@ 1s the angular resolution

R 1s the dynamaic range of the signal

Depending upon the compromise between sensitivity and resolution,
the dynamic range 1s between 4 bits and 6 bits For scaling purposes a
dynamic range of 64 shades of grey are assumed so that 6 bits per resolu-
tion element are used If more than one detector 1s used to reduce the scan

e

rate then the data rate becornes N

nwRk
o

DR =

Where n 1s the number of detectors
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Platform Stability The platform stability requirements are determined
in the same manner as for TV systems but are computed on the basis of an
equivalent exposure time which 1s given by the dwell time during the scan
The stabilization requirements are determined under the assumption that
motion in the 1mage plane 1s limited to one half of a resolution element
The uncontrolled angular motion must then be restricted to

g = zifé (50)
where
£ 1s the detector size
f 1s the focal length
t 1s the equivalent dwell or exposure fime
But
t = %— (51)
where
o« 15 the angular resolution
w 18 the scan rate
so that
g = Lo (52)

4 3 4 Photometers and Scanning Spectrometers for the Visible and
Ultraviolet

With switable adjustments 1in the orbital parameters and the weight
scaling laws for optical systems given in Table 4-4, the procedure given in
Reference 2 for UV scanning systems can be used directly to form scaling
laws for scanning 1maging systems 1in the visible and UV portions of the
spectrum
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Several factors lead to specification of required aperture They include,
sufficient light gathering for the scan speed dictated by effective ground
speed and time available to cover the planet with a given spatial resolution,
range from the Sun, light reflected, and the width and central wavelength
of the spectral region to be covered

The photometric functions are taken from Reference 2 The aperture

s1ze requirement was given in Reference 2, as a function of altitude and
surface resolution required

cos

r = RAP -1 (53)
* [(R/R+H)2 - s p) 1/2

sin Y W
rg = RSA(Z! = Ap R—-———-—Slnﬁ, V= o (54)

where ry and ry are surface resolution values required normal and paraliel
respechively, relative to the heading direction, AP 1s the angular resolution
of the sensor, R 1is the planet radius, H the altitude, and W 1s the arc length
of a great circle to be covered

If the exit aperture at the 1mage plane 1s limited by a stop of ( § x) cm
diameter, the resolution may be represented by

dx N
A ——DO-""'" (55)

Hence a relation for diameter of the objective mirror follows from
the surface resolufion and altitude requirement Another relation that would
lead to aperture diameter would be light gathering power needed to obtain
an acceptable signal-to-noise ratio for a given bandwidth This latter rela-
tion 1s independent of range to the planet for ranges close enough that the
1mage of the planet disk 1s larger than the exit aperture Therefore, for
distant and/or for high speed flyby missions, light gathering requirements
may lead to aperture requirements more directly than the resolution
requirement Then after determining the aperture required, 1t may be
necessary to adjust mission parameters to obtain the resolution required
The light gathering power required 1s a function also of spectral bandwidth
Following Reference 2 (page 57, equation 3-33) the required aperture 1s

(s/vy [ w
Af chpf(l)/_\ﬂ

Dp = 3 x 10712 (56)
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where
w 1s the angular rotation rate of the scan marror,
q 1s the photodetector quantum efficiency, (Fig 3-2, Ref 2)
£(1) 1s the photometric function as a function of solar zemth angle 1

C 15 1llumination integrated over the bandpass in w/m2, (see
P Table 3-1, page 56, Reference 2)

Ad 1s the angular resolution, and

(5/N) 1s the signal-to-noise ratio (10 db for high contrast, 40 db for
low contrast targets)

Far the planets not covered in Reference 2, follow the procedure
given in Section 4 2 2 of this report to determine equivalent values of Cp

4 3 4 1 Support Requirements

System Weight The weight of the telescope and scanmng mirror are
determined from the data given in Paragraph 4 2 2 above The weight of
the detectors and auxiliary components are determined from Table 4-10

System Volume The volume of the telescope and scan mirror are
determined from Paragraph 4 2 2 above The auxiliary components are
sized based on the data of Table 4-10

System Power The scan mirror power requirements are determined
from Paragraph 4 2 2 above

For the detector array, a power consumption of 0 1 watt per detector
1s required

Data Rate The data rate of the mapper 1s determined by the rate at
which the instantaneous field of view of the aperture 15 scanned over the
swath width and the dynamic range of the signal In terms of the system
parameters this becomes

DR = &2 (57)
where
w 18 the scan rate
o 1s the angular resolution

R 1s the~dynamic range of the signal
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Depending upon the compromise between sensitivity and resoclution, the
dynamic range 1s between 4 bits and 6 bits For scaling purposes a dynamic
range of 64 shades of grey 1s assumed so that 6 bit per resolution element
are used If more than one detector i1s used to reduce the scan rate then
the data rate becomes

nwR

DR = —p—— (58)

where n 1s the number of detectors

Platform Stability - The platform stability requirements are determined
in the same manner as for TV systems but are computed on the basis of an
equivalent exposure time which 1s given by the dwell time during the scan
The stabilization requirements are determined under the assumption that
motion 1n the 1mage plane 1s limited to one-half of a resolution element The
uncontrolled angular motion must then be restricted to

g = (59)

where
£ 1s the detector size
f 1s the focal length

t 1s the equivalent dwell or exposure time

But
o
=— 4]
t 5 {60)
where
o 1s the angular resolution
w 18 the scan rate
so that
L
= = 61
g 2fa (61)

Logic for Estimation of Size of Photometric Systems - A logic flow
diagram for the design of visible and UV photometric sensor systems 1s
presented in Figure 4-49

Entry to the logic system begins with specification of surface resolu-
tion and planet coverage requirement goals The nominal required optics
size versus bandpass relations are computed for the mission Surface reso-
lution versus areas of the planet covered are tabulated and compared with
the 1nput goals
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Figure 4-49 UV and Visible Photometer Design Logic Flow Diagram
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4 4 ACTIVE OPTICAL INSTRUMENTS

4 4 1 Introduction

Actrve optical instruments could conceptually encompass as many
instrument types as are available in active microwave sensors However,
the state-of-the-art of coherent electromagnetic energy generation in the
optical spectrum limits the types of instruments used to essentially ''range
only" devices which are essentially laser radar ox ''lidar” The closest
approximation to a lidar in the microwave region 1s the radar scatterometer
However, there are significant differences in both technologies so that the
design procedure for laser systems is generally a mixture of pulsed radar
transmatter system design and passive optical receiving system design

4 4 2 Ladar Systems

While advances in laser technology have been rapid, the following
significant features differentiate between radar and lidar technology

1 There are no satisfactory duplexing or diplexing techniques
availlable at optical frequencies so that separate transmitting
and receiving apertures are required for hidar

2 No satisfactory coherent modulation-demodulation techniques
such as frequency or phase modulation are available at optical
frequencies Therefore, pulse compression techniques for
improved range resolution cannot be used

3 While the carrier frequency of lasers 1s coherent, the modula-
tion 1s basically non-coherent amplitude modulation and the
detection 1s non-coherent envelope detection

4 The duty cycle of lasers 1s low so that pulse repetition rates are
generally 1n the range of one 1n 10 second to one per second
Likewise, while efficiency per pulse has been improved markedly,
high PRF operation 1s basically confined by heat transfer
limitations

The basic simailarity between lidar and radar is that system design is
based on a set of deterministic equations with external constraints in the
form of required functions such as range and/or range resolution or in
system limitations such as peak and average power capabilities The
scaling of lidars then follows a straightforward procedure with few design
iterations requred
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4 4 2 1 Design and Performance

A lidar consists of a pulsed laser and a sensitive receiver mounted 1n
close proximity ‘The laser emats a pulse of monochromatic radiation of
duration Tt (sec), wavelength A (microns), power Py (watts), and a field
beamwidth 6, (radians) A small fraction of the outgoing beam 1s directed
with a beam splitter for monitoring and timmang purposes. Radiation back-
scattered from aerosols, atmosphere, etc , 1s collected by a telescope with
effective aperature A, and acceptance angle 8, The output of the telescope
is passed through a narrow-band filter {of bandwidth AX} to the cathode of a
photomultiplier or solid state detector The output of the detector, when
properly calibrated, gives information on the properties of the medium
which backscatters the pulsed radiation

It may be concluded from the considerations set forth in the rest of
this section, that the best lidar system performance under sunlight conditions
1s obtained by maximizing Ej, and A,, minimizing @4, keeping 8, nearly
equal to B¢, choosing the largest pulse width T consistent with acceptable
range resolution, and matching the receiver video bandwidth to the pulse

The intensity I. of the backscattered laser light 15 given by

E_BC
I = 5 (1)
2R

where Ej, 1s the laser energy, P the backscatter coefficient, C=3 xlO8 m/sec
1s the speed of light and R 1s the range The backscatter coefficient B 1s a
complicated function of the molecules, aerosols, dust particles, etc , in the
scattering volume and an estimate of 1ts magnitude 1s required For esti-
mating purposes, the nomainal value for earth-clouds of g = 10-3m-1!
steradian-1 will be used

It 1s interesting to note that the intensity of the backscattered light 1s
proportional, not to the intensity of the laser beam, but to its total
energy Ej, This result 1s true for extended targets which fill the
instantaneous field of view of the receiving optics It differs from the
usual 1/R% radar equation because most targets are point reflectors with
small angular extent in the radar case

Receiver sensitivity 1s an important factor in overall idar design
The type of receiver depends upon the wavelength to be detected For
ruby (A = 0 694 microns) or Neodymium (A = 1 06 microns) photo-multipliers
appear to be the best choice Many types are available, but RCA types 7265
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and 7102 (or equivalent) appear to be nearly optimum for ruby and neodymium
respectively The maximum sensifivity of these tubes 1s given 1n Table 4-14
CO;, lasers (A =10 6 microns) onthe other hand must be detected by other
means To obtain maximum sensitivity, a cooled solid state detector 1s
required The nominal sensitivity of such a device 1s given in the table in
terms of responsivity

Background noise 1s mainly a result of sunlight reflected from the
planet Since a narrow bandpass filter is used in the receiver, only that
part of the reflected spectrum which falls within the passband of the filter
need be considered The maximum intensity I of the reflected light 1s
given by the relation

2 (\PQrAX
Le—g— (2)

Where @(\) 15 the differential spectrum of the sun at the planet

(watts/mz' —A), p the reflectivity of the planet (approximately equal to the
albedo), szr solid angle field of view of the receiver telescope, and A\ the
width of the filter For any meamngful results, I; < I. For design
purposes a value of

£ 510 (3)

1s used to obtain good signal/noise ratio

Spatial resolution 1s determined by the divergence angle 6, and 0, of
the transmitter and recewver respectively If these are nearly the same, as
efficient design would dictate, the length, r, of the detected area 1s given by

r=R 8 (4)

I
where R 1s the range to target

In practice, the laser far-field divergence angle 1s too large for the
missions under consideration, being 1-5 mulliradians The situation can be
mmproved by the use of a beam-expanding telescope For a telescope of
magnification M, the resulting improvement in 8¢ 1s by the factor 1/M
Practical considerations limit M to 20 or less, which results in

Bt £ 0 2 milliradians
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Table 4-14 Detector Types for LIDAR

Noise Eguiv
Detector Type Wavelength Sensitivity Power
PM tube, S-20 0 694 2 6x10° amp/watt #11 pw
(RCA 7265) 260 volt/watt (25°C)
PM tube, S-1 1 06 340 amp/watt 55 pw
(RCA 7102) 20 34 volt/watt (25°C)
Solid State 10 6 0 01 volt/watt 0 1pw
(at 77°K)

*using a load resistor of 1000 ohms
rrdark current 107 amps

Altaitude resolution i1s determined by the laser pulse length T 1In
order to obtain high total energy E1,, 7 must be as large as possible, while
for good resolution v must be as small as possible, clearly a compromise
1s 1n order The altitude resolution Ah 1s given by

Ah = {(1/2)CT (5)

4 4,2 2 Scaling Laws and Support Requirements

System Mass and Energy The total weight of a lidar system as a
function of laser energy may be obtained by extrapolation from known
systems Such an extrapolation 1s presented in Table 4-15 Figure 4-50
presents the data from Table 4-15 in graphical form, and suggests a
power-law type of extrapolation formula This law 1s not expected to hold
over more than the range indicated At the low energy end, some leveling
off would occur since total systems of mass much less than 10 kg are
impractical The other end of the energy scale (lasers producing greater
than 10, 000 joules) cannot be predicted at this time In the specified ranges,
the following formulas give the estimated system mass, excluding primary
power supply, of the Neodymium-YAG and CO2 Iidar systems, respectively
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Table 4-15 Estimated Ladar Weights and Powers
Efficiency Average Power (watts)
Lasger EL (Joule) Werght (kg) {percent) 1 shot/10 sec 1 shot/100 sec
1970 Nd-YAG 1 10 1 1 01
1973 Nd-YAG 100 50-100 2 500 50
1978 Nd-YAG 1000 250-500 5 2000 200
1970 CO2 10 50-100 20 5 05
1973 CO2 1000 250-500 25 400 40
1978 COZ 10, 000 500-1000 30 3300 330
1970 Ruby 01 23 0 01 100 10
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Figure 4-50 Projected LIDAR Systemn Mass and Energy
_ 1/2
M o= 10E, (kg) (6)
_ 1/2
MCO2 = 75 (EL/IO) (kg) (7)
where EL

15 the laser energy in joules, no extrapolation formula 1s given for

ruby because the ruby system, in spite of the higher receiver sensitivity,
does not compare favorably with the other two

System Volume May be estimated by using the same dens:ity (mass/
volume) as existing systems
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System Operating Power Pg 1s a function of laser energy Ej , number

of pulses per second N, and overall efficiency n It can be expressed by the
ratio

BE
L
P —TN (8)

o]

Values for EL are given n Table 4-15

Data Rate The data rate of a lidar 1s inherently low due tc the low
pulse recurrence frequency, but the analog bandwidth at the output 1s wide
to accommaodate the narrow pulse To prevent multiple and sidelobe returns
the receiver is gated on for a tume TR and the output 1s sampled at a rate
equivalent to the range resolution +/2, thatis

T 2T
R R
Sample Rate = —mm —T— (9)

where

TR 18 the tiume the receiver 1s gated on

T 1s the transmitted pulse duration

If a dynamic range of 20 db 1s bualt into the receiver, then four bits per
sample are required Therefore, the data rate per sample 1s

2T 8

Data Rate per sample = ——

TR
—= (20 db dynamic range) (10)

where G 1s the number of bits per sample If p 1s the pulse recurrance
rate in pulses per second then

2 TR
Data Rate = — G p bits/sec (11)

Platform Stability The primary requirement for platform stability
results from the requirement for the receiving aperture to be aligned with
the direction of transmission during the transmit time of the transmatted
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pulse If 8, 1s the "beamwidth' of the receiving aperture, then significant
loss 1n power will result in the receiver moves by one half beamwidth during
the pulse travel time The angular rate of the platform must then be less
than

Co
T

= 4R max (12)

6

where C 1s the velocity of light

8. 1s the receiving aperture '"beamwidth'

R max 1s the longest range which the Lidar 1s capable of measuring

Experiment Design Procedure Based upon the previous sections, the
ruby laser system should be dropped from further consideration because of
its low efficiency Unless a technical breakthrough occurs in ruby laser
technology, the weight required to get a backscattered return equal to or
greater than the background power 1s prohibitive This leaves the
Neodymium-YAG and the CO; laser systems to be considered.

The logical procedure necessary to design a system for a particular
mission follows, after which an example for a Jupiter fly-by 1s calculated

Step 1 Get minimum range, R main, from orbit data

Step 2 Calculate er from Equation {4) and the required spatial
resolution

Step 3 Obtain differential solar constant &4 (\) and albedo for the
planet under consideration

Step 4 Use Equation {2) to calculate background intensity Is

Step 5 From Equation (1) calculate the laser energy EL based upon
I =101
r S

Step 6 Establish a pulse length T consistent with altitude resolution
[ Equation (5)] and laser energy requirement

Step 7 Calculate mass of laser systern from Equaticn (6) or (7)

Step 8 Determine noise equivalent power P, (Table 4-14)
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Step 9 Calculate required receiver aperture area assuming
I A =10P
T T n

Step 10 Calculate the data rate (Equation {11))

Step 11 Calculate the platform stability requirements
(Equation (12))

Example Jupiter flyby
1 LetR  =40,000km = 4 x 10’ cm
min
-7 2
2  For Jupiter (1 06p) = 2 4 x 10° ' watt/cm” - &

and P

0 51

2 x 10" % radians, AN = 10 &

Let er

Then from Equation {2)

2 4x107 (2x10° Y 2% x 10 _14 228,
Ig= ) =2 4x10 cm

3 From Equation {1)
ZRZIr ZOR_ZI

s
EL— 5C - TBC = 25 joules

4 From Equation {4)
r:Rer=4x104x2x10'4=8km

5 From Equation (5)

-3

T =10 sec

1.5x 105 m
150 km

Ah=1/2Ct=1 5x 108 x 10-3

il

6 EL = 25 joule Equation (6),

M =10 (25) 1/2 = 50 kg
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=13
7 Ir = 10 IS =2 4x 10 Watt/cm2

Equiv noise power Pn (Table 4-14) =55 pw =5 5 x 1011 watt

I A
r T

10P n
n

A - 10P, 10x5 5x 107 watt

T 1 -13

> = 2300 cmz
T 2 4x 10 watt/cm

4 5 ACTIVE MICROWAVE SYSTEMS
4 5 1 Introduction

Radar systems are generally designed to meet a specific function
which can be described in at least semi-quantative terms Thus search
radars are designed to detect specific types of targets with the radar design
selected based on describable target parameters such as size or equivalent
radar cross-section, speed, altitude, range, etc The more specific the
radar requirements are, the more straightforward the radar design approach
can be made However, when radar for a range of variables 1s required,
then it 1s difficult to select a single radar approach which 1s optimum 1in
every sense Mission planning must then have available a fairly wide
range of alternatives so as to select a system which most closely approaches
mission needs For this reason the basic design data are presented in the
form of tradeoffs with attendant lumatations imposed either by the state-of-
the-art or inherent features of the design approach

Discussed below are some of the more useful techniques available for
a variety of operating regimes which are applicable to ground mapping radar
Three basic techniques are discussed First is conventional, non-coherent
ground mapping using available radar systems Second are so-called
coherent systems, and third are high or fine resolution data processing
ground mapping radar systems  All of the radars are assumed to be of
the side-looking type so that a valid basis of comparison can be established
although this restriction i1s not necessary for non-coherent radars Also
the design approach and scaling laws can be applied to the design of scatter-
ometers when angular resolution precludes operation as a mapping system

4 5 2 Non-Coherent Mapping Systems

The limitations of conventional radar ground mapping systems 1n
obtaining high resolution are well known The resolution 1s lirmited by
three basic factors

1 The attainable azimuth resolution is limmited by that obtained
from realistic antenna size in terms of wavelength
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2 The minimum pulse width of the transmatted pulse which must
be of finite duration

3 Geometric factors which affect both range resolution and
azimuth resolution

The limitations can be overcome to a certain degree by judicious
gselection of operating frequency, ground illurmination geometry, and operating
regime but there are inherent limitations to conventional radar which, at
best, limut i1ts use to applications requiring crude resolution

4 5 2 1 Azimuth Resolution

The azimuth resolution of a conventional radar 1s limited by the
radiation pattern of the antenna A satisfactory measure of resolution 1s the
3 db beamwidth in radians, Pa, of the antenna and this 1s, for a rectangular
aperture, given by

_ A
B, =KL (1)

where

K 1s a proporfionality factor generally taken as 1 2 for
conventional linear arrays

A 15 the operating wavelength
D 1s the length of the antenna aperture in the same units as h

For a fixed aperture length, D, it i1s obvious that decreasing the wavelength
will improve angular resolufion This cannot be carried on indefinitely,
however, because of two factors TFirst there i1s a limit to the attainable
tolerances to which an antenna structure can be built and deployed in space
so that state-of-the-art in antenna manufacturing techniques limat both the
upper useful frequency for a given aperture size and the azimuth beamwidth
at a fixed frequency for increasing aperture size Even with state-of-the-
art improvement 1t 1s difficult to postulate an antenna with a gain in excess
of 60 db and since gain and beamwidth are related by

_3x104

ﬁz

G (2)
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where P is the beamwidth in degrees It appears that a beamwidth limitation
for a 60 db gain 1s of the order of

3x10% =1 73 x 107! degrees = 3 milliradians (3)
P[5
10

The 60 db Iimitation applies basically to an aperture such as a
parabolic antenna or a rectangular antenna with height and width approx-
mmately equal 'In this configuration a maxmum dimension of 400 wave-
lengths (A} 1s considered a maximum On the other hand a very long, narrow
antenna might have a length of 800 A, with 1000 X considered the theoretical
limit  In no event, however, 1s the gain of feasible antennas expected
to exceed 60 db for space deployable antennas

The equivalent antenna size as a function of wavelength 1s shown 1n
Figure 4-51. Aperture sizes of 100 feet or less indicate systems operating
at frequencies above S-band, that 1s wavelengths less than 10 cm, to obtain
the best angular resolution Somewhat more realistic values of attainable
angular resolution as a function of wavelength are presented in Figure 4-52
for an assumed antenna efficiency of 60 percent and a maximum gain of

1000

100 /

N

ANTENNA LENGTH IN FT

01 i 10 100
WAVELENGTH IN CM

Figure 4-51 Maximum Realistic Antenna Size as a Function
of Wavelength
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Figure 4-52, Antenna Beamwidth as a Function of Wavelength for
Various Aperture Lengths

50 db It 1s clear from the figure that even at high frequencies the attainable
angular resolution is greatly limited by antenna technology

There 1s a second limitation on attainable azimuth resolution which is

more general than antenna design limitations Radar rescolution at a given
altitude 1s degraded in azimuth ground resolution since

r = Rp (4)
where
r 1s the azimuth ground resolution

R 1s the slant range to the ground patch being 1lluminated by the
radar

B, 1s the antenna azimuth beamwidth
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This expression can be rewritten in terms of the azimuth aperture size, D ,
a
and wavelength since

N - (5)
so that
RXM
ro=125> (6)
a D,

furthermore, from the viewing geometry for an operating altitude H and an
elevation angle, vy, from the vertical, the slant range 1s

R = Hsec Y {7)

so that the azimuth ground resolution 18 given approximately by

HIZ?\HsecY
a D,

(8)

The approximation results from the assumption of a flat surface The
flat surface approximation i1s useful because it does not introduce appreciable
error especially for viewing angles less than 60 degrees, for altitudes which
are a small fraction of the planetary radius, and results in major mathema-
tical simplifications

It 1s clear from the expression for azimuth ground resolution that the
geometry always introduces degradation since 1t 1s directly proportional to
both altitude and the secant of the viewing angle The degradation can be
partly overcome by using both higher frequencies and larger apertures but
for reasonable aperture sizes the resolution 1s still low This can be seen
from Figure 4-53 which 15 a plot of ground resolution for a variety of param-
eters Even for a millimeter wave system, large antenna sizes must be
used to obtain reasonable resolution at ranges i1n excess of 200 nma1

Range Resolution The problem of attaining range resolution with a
conventional radar is not nearly so severe as azimuth resolution Range
resolution is a function of transmaitted pulse width in the form

r.=1/2 Cr (9)
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where

r, 18 the range resolution

C 1s the velocity of propagation (3 x 108 meters/sec)

T 1s the transmaitted pulse width
However, i1n ground mapping, the viewing geometry also degrades resolution
1n the range direction since from the geometry shown in Figure 4-54 1t can

be seen that the instantaneous return from the ground 1s a function of the
viewing angle so that

r, = 1/2 Ctcsc ¥ (10)
which 15 shown plotted 1n Figure 4-55 for a range of pulse widths and
viewing angles

it appears from the figure that very high range resolution can be
obtained for reasonable viewing angles There are limitations which preclude

Figure 4-54 Instantaneous Return From
a Pulse of DurationT
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Figure 4-55, Range Resolution as a Function of Pulse Width

4-193
SD 70-361-1



‘ Space Division
North Amencan Rockwell

the use of shorter and shorter pulses Fuirst it 1s necessary that any
transmitted pulse must be long relative to the period of the transmtted
frequency Otherwise it 1s not possible to define a carrier frequency A
useful rule 1s that

£ 7= 10 (11)

where f. 15 the carrier frequency Therefore to use extremely short pulses
higher and higher carrier frequencies are necessary The Iimitations on
carrier frequency are discussed below but it 15 apparent that a very short
pulse such as one nanosecond requires a carrier frequency in the X-band
region or above

A somewhat more severe restriction results from the transmaitter
bandwidth requirement for transrmitting short pulses The pulse bandwidth
i1s given by

B = — (12)

Thus, for a one nanosecond pulse an instantaneous bandwidth of approxi-
mately 1000 megahertz 1s required The difficultries of designing transmitters
with such wide instantaneous bandwidths generally lead to low power devices

From signal detection theory it 1s well known that the primary criterion
for reliable signal detection 1s directly dependent on average transmaitted
power But, average transmitted power 1s given by

PtT
Pav = T = PtT (PRFE) (13)

where

P 1s average transmitted power
av

Pt is peak transmitted power

T 1s the transmitted pulse duration
T 1s the interpulse period

PRF 1s the pulse repetition frequency
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It 15 obvious that for a given pulse width, +, average power can be 1ncreased
either by increasing the peak power or by increasing the PRF For very high
frequencies the peak power 1s severely limited by the state-of-the-art in high
power amplification devices This lirmitation has led to the development of
pulse compression techniques which are discussed below under coherent
radar systems The other method of obtaining short pulse-high power opera-
tion 13 to increase the PRF However, increasing the PRF leads to additional
Iimitations since as the PRT 1is increased there 1s a decrease 1n the maximum
unambiguous range to which the radar system can map

Basically the time available for mapping unambiguously 1s the inter-
pulse period, T, but since the pulse must travel to the target and return, the
maximurm unambiguous range 1s given by

Rmax = 1/2 CT = (14)

C
2{PRF)

where C is the propagation velocity It can be seen that increasing the PRI
severely reduces the available mapping range

Along these same lines there 1s an additional restriction imposed when
the radar 1s operated at orbital altitude where velocities are high The PRF
must be sufficiently high that at least one pulse return 1s received from each

resolution element For a target at range R, the target 1s in the antenna
beamwidth for a time determined by the antenna velocity so that

S - =p R (15)

where
V  1s the antenna beam velocity with respect to target
T 1s the interpulse period
B 15 the antenna azimuth beamw:idth
R 1s the target range

It follows that

2V
PRF = (16)
B, R
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In a realistic case, the PRF 15 selected to obtain multiple hits per beamwidth
so that the minimum PRF 1s selected according to the criterion

(PRF)} min = [;:—\l; (17)

where m 1s an integer in the range of 2 to 10

By substituting B and R 1in terms of antenna aperture and geometry
the minimum PRF can be expressed as

_m Dy Vcosy
(PRF) min = ———=—~ (18)

To 1llustrate the mmplication of muimmum PRF, the minimum PRF 1s
shown plotted i1n Figure 4-56 for a value of m = 5 and orbital altitudes of
200 and 400 nr and antenna velocities of 24, 000 and 22, 000 feet per second,
respectively It can be seen from the figure that the narrow beamwaidth
associated with large antennas require PRF's of the order of 1000 pps which
in turn limat the width of the ground swath which can be mapped 1n the range
direction For example, with a PRF of 1000 pps the maximum unambiguous
range of the radar 1s only 80 mmles This does not imply that such a PRF
cannot be used from orbital altitude but rather that the maximum ground
swath length 1n the range direction 1s 80 miles This can be seen from the
illumination geometry shown in Figure 4-57 For an elevation beamwidth,
f , the restriction on PRF 1s such that the pulse return from point 2 must
be at a shorter range than R before the succeeding transmitted pulse arrives
at point 1  This can be accomplished by restricting the elevation beamwidth,
Be» of the antenna so that the ground swath length, W projected on R 15 not
greater than the difference between Rz and Ry

The companion restriction on antenna elevation beamwidth for a given
PRF can be derived from the illumination geometry From Figure 4-57 1t
can be shown that the swath length, W, 1s given by

W ==H ta.n(\’+—2,—) - tan (Y—'—z—) {19}

This expression 1s plotted 1n Figure 4-58 for an orbital altitude of 200 nnu
and a range of values of beamwidth and elevation angle Curves of the type
shown 1in Figure 4-58 can be used 1n two ways If a PRF 1s selected from
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Figure 4-57 Ground Hlumination Geometry

optimum average power considerations, the equivalent swath width from the
figure can be used to determine the required combination of elevation look
angle for the antenna and the elevation beamwidth Conversely, at a given
elevation angle, the resulting swath length and antenna elevation beamwzdth
combination may be deterrmned

Realizable Resolution It 1s clear from the discussion above that con-
ventional pulse radar systems are basically low resolution mapping devices
at all except very short ranges The basic limitation 15 1n azumuth resolu-
tion since antennas of finite si1ze result 1n essentially lamited beamwidth
reduction capability There 18 no advantage in using a combination of very
high frequency such as millimeter waves andlarge antenna sizes since the
current state-of-the-art in antenna manufacturing tolerances limaits the
electrical length of antennas to something less than 1000 wavelengths for
long lmear arrays, and 400 wavelengths for antennas having approximately
equal length and width

In the range dimension, mmproved resolution can be obtained by using
very short transmmtted pulses But this approach implies very high
frequency operation where peak power generation capabilities are limited
If the PRF 1s increased to maintain average power while reducing peak
power, then a range ambiguity problem 1s introduced resulting in the
requirement for reducing the ground swath length i1lluminated by the radar
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The question arises naturally as to the best tradeoff between azimuth
and range resolution It 15 not obvious that equal range and azimuth resolu-
tions are advantageous The introduction of distortion in the 1magery may
actually be useful if 1t 15 understood Under these circumstances a some-
what improved range resolution could be obtained with conventional pulse
radar The resulting imagery would generally not be useful for mapping but
it could have important uses in scatterometry

In general, however, it 1s common practice to design mapping radars
with essentrally equal range and azimuth resolution This amounts to degrad-
ing range resolution below 1ts potential

System Characteristics To demonstrate the characteristics of a
typical pulse radar for ground mapping 1t 1s assumed that the radar would
be operated 1n a space environment at an altitude of 200 mmi1 This case 1s
chosen since 1t implies a payload limited system and represents a mimimum
altitude which a flyby maission might attain

If ground resolution 1s selected arbitrarily, then the limit on the
attainable angular resolution of microwave antennas may be exceeded It 1s
assumed that range and azimuth ground resolution are equal in the ground
mapping system If, for example, a ground resolution element of 1000 ft
by 1000 ft 1s assumed, then for an orbit altitude of 200 mi1i and a look angle
of 45 degrees off the nadir, an angular resolution of approximately 0 6 mr
1s required DBut this implies an antenna length of 2000 X which 15 well
beyond the state-of-the-art

For 1llustrative purposes an angular resolution of 0 6 mr can be used
but 1t 1s to be understood that such a system 1s beyond the state-of-the-art
1n antenna design Alternatives to the 0 6 mr angular resolution are first
to assume that a state-of-the-art improvement can be postulated resulting
in an angular resolution equivalent to the best ground based antennas, that
1s an antenna beamwidth of 3 3 mr, or, more conservatively, to accept the
resolution attainable with an 8 8 mr beamwidth for realistic space deploy-
able antennas The resolution attainable for a 3 3 mr beamwidth 1s thus
5 5x 103 ft while for the 8 8 mur beamwidth the resolution 1s 1 47 x 104 ft
It follows that once the geometry for observation 1s selected, the best attain-
able ground resolution m the azimuth direction 1s 1mposed by the state of the
antenna art and cannot be selected arbitrarily For illustrative purposes, an
azimuth resolution of 3.3 mr will be used in spite of the fact that 1t results
in a surface resolution which 1s 5500 ft

For space deployable antennas, it 1s assumed that a reasonable antenna
dimension 1s in the range of 25 to 50 feet in the azimuth direction From
Figure 4-53, it can be seen that a range of frequency selection exists to
obtain a resolution of 5500 ft Selection of an operating wavelength of
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3 ft can mimpose a requirement for an antenna which 1s approximately 40 ft
long Since adequate high power transmatting equipment exists in this region,
an operafing wavelength of 3 cm will be used

Transmitted Power Requirements Of particular concern in spacecraft
operated radar systems 1s the required power to obtamn a given ground reso-
lution This can be obtained from the familiar radar equation once the

parameters of the radar system are defined. In general the power received
by a radar from a transmaitted pulse 1s )

Pth?\.ZO'L
Pr = —"T (20)
(4w R

where

P, 1s the transmaitied peak power

G 15 the antenna gain

A 1s the operating wavelength

o 1is the radar eqmvalent cross-section

L. 1s the system losses, includmg atmospheric if any
R 1s the slant range to the target

The antenna gain cannot be specified until the length of the ground swath
1 the range dimension has been established From Figure 4-56 a PRF of
approximately 100 pps 1s indicated so thatan interpulse period of 10 milli-
seconds 1s acceptable The problem of range ambiguities 1s alleviated by the
low PRF so that the range swath length 1s lumted mainly by transmaitted
power considerations To conserve transmitted power a swath length of
100 mailes 1s assumed From Figure 4-58, an elevation beamwidth of
15 degrees 1is indicated for an elevation look angle of 45 degrees and a ground
swath length of 100 rmles Since the antenna gain in terms of beamwidth 1s
given by

2 bx10
- 21
G B P, (21)
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where Ba and Be are 1n degrees and the assumed antenna efficiency 1s 55 per-
cent For a3 3mr (0 189 deg ) azimuth beam width and a 15-degree
elevation beamwidth the resulting gain 1s 39 5 db

Of actual significance 1s not so much the received power, as such, but
the signal-to-noise ratioc For reliable ground mapping a minimum signal-
to-noise ratio of 10 db 1s required The system noise power is given by

N =NFEKTB (22)

where

NF 1s the system noise figure

K 15 Boltzman's constant (1 38 x ].0"‘23 watts/deg k-cps)

T 1s the system reference noise temperature (300°K}

B 1s the system bandwidth
The system bandwidth 1s taken as the reciprocal of the transmitted pulse
width From Figure 4-55 for a range resolution of 5500 feet at an elevation

angle of 45 degrees the pulse width 15 9 microseconds The required band-
width 1s then 0 11 megahertz

A limitation of short wavelength operation 1s the attainable noise figure.
Current state-of-the-art 1n receiver design 1s indicated 1n Figure 4-59
From the figure it can be seen that a receiver noise figure of 8 db 1s the best
attainable at a 3 centimeter wavelength The resulting noise power 1s

6 3x1 38x10723 x3x102x0 11 x 100 (23)

1l

N

2 87 x 10-15 watts

{

For unity signal-to-noise ratio we have by direct substitution

P Pth)\ZO‘L

=1 = (24)
(417)3R42 87 x 10'15

s
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5
From the geometry the maximum range 1s 330 miles or 6 1 x 10” meters,.
The losses are the resulf of atmospheric attenuation, 1f any, and the internal
losses 1n the transmission systems An assumed loss of 4 db 1s used so that

L = 4db = 0 4 (25)

The radar equivalent cross-section 1s composed of two basic factors
The first 1s the geometric area of the ground resolution patch which 1s simply
the product of the range and azimuth resolution elements The second part
1s the backscatter coefficient The backscatter coefficient 1s difficult to
define theoretically since the surface of planets 1s a combined specular and
diffuse scatterer of microwave energy For this reason, the backscatter
coefficient 1s usually determined empirically from measurement The back-
scatter coefficient 18 frequency dependent and very little data exists in the
3 centimeter wavelength portion of the spectrum To maintain a measure
of conservatism a backscatter coefficient of -40 db will be used Therefore

o = r r_ b (26)
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where
r, 1s the azimuth ground resolution = 5500 feet {1680 meters)
ry 1s the range resolution = 5500 feet (1680 meters)
& 1s the backscatter coefficient = -40 db = 10~4

Solving the unity signal-to-noise equation for Pp we obtain

3 4 -15
Pt=(41r) xR " x8x 10 27)

G2\ 251

The values to be substituted 1n this expression are summarized below

(47)3 =1 984 x 103
R4 = (6 1x 1053 meters)4 =1 38 x 1023 m*%
GZ =(88x10%) =7 8x107
AC = (3 x 10"2)2 = 9x 10 m”

o =2 83x102m2’

L 0 4

1

If these values are substituted into the expression for the peak power we
obtain

Py = 105 watts

This value 1s unrealistic when a detection criterion of 10 db 1s applied since
the peak power requirement then becomes one megawatt

The difficulty can be alleviated in several ways but the most straight-
forward method 1s to reduce the length of the ground patch illuminated in
the range direction Doing so increases the gain of the antenna by reducing
the elevation beamw:idth If, for example the length of the ground swath 1s
reduced from 100 to 50 miles then from Figure 4-58 the elevation beamw:idth
required 1s approximately 6 degrees The resulting antenna gain would be
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2 2 x 10% and would result 1n a reduction 1n requared power of approximately
4 db The peak power requirement for unity signal-to-noise would be

P = 4 x 104 watts

and for a 10 db signal-to-noise ratio would be

Pe=4x 10° watts

400 kilowatts of peak power at 3 cm still presents a difficult problem and
15 generally indicative of why long range non-coherent mapping systems
have not found wide use in space

On the other hand, the average transmitted power 1s relatively low since
P.v = Py 7(PRF) (28)

where

P 1s the peak transmitted power = 400 kilowatis, v 1s the transmitted
pulse width = 9 x 10-6 sec, PRF 1s the pulse repetition
frequency = 100 pps

so that

Pa_v = 360 watts

The total power consumption by the radar 1s determined prumarily
by the transmitted power requirements In the microwave portion of the
spectrum transmitter efficiency 1s generally low so that an efficiency in
the range of 15 to 18 percent overall can be expected Under these
circumstances, the total power required by the radar 1s 2120 watts for a
transmuitter efficiency of 17 percent

Antenna The antenna aperture size 15 40 feet long by 1.2 feet high
It would weigh approximately 250 pounds

Transmitter The transmaitter, including the high voltage power
supply would occupy approximately 4 cubic feet and would weigh approxi-
mately 225 pounds
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Recewver and Synchronizer Recewver and synchromization circuits
represent a very small portion of the size and weight penalty of the overall
radar system Approxamately 20 pounds and 0 5 cubic feet are the penalties
of the receiver-synchronizer

Non-Coherent Radar Data  The output of the radar 1s essentially a
video waveform of moderate bandwidth If all of the target information m
the waveform 1s retained, then the dymamic range of the output signal may be
35 db to cover a range of backscatter coefficients from 0 3 to 0 0001 The
output of the radar may be directly modulated onto a carrier, in either
analog or digital form, or i1t may be recorded in either analog or digital
form for delayed transmaission. The data rate 1s determaned by three prin-
cipal factors the ground resolution of the system, the pulse repetfition
frequency and the length of the ground swath 1n the range direction In addi-
tion, the information generation rate requires the consideration of the amount
of contrast or dynamic range of the signals (shades of gray) which must be
preserved for 1magery generation

The number of resolution elements per transmaitted pulse 1s simply the
swath length, W, divided by the ground resolution, r, For a 50-mmle swath
length and a 5500-foot resolution, this 1s simply

W 3 04x 105
= — = ——— =55 samples (29)

N
P ra 5,5%103
and for a PRF of 100 pps this becomes

N/sec =5 5 x 103 resolution elements/sec

This 1s a relatively modest rate but 1t 1s misleading unless consider-
ation 1s given to the dynamic range of the received signals Waithout any
form of compression the dynamic range of the received signals 1s approxi-
mately 35 db However, for ground mapping operation 1t would be difficult
to design a linear receiver with a 35 db response range without gain control
But gain control 1s, in effect, dynamaic range compression and it 1s commeon
practice in radar receiver design to compress the signal dynamic range to
approximately 15 to 20 db at the output of the radar receiver To accommo-
date a 20 1b dynamic range (100 to 1 signal variation) a seven bit binary
number would be required However, if the information content 1s restricted
to 64 shades of gray a six bit number would suffice and the bit rate from the
radar would be

Bitrate =6 x5 5x 103 = 3 3 x 104 bits/sec
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4.5 2 2 Scaling Law Development

The utilization of non-coherent amaging radar 1s practically completely
precluded by the unattainability of the required antenna lengths to achieve
even the minimum required resolution for the missions under consideration
Antenna dimensions on the order of (5000\) or more would be necessary for
even the least demanding Jupiter and Saturn swingbys (Mission 7) For
completeness, however, a scaling law procedure 15 given in Figure 4-60,

4 5 3 Coherent Mapping Systems

4 5 3 1 Design and Performance

The limitations of conventional pulse radar in attempting to obtain
high resolution ground mapping result primarily from the nature of the
transrmitted signal, the limitations on the construction of large aperture
antennas and the basic conflict between a narrow pulse, that 1s high
resolution, transmatted signal and the requirement for relatively high
average power These limitations are basic and even with major advance-
ments 1n the state-of-the-art it 1s difficult to postulate significant improve-
ments 1n resolution performance based on brute force techniques.

To overcome the limitations of conventional radar, a fundamental
change 1n system design 1s necessary The approach 1s to design a radar
which 1s coherent, that i1s, one 1in which the phase of the transmaitted signal
1s controlled to the extent that the received signal contains both phase and
amplitude information Coherency 1s essential to obtaining improvements
in both azimuth and range resolution since it permats the application of
techniques for resolution improvement in two dimensions based on the
vector nature of the detected signals

The major difference between conventional and coherent radar
systems 15 1n the way that the received signals are used 1In orde:r to exploit
the capabilities of coherent radar 1t 1s generally necessary to preserve the
form of the received signals over a sufficiently long time span to permat the
combination of many returns to form an estimate of target location Thas
implies some form of data processing and it i1s the nature of the processing
requirements which add appreciably to the complexity of coherent radar

Implicit 1n the coherent radar approach i1s the capability of performaing
coherent integration with an attendant improvement in signal-to-noise ratio
From signal detection theory it can be shown that 1f n target returns are
summed (integrated) coherently, then signal power increases as the square
of the number of pulses i1ntegrated WNoise power on the other hand, being
essentially a random process 1n wideband radar systems, i1ncreases only
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linearly as the number of pulses integrated As a consequence,the signal-to-
noise ratio for a coherent system has a theoretical advantage over a non-
coherent system

Two basic approaches are used to obtain high resolution with a
coherent radar From a theoretical point of view the approaches are quite
similar but from a practical mechanization point of view they are markedly
different. Range resolution improvement 1s obtained by coding the trans-
mitted waveform 1n such a way that the time duration of the transmitted
pulse 1s extended 1n time to increase average transmitted power and then,
based on the known modulation characteristics of the transmaitted signal,
compressing the received signal 1n time to obtain the equivalent of a narrow
transmitted pulse. A common form of pulse compression signal design 1s
frequently referred to as "CHIRP" and 1s discussed briefly below.

Improved angular resolution with coherent radar 1s frequently referred
to as "synthetic aperture' which consists essentially of accumulating target
data over many interpulse periods. For a coherent system the target returns
have a vector form, that is, they contain amplitude and phase information
The separate target returns are combined vectorially to produce the
equivalent of an antenna aperture which 1s many times the length of the
physical aperture, thus a synthetic aperture 1s generated The application
of synthetic aperture theory 1s based on the change 1n Doppler frequency as
the physical aperture 1s moved past the target Therefore the theory is
based on the translation of the physical aperture past a target to generate
a Doppler history The requirement and capabilities of synthetic aperture
radar are discussed below

In the discussion that follows 1t 15 assumed that a square resolution
element 1s required although, as discussed previously, it 1s not essential to
the radar that this restriction apply

Pulse Compression It can be shown from very basic theory of signal
modulation that i1f a pulsed transmitter 15 modulated so as to generate a
signal spectrum which 15 equivalent to the spectrum of an unmodulated
pulse of duration T then the resulting spectrum can be used to reconstruct
a pulse whose equavalent duration 1s 7. This technique, commonly called
pulse compression, 1s extremely useful 1n high resolution radar systems
since 1t permaits the transmission of low peak power, ''long pulses' which
can be compressed to the equivalent of 2 narrow pulse of very high peak
power

The requirements for a pulse compression radar are fairly stringent
since not only must the system be coherent but there must be a careful
match between the transmaitter and receiver characteristics to effect pulse
compression To understand why this 1s so, consider the mechanization
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requirements for effecting pulse compression. The most commonly used
pulse compression technmique 1s characterized by a transmitter waveform
which 1s linearly frequency modulated for a time duration, T, where T 1s

the real transmitted pulse width The transmatted waveform 1s shown in
Figure 4-61 in 1dealized form The time duration of the pulse, T, 1s gener-
ally selected to be much longer than the resolution requirements of the radar.
The frequency excursion during the pulse, however, 1s selected to be large
since 1t can be shown that the effective pulse width, 7, after suitable proc-
ess:ng 1n the receiwver 1s given by

(30)

Lol
T A

where T 1s the effective pulse width for resolution and A 1s the frequency
excursion of the linear FM during the pulse time, T Further it can be
shown that there 1s a relationship between 1, A, and T which defines the
pulse compression ratio, Cps 100 the form

41

=TA=CP

(31)
The compression ratio, cp, 1s frequently referred to as the dispersion
factor Values of cp of the order of 100 are well within the capabilities of
current CHIRP radar systems For illustrative purposes, a value of Cp

of 100 will be used to illustrate the capabilities of pulse compression radar
systems

The generation of the transmitter waveform presents certain practical
mechanization difficulfzies but 1t 15 1n the area of receiver design that a large
amount of complexity 1s added to the radar 1In order to effect pulse com-
pression it 1s necessary for the receiver to accept all frequency returns
resulting from the frequency modulation of the transmaitted pulse over a time
duration T and effectively delay the frequencies by an amount equivalent to
their time of occurrence within the transmatted pulse width, T This
requirement 1s 1llustrated graphically in Figure 4-62{a). The envelope of
the receiver response 15 shown in Figure 4-62(b) and 1s given analytically
by the absolute value of

sintTAt
E =\ “wat (32)
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where

cp 18 the dispersion factor

A 15 the frequency excursion of the transmitted pulse
t 1s the time,

There are several significant features of Figure 4-62(b) which bear on system
design. The collapsed pulse width, v, 1s defined as the 3 db width of the
main lobe of the sin x/x function and 1s of the order of 1/A Secondly, the
collapsed pulse amplitude 1s proportional to the square root of <p Thas
implies that the CHIRP average pulse of duration T can be compressed to

a narrow pulse of equivalent average power during the pulse resulting in

an effective peak power directly proportional to the dispersion factor ¢

The third significant feature 1s the appearance of "so-called" time sidelobes
which are in effect spurious target responses. The appearance of the time
sidelobes 1s the direct consequence of the equivalence of the mathematical
theory of pulse compression and aperture antennas A change in the
symbology of the mathematics of pulse compression can convert it directly
to the equivalent of the mathematics of antenna array design This point

15 significant since it permaits the application of highly developed antenna
theory to pulse compression receiver design especially in the area of
sidelobe suppression It can be shown that by proper weighting of the
frequency response of the receiver, the time sidelobes of the compressed
pulse can be suppressed to insignificant levels with typical suppression
values of 25 to 30 db below the main lobe response This 1s accomplished
at the price of slight increases 1n the collapsed pulse width but the equivalent
pulse width 1s still essentially equivalent to the reciprocal of the frequency
excursion, A,

To 1llustrate the usefulness of pulse compression, consider the
difficulty of obtaining 100 ft ground resolution with a conventional pulse
system From Figure 4-56 it can be seen that a 0 1 microsecond pulse
width 15 required If a dispersion factor of 100 1s assumed, then the actual
transmtted pulse using CHIRP would be 10 microseconds Furthermore
for equal average power, the peak power in the conventional case would be
of the order of 1 26 megawatts as discussed previously for orbital alt:tudes
but with a dispersion factor of 100 the peak power requirements would be
reduced to 12 6 kilowatts Therefore, high resolution has been obtained
using pulse compression with significant reduction 1n peak power require-
ments The reduction has been obtained, of course, at the expense of a
relatively large increase 1n complexity The point to be made, however,
15 that with suitable radar design many of the limiting factors such as peak
power generation can be alleviated with suitable design approaches
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Angular Resolution The improvement of the angular resolution of a
mapping radar system implies the use of techniques other than straightforward
improvement of radar state-of-the-art technology The limitations inherent
1n conventional techniques are quite clear so that an alternate approach 1s
indicated If, for example, data on a target can be accumulated over a time
period, 1t should be possible to combine the data in such a way that target
resolution 1s improved Whaile this approach 1s readily envisioned, it 1s
somewhat more difficult to postulate what properties of the target can be
used 1n accumulating a history such that when the individual target measure-
ments are combined they will result 1n increased knowledge of the targst
properties such as size, shape, and location.

It has been shown that of all the target properties which a radar maght
measure, the single most useful feature 1s the variation in the Doppler
frequency of a target as an antenna of finite beamwidth 1s moved past the
target The Doppler history of the target, if properly accumulated, can be
used to reconstruct the target with a level of resolution equivalent to an
antenna of length equal to the time that the target 1s 1lluminated by a real
aperture

This approach has led to the development of side-looking radar carried
1n a moving vehicle since the side-looking configuration generally optimizes
the amount of time that the target 15 1lluminated while the vehicle motion
causes a variation in Doppler frequency as the antenna 1s moved past the
target. Such systems are frequently designated as synthetic aperture
systems since the Doppler data gathering process may continue as long as
the target 15 1lluminated by the real aperture

It should be understood that such an approach 1s truly a data processing
radar since two essential steps must be followed in sequence It 1s first
necessary to accumulate the Doppler history of a target and then process
the Doppler data to reconstitute a high resolution 1image Many difficulties
associated with high resolution radar design arise from the data processing
requirements However, for an unmanned spaceborne system it 1s
postulated that the radar processing will be accomplished on the ground and
the spaceborne portion of the system consists only of the sensing elements.

The mechanization for azimuth resolution improvement 1s based on the
detection and recording of the Doppler velocities generated by the linear
motion of an antenna past fixed surface targets For a fixed antenna
beamwidth, the Doppler velocity generated by a fixed target and an antenna
linear velocity V can be expressed in terms of the Doppler frequency as

2
sz—-f— (33)
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where p 1s the radial velocity component of the fixed target toward the
antenna As can be seen from the geometry in Figure 4-63 the radial
component of the velocity results 1n a Doppler frequency given by

2V sina
fy = N (34)
for an antenna velocity, V, and a target lying within the beamwidth of a side-
looking antenna For an antenna of fixed aperture length the total Doppler
bandwidth generated by the target 1s nominally that range of frequencies
generated between the half-power beamwidth points of the antenna pattern

Also because the beamwidth 1s generally a small angle, the target angle, a,
15 also small so that

2V o
fD Y

(35)
and from the geometry the Doppler spectrum width 1s given by

_ 2V ﬁ’a —,Ba) Ba
AfD -T[Z—-— (*2—]= ZVT {36)

where B 1s the antenna azimuth beamwidth

Also since

- s
ﬁa =12 Da (37)

1t follows that

Af_=2x1,2— (38)

This expression implies that, for a fixed velocity, large antenna sizes restrict
the Doppler bandwidth which i1n effect reduces the number of samples which
can be used to obtain improved resolution As discussed below, this expres-
sion contains the basic fact that resolution of a data processing radar 1s, at
least 1n theory, limited primarily by the antenna aperture length and in the
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Figure 4-63 Target Doppler Geometry for a Moving Antenna

limait 15 established by one half the aperture length High resolution therefore
requires small apertures to obtain sufficient Doppler bandwidth for processing

Of equal significance, however, 15 the corollary requirement for
detecting all Doppler frequencies over the Doppler bandwidth of interest
It 18 a well known fact of sampling theory that 1n order to measure frequency
unambiguously it 1s necessary to have at least two samples per cycle Ina
sampled data system such as a pulsed radar this requirement imposes a
restriction on the mimimum PRF which can be used to determine the Doppler
frequencies over a given bandwidth AfD It follows therefore that

4VEp_ -
2x21 2V a
> =
PRF = D Y (39)
a
In a more general way, it can be shown that
ZMVBa
PRF =—F— (40)

A

where, depending upon the type of data processing used, M may have a value
of etther 1 or 2
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If the PRF serves as a measure of the maximum unambiguous Doppler
frequency which 1s used in the data processing, then it follows from the geom.-
etry that an effective array length 1s generated which 1s equivalent to the time
that the fixed target 15 1n the beam. For a target at range R this 1s equav-
alent to a length, £ , given by

£ =RB, (41)

where B 1s the azimuth beamwidth of the real antenna But the length £ 1s
equivalent to an effective beamwidth of

KA
Beft =~ (42)

and an equivalent ground resolutionr, given by

kR

ry = RBess =77 (43)
also since
£ =RPy (44)
1t follows that
r, =oBk X 4D (45)

which states that the equivalent ground resolution 1s limited ultimately by a
single parameter, the antenna physical length, D Furthermore 1t follows
that resolution 1s independent of the geometry and operating frequency under
the assumption that the full Doppler spectrum width 15 used Thais has
implications 1n the data processing system since the full Doppler spectrum
width which 15 generated by a target 1s not independent of range so that the
processing must be adjusted as a function of range to incorporate longer
lengths of ground trace as the range increases This procedure 1s frequently
referred to as focusing the synthetic aperture, and the high resolution radar
1s referred to as a focused system
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A coherent Doppler mapping system can be cperated 1n an unfocused
mode such that the Doppler information which 1s processed 18 an 1nverse
function of range Resolution improvement 1s obtained, but it 15 no longer
independent of range, It can be shown that in an unfocused mode of operation
the ground resolution 1s proportional to the square root of range rather than
directly proportional to range so that resolution improvement over a conven-
tional system 1s obtained. For discussion purposes, it is assumed, however,
that a focused data processing scheme will be used and azimuth ground
resolution is essentially independent of range

In addition to the minimum PRF imposed by the maximum Doppler
frequency requirement, there 1s also a maximum PRF i1mposed by the
mapping length in the range direction., As discussed previcusly, in order
to map a length W 1in the range direction unambiguously, it 15 necessary that
the interpulse period of the radar meet the criterion

T> ZW sinY (46)
C
where
Y 15 the elevation angle of the antenna beam
W 1s the swath length 1n the range direction
C  1s the velocity of propagation
Therefore, the PR¥ must be
C
ST 47
PRE = 2W sinY¥Y (47)
The PRF 1s thus constrained to lie within the limats
2MV B
a C
—_— = ———— 48
N PRF = W sty (48)
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or i1n terms of the azimuth aperture length, Da’

—2-151-\::—‘[- <PRF < zWCTny (49)
For the best theoretical resolution, it follows that
with a minimum ground resolution given by
r =KD = I%F (51)

where k has the value of approximately 1/2,

The constraints on resoclution, aperture size, and range swath length
are shown plotted 1n Figures 4-64, 4-65 and 4-66 respectively for an orbital
altitude of 200 miles and an antenna velocity of 24, 000 feet/second Consid-
eration of the data in the figure indicates that there are no basic limitations
on attainable ground resolution imposed by either the antenna azimuth
dimension or the PRF. However, it should be borne 1n mind that once a
particular system parameter is selected, very little latitude remains for
trading-off other system parameters If, for example,an antenna azimuth
size 15 chosen, then the best ground resclution and range swath length are
constrained by the PR¥ Even cursory consideration of the data 1in the
figures, however, indicates that unless very high resolution 1s sought, say
of the order of 5 to 10 feet, then a large amount of latitude 1s available 1n
selecting system parameters For these reasons system design 1s more
highly restrained by hardware parameters when such requirements as
transmatted power are considered.

System Characteristics Transmitted Power Requirements In
deriving the requirements for a spaceborne high resolution radar the follow-
1ng assumptions are made

100 it

Required ground resolution r

"

Maximum antenna dimension Da 50 ft
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Figure 4-65 Mimimum Antenna Aperture
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Orbital altitude H 200 nmaz

2 4x 104 ft/sec

Orbatal velocity V

Range swath length W = 100 nma
Antenna elevation angle = 45 deg
Pulse compression ratio P. = 100
Operating frequency - (X band) A =3 cm
Minimum radar backscatter coefficient & = - 40db

The procedure for determining transmitier power requirements are
essentially the same as in the non-coherent case except that pulse compres-
sion and coherent integration are assumed. For coherent integration the
number of pulses integrated 1s, from the geometry, given by

’ RB_ (PRF)

m=T (52)

If this expression 15 substituted into the expression for received power
there results

2 2
PG 2" Lom PtGZ N L (PRF)«
P 3 4 33 (53)
(47)” R (4w)” RV
but
A
=12
B D, (54)
so0 that

2 3
PG A\ L1 2 (PRF) o
¥ (4x1)° R3VDa
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For a ground resolution of 100 feet, the mimimum PRF i1s, from Figure 4-64,
approximately 250 pps However, from Figure 4-66 a ground swath length
of 100 nmi1 permits a PRF of approximately 1200 pps so that the larger value
of PRF 15 chosen

The received power 15 computed with the peak transmitted power as a
parameter Since

Tc=r r & {56)

H
n
H
i

100 £t (the ground resolution)

on
1

10_4 (-40 db backscatter coefficient)
so that

o = lftz =0 0931’n2

There 1s negligible atmospheric transmission loss at X-band, so that the
system losses are assumed to be -4 0 db or

L=44db=04

The antenna gain 1s given by

4
G = 2 5x10 (57)
Fa Pe

and

B, = l4deg

Be = 15 deg (from Figure 4-58)
so that

=1 19 x 104

G
GZ =1.42 x lO8
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also

R =322 mi=6x 102 meters
R3 = 2.16x ].017 m3

If these values are substituted into the expression for recerwved power we
obtain

P =4 3x107°! p_watts
r t
System nolse power is given by
N = NFkTB (58)

which 1s computed as previously except that at X band
NF =8db =6 3 (from Figure 4-59)

and the system bandwidth which must be wide enough to permait a dispersion
factor of 100 in the pulse compression circuits while obtaining an effective
pulse width of 0 1 microseconds for 100 ft ground resolution The actual
transmitted pulse width 1s 10 microseconds long but the modulation on the
pulse tmposes a bandwidth of

B =?1. = 10 megaHertz (59)

where T 1s the compressed pulse width The noise power is therefore

N=63x1,38x% 10“23 x3x 102 x 107 watts

N =2.6x 1013 watts

For unity signal-to-noise ratio

-13
2
P, = 6x10 1= 6 05 x 107 watts
43 x 10

4-226
SD 70-361-1



‘ Space Division
North American Rockwell

and for a 10 db signal to noise ratio the transmitted peak power becomes

P, =6 05x 108 watts

Even with a dispersion factor of 100 the peak power required is only reduced
to

P, =6.05x 106
C

which 1s excessive In order to reduce the peak power level i1t 15 necessary
to reduce the swath length 1n the range direction If the range swath length
1s reduced to 10 mailes then the elevation heamwidth of the antenna would be
reduced from 15 deg to 2 deg Thas would reduce the peak power require-
ments by approximately 20 db so that

Pt =6 05 x 10% watts

C

which 1s marginal for state-of-the-art of X band transmitters

For a 200~-nm1 orbit the average power required for a 100-foot ground
resolution 1s

P, =P, T (PRF) (60)

where T 1s the duration of the uncompressed pulse The average power
therefore 18

P = 726 W
av

The average power penalty 1s higher in the coherent radar case but the
resolution improvement 18 approximately one and one half orders of
magnitude,

Radar Data Output The output of the radar system 1s wideband, pulse
compressed, bipolar video which, for optimum signal detection, contains both
in-phase and quadrature signal components The mm-phase and quadrature
components require dual output channels so that 1t 1s desirable to combine
the two signals in 2 quadrature combiner to form a single vector signal
This would add complexity to the radar but would symplify the data processing
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One of the most difficult design tasks mn the high resolution radar 1s the
preservation of signal information content from the output of the radar to the
mput of a ground.based data processing system By their very nature the
high resolution signals are wideband since it 1s necessary to preserve a
signal bandwidth equivalent to the pulse width required for a 100-foot ground
resolution Since this requires a 0 1 microsecond pulse,the bandwidth of
the information in the high resolution video signals 15 of the order of
10 megaHertz

The wideband signal can be modulated directly 1n analog form onto a
carrier if real time data transmission i1s postulated However, 1t 1s more
reasonable to expect that a digital recording system would be used since
analog recording at 10 megaHertz would umpose a severe system penalty
Even so, a wideband digital recording system with a dynamic range suitable
for converting all signals in the expected range of ground signals presents a
difficult design task

There are few alternatives available which would result in significant
compression of the raw data output from the radar This follows from the
fact that the output data 1s generally meaningless when interpreted on a pulse
by pulse basis since the information 1s only useful when it 1s combined with
information from preceding and/or following range scans of the radar One
obvious, although not aftractive, approach 1s to process the radar data
on-board the spacecraft and then transmait only those high resolution images
which contain significant information This approach would result in an
enormous increase in system size, weight, power consumption and complexity

Data Rate As discussed previously in the noncoherent radar case, the
data rate 1s determined by the ground resolution of the radar, the pulse
repetition frequency and the length of the ground swath 1n the range direction
For a 10 nmi swath length and a 100-foot ground resolution,the data per
transmaitted pulse is

2 resolution cells

N =6 08x 10 (61)
b pulse
For a PRF of 1200 pps this becomes
N=7 3x 105 resolution cells/second {(62)

If, as previously, a six-bit binary word were used to represent the dynamic
range of signals, then most of the significant information would be lost This
follows from the fact that a true vector signal 1s generated and a wider
dynamic range is necessary From practical considerations a 12-bit word
1s postulated so that the bit rates becomes

Bit rate = 12 x7 3 x 105 =8 8x 106 bits/sec

or approximately 10 megabits per second
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4 5 3 2 Scaling Law Development

The discussion presented above gives a general approach to radar sys-
tem design based on specific parameter definition A more general scaling law

approach 1s developed to estimate support requirements when a radar can be
demonstrated to be feasible

Geometry Consider a sidelooking antenna such that the sidelook plane
1s the plane normal to the satellite's flyby orbital plane and through the cur-
rent local vertical to the, assumedly, spherical planet of radius R_g (Note
that this definition places the sidelook plane normal to the tangent to the orbit
of periapse only, so that for an orbit of eccentricity ¢ > 0, there will be a
non-zero doppler component due to the spacecraft velocity for true anomaly,

9 +0)

Liet the antenna dimension m the sidelook plane, that is, the antenna
height, be denoted by D.., and the antenna length, the dumension parallel to
the orbital plane, by D the respective 3 db beamwidths are then

r 1 25 M
- = 3
p T Dy D, (63)
ﬁ = KDa’?\ = -—-):- (64)
a D, D,
Where

X = transmitted wavelength

KDr = Antenna pattern factor in sidelook plane

KD = Antenna pattern factor in plane normal to sidelook

Antenna gain 1s maximized by choosing i1llumination tapers as small as
possible consistent with the maximum first sidelobe level permassible In
the sidelook plane, suppression of the altitude return requires sidelobes of
at most, say, -25 db so that Kp_=1 25, while i the direction of the orbit
a sidelobe level of ~13 db 1s acceptable (uniform illurmination) so that
Kp, =1 0

4-229
SD 70-361-1



‘ Space Division
North Amencan Rockwell

The antenna area 1s

AAnt - Dr Da (65)
The antenna gain
L L] D
o = FS»4:11"3 _ 4211' Dy r o_ 4:;]:)3\51 (66)
X
a "r KDa KDr r

Referring to Figure 4-67, the following relations will be useful The
depression angle at the far beam edge, @, from the local horizontal at the
spacecraft 1s constramed by the horizon limat, ﬁh, such that ¢ >0, and

a'h = arccos |:—1"'—_|_—%I'—/'§;'] (67)

where H 1s the altitude above the planet surface Further, the grazing angle
at the far beam edge, Y2, 1s defined by the depression angle as

lllz = arccos [(1 + H/Rp) cos a] (68)

The distance to the planet at the far beam edge, the maximum range within
the beam 1s

]

R

5 Rp (tan & cos L{Jz -Siny 2)

1
H H 2 2 :
Rp 4} +§;) Sma- {1 -(1 +—R—p) cos o (69)

The swath length, W, defined as the distance along the great circle
arc in the sidelook plane over which resolved imagery 1s to be obtained,
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Figure 4-67, Geometry in Sidelook Flane for Mapping Radar
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constrains the sidelook bearm waidth, Bys and conversely An exact relation
defmming B, as a function of W, H, and Rp 1s given by

W

W sin (¥2 +2—E
ﬁr = arctan P W (70)
R2 - W' cos {($2 + TR Rp)

where W’ 1s the chord of W

However, for the problems at hand, » Will, of necessity, be a small angle
and similarly, W<<R,, permatting a sumpler and more useful approximate
scaling relation, namely

W
ﬁr Pt RZ sin LIJZ (71)

Ground-Imposed Relations Let the ground resolution dimension required
be denoted by ry, and stipulate that this resolution requirement be the same in
the sidelook direction as in the direction of the orbital path

Referring to Figure 4-68 the conditions mmposed by the resolution
geometry are as follows

The synthetic aperture length, Dg;, 15 related to the resolution in the
direction of travel by

(72)

That 1s to say that the minimum value of Dgy 1s given by the resolution
required at the far edge of the swath The resolution in the sidelook direction
must be achieved by pulse width control so that the ground distance encom-
passed by the processed pulse width satisfies the relation

CT!

h % Toos¥ | (13

T
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where 1! 13 the processed pulse width (on receive) and ll-'l 1s the mimimum
incidence angle, which occurs at the near edge of the swath

Again, for the conditions permitting Equation (71},

cos 412

Cosml ~ 1, (74)

malang the resolution degradation over the swath width negligible such that

_ C (7') max
n T 2 cos ¢, (75)

(Note that the utilization of pulse compression technigues permaits the trans-
mitted pulse width, 7, to be (cp ') where cp 1s the compression ratio
This technique will yield higher transmitter duty cycles and the attendant
reduction in peak power transmaitted

The pulse repetition rate, P, 1s directly constrained by the stated
problem geometry due to the imposition of, at least, range unambigumity over
the swath width, that is

2 (R, -R.)
1L ., 2 1 (76)

P - C

more exactly if the transmaission time 1s taken into account,

2 (R -R.)
.]L.> #
P—‘r+ = (77)

A more useful form of (77) 1s obtained by substituting

W cos llJz = (R R.), and making vse of (75) results in

2 771
C
P = (78)
2 cos b, (W + <p rh)
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In general, set P = P, . permissible by (78) in order to minimize the
required transmaitted peak power [see Equation (102)]and to optimize the
transmitter duty cyecle A further simplification in this relation obtains, for
{cp Yry) << W, a condition which will practically always be met 1f a synthetic
aperture 1s required in the first place Then

C
max 2cosn}12W (79)

Antenna Dimension Scaling Laws The antemna length, D,, that us,its
dimension in the direction normal to the sidelook plane, has a lower lumit
imposed by the relations of the physical antenna pattern to the pattern of the
synthetic antenna In particular, the doppler ambiguity restriction is

Ky, 27V

PRF

D

2 (80)

a

A second restriction arises from angular ambiguity caused by the rela-
tive position of the synthetic aperture sidelobe with respect to the physical
antenna's main lobe This ambiguity 1s eliminated by the restriction

4Vh

D, =
a PRF

(81)

Since Kp_ < 2, [see equation (64)], equation (81)) represents the domi-
nant restriction Here, Vy 1s the planet's surface velocity normal to the
sidelook plane within the beam For scaling purposes, it will be convenient
to set

where Vg {0) 1s the velocity of the subsatellite point at periapse (This sub-
stitution will be valid whenever the planetocentric angle, ¥ 2 between the
local vertical and the swath edge, remains small for swingby orbits, m
attaining a fixed minimum incidence angle, (Lbz) of say, ¥, = 45°,)

An obvious and trivial upper bound on the antenna length is

Da < Dsa (83)
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This relation, however, in conjunction with (72) results mn a lower lamat
on the attaimable resolution, namely

r, B = (84)

For the missions under consideration, the resolution requirements as
well as the limitations on transmatted power, [see Equation (96)], and the
antenna lengths due to the state-of-the-art, dominate rp minimum far above
the limits of (84) In particular, an upper limit on antenna dimension (in
any direction) 1s

(Dy) = (Da)___ = 10001 (85)

Scaling laws defining the antenna height, Dy, and minimum antenna
length Dy as a function of spacecraft altitude and swath length, W, are
then defined as

1 25} R,
y—_— & A
Dy Wem ¥ (1000 )\ ) (86)

from (63) and (71), and from (77) and (81)

8VthosL|J2
S_
C

Dy < (1000 M) (87)

(Note that the term on the left 1s independent of A)  Several other useful
scaling laws for the antenna dimensions obtained directly irom the above as

.) qu)\Vh-Rz
mm - Dr- C tantbz

(88)

and the minimum antenna area, (Azpt), as a function of the problem geometry
only, by

b8
10 Vh Rz

A, D, = (Pa) Dy = (89)

ant min C tan ¢ 5
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Expression (89) can be used as a means of direct elimination of coher-
ent radar utilization for a given planet orbif, regardless of any power, reso-
lution or mapped-area-extent trade-offs, by the 1mposition of a maximum
antenna area (or weight) due to, say, logistic requirements In the absence
of such limitations, there still exists the previously stated restriction of KSS)

(A, ) < 1002 2 (90)

Note also that receiver bandwidth constraints, due to (80), and antenna size
constraints, due to (86) and (87), readily restrict the choice of the incidence
angle, ¥ 5, to the neighborhood of w/4

Radar System Characteristics The requred average transmitted
power, P_, 1s a function of the problem geometry, resolution, and extent
of area mapped It 1s likely the most important parameter in the scaling
laws since 1t defines the input power required from the spacecraft as well
as the size and weight of the radar transmatter Again, determination of a
(P,v)min for a given planet flyby permaits direct assessment of the feasibility
of utilization of coherent mapping radar for the mission phase, given a
maximurn available input power

The radar equation 1s

P = P 1 (PRF)=P, c,7' (PRF) (91)

t 4 3 . - NE
' {(PRF) R,.(4m) (8/N) K-T B- (NF) (LRF) (L )

= atm
m o GZ A z
2
where
Pav = average transmitted power (watts)
Pt = peak transmatted power (watts)
T = transmatted pulse width (seconds)
Cp = pulse compression ratio
(PRF) = pulse repetfition frequency
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7! = 1/
°p
R2 = range to far edge of mapped swath
T, = equivalent radar cross section of resolution cell at RZ
m = number of pulses coherently integrated, which 1s the number

of pulses transmitted during the tame interval corresponding
to the generation of the synthetic aperture length, Dga

N = transmitted wave length
G = antenna gain

(S/N) = signal-to-noise ratio

K = Boltzmann constant

T = noise temperature (°K)
(NF) = recewver noise figure
(LRF) = RF-loss factor

(La,tm) = atmospheric loss factor

B = recewver bandwidth (Hz)

The receiver bandwidth for a matched system 1s B = 1/7' The signal-
to-noise ratio is customarily set at (S/N) = 10 The RF-loss factor,
(Lpp) = 4(6 ab)

The term ¢ can be written as

2

o, =1, b (92)

that 1s, the resolution cell size multiplied by a backscatter coefficient, 6 In
the absence of detailed mmformation on radar reflectivity for the outer planets,
a conservative constant value of § =5 x 104 (-33db) 1s assumed
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The number of pulses integrated, m, can be expressed as

Dsa (PRF) M R2

m = (PRF) & =p 7 (93)
h 2V £y
h h
where £, 1s the integration time
Here, Equation () 1s used in substituting for D
The noise temperature term, T, will be written as
T = °
(200°K) KT
where Ko 15 2 dumensionless temperature coefficient for a given planet,
such that
P
lanet KT
Mercury 30
Venus 35
Jupiter 10
Saturn 10 (94)
Uranus 10
Neptune 10
Pluto 10

See Reference (2) Figure 8.11

The receiver noise figure (NT') can be defined as an empirical fit to the
state-of-the-art attainable as a function of wavelength only Use of the data
m Figure 4-59 results m the relation

L [ 350 + log) M)
(NF)}L = 10 (A 1n meters) (95)
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The atmospheric loss factor {L,;.,) can, for power scaling purposes, be
assumed as follows

The beam incidence angle, Y > will be, at least, (w/4). Then with A in
meters,

(L)

]

exp (“ﬁ) for Venus (See Reference (2) Page 270)
A 10

I

exp % for Jupiter, Saturn, Uranus, Neptune
A 10 (See Reference (2) Page 271)

=1 for Mercury, Mars and Pluto

A simplification, which causes no appreciable uncertainty in power scaling,
1s to set

(La.tm) = 1 for A=z 0 1 meters for any planet

The power relation can now be restated, by substitution of (66), (92),
(93), and (94) as

15 B R~ .V
P =[5 56x 10
av

(NF) (L_, ) Ko, Goules) (96)

This expression determines power requirements for a given swingby
geometry, with ground resolution as the tradeoff parameter since the antemma
properties are already constrained by (63) through (89) Substitution of
(71) permaits restatement of (96) 1n terms of the swath length, W, as

Pav = | 5,56x10 (NF) (Latm) KT (joules)

> (97)
D, Ty N
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Finally, introducing the ratio (Damln/ Da) that 1s, trading off antenna
length beyond the minimum required for power and using (87) for substitution
in the above, results in a particularly elegant power relation namely

Dy 2 R tan” §_ G
P =g 7x10'7 (nF) L ) KA (oules) [ —2 2 (98)
atm’ T T\ Dy A Ty Vh

Note that this expression defines the transmaitted power required as a function
of the problem geometry at periapse independently of swath length with ground
resolution, rp, as the only parameter and with antenna length as a trade-off
In applying this relation, care must be taken with respect to the upper bounds
of Da of Da{max) = 1000M, see (87) and any other limt on Dy mmposed by
logistic considerations

The required peak transmaitted power, Py, 1s

1
P = _
t av dc (99)
where d, is the transmitter duty cycle By defimition
d = ¢, T' (PRF) (100)

c P

Substitution of {75) and (78) then permats duty cycle definition as a function of
swath length and resolution as

o} rh
9o = WA or (ton)
P h

So that necessity of pulse compression (if any), as a function of an upper
limit on Py can be established by inspection of

+1 (102)
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The input power (Pyn) to the coherent radar transmitter, assuming a
transmitter and power supply efficiency of 0 20,15 estimated as

P_=5P (103)
111 av

(Here, any constant load, mmdependent of transmaitted power, has been neglected
as compared with the P_,, required for the transmatter)

A suggested scaling utilization of the relations (91) through (103) 1s

Impose on upper bound on P,, and P; The former results in
a lirmting Pa,v’ the latter 1 a definition of the pulse compres-
sion ratio

Let the resolution, ry, cover the span between the desired
and the minimum required values for the given mission This
defines the tradeoff bounds for D5 and h» when used 1n con-
junction with the antenna scaling laws The swath length
tradeoffs can be kept independent of this procedure by virtue
of (98}

Effects of Extension of Radar Map Area m Direction of Orbit on Power
Requirements. The required mmcrease 1n both average transmitted power
and peak power,over that required in the neighborhood of periapse, when
extending the mapped swath in the direction of the spacecraft path can be
defined as follows

Consider a sidelooking radar system at a fixed depression angle,
a, with respect to the orbital plane of the satellite for a given flyby
orbit about a (assumed spherical) planet of radius R.p

Let § denote the true anomaly angle of the satellite, Then the
satellite altitude from the planet surface as a function of §, denoted
by H (8), 1s

H(@)  H@O© |Q+e)+ €(l - cos @) (104)
R =~ R 1 +€ cos®
P P
where
H(0) = altitude at periapse
€ = orbit eccentricity (for swingby, by definition, € > 1)
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The maximumn range to the planet surface, R, (#), that 1s the distance
m the sidelook plane to the far edge of the mapped swath 1s

™

R, (B 2
:: = (1 + I;“”) sthao-|1- (J'—_I-RH———M)) cosza (105)
P p P

The power ratio, for constant S/N and a fixed transmission format, as
a function of true anomaly only, becomes

) |Re®| 5 © R0 |7 cos g0
P(0) R,(0)| o, (¢ - R, (0) cos ., (0)

(106)

Using the relations (68), (69), and the above, yields the power ratio,
as a function of the orbit parameters only, as

_ _3
1
2
2
4 s ¢ - ( Rp (1+SCOS 9)2 —cosza
P{f) _ 14+¢ ] Rp+I—I(O) 1+ € (107)
P(0) ~ |1+¢ cos @J 1
2 2
Rp 5
sin & - W - Cc0s o

This rather unwieldy expression 1s actually a simple function of the
angle § only, since the depression angle o 1s a constant, fixed by the choice
of ¥,(0), [see Equation (68)Jand £, H (0) and R.p are constants of the given
periapse geometry

The suggested use of (107) 15 the determmation of a limiting true
anomaly to which mapping 1s extended Let |0 lel denote the absolute value
of the determined angle Then the planet area mapped as a fraction of the
total planet surface 1s

2 W\
A(map) TTR 4n (108)
b
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In general, the maximum ratio of P(#)/P(0) which defines Iﬁlel by
{97) should not exceed a value of 2 0, since a trade-off with extension of the
swath width to achieve a given A(map) will result 1n smaller power require-
ments than extension of @1, beyond power ratios of, say, 2 0, (see
Fquation (97))

4 5 3 3 Support Regquirements

Power The requred power input to the radar from the spacecraft
during the operation of the radar is

P =5P (109)
11t av

Here a transmatter efficiency of 1/5, and a negligible constant load has been
assumed

Energy The total required energy for a given swingby 1rnaging
mission 1s

E = 5Pt (0, (110)

where t (f13m) 1s the time 1n orbit between periapse and the true anomaly
(y,m) corresponding to a maximum permissible power ratio (See
Eguation (107)}

Antenna Weight Antenna weight can be conservatively estimated to he
6Kg/meter2 of antenna area

Weights as lowasg 1/2 Kg/meter2 could be achieved with thanly coated,
mnflatable types of antennas However, for the high power densitres required
m the missions under consideration here, the use of this type antenna 1s
precluded

At best, a mimimum weight of 3 ]':{E_,)/_m2 may be assumed,
Transmitter and Power Supply Weight An empirical relation repre-

senting a fit to a few existing, low power, systems 1s given in Reference 2,
Page 276 as

P\
M, = 13 6+912ne oo | K& (11i1)

for P M mm units of watt-meters
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The systems used 1n obtaming this empirical expression all exhibited
duty cycles on the ordex of 1/1000 and average transmitted power levels of
less than 10 watts. It 1s expected that (111) does not yield good weight est1-
mates for high power systems (Pyy > 1000 watts), It furthermore does not
reflect any effect of duty cycle on weight and 15 unduly affected by

An alternative empirical expression which has been found to fit a

fairly diverse set of high power systems in the wavelength band between
3tol2 cm s

(Power mn Watts)

MT (Kg) = = (112)

78 d 78
\ ¢

(Here d, can be expressed as a function of resolution and swath width by
(101)

Data Acquisition Rate A lower bound as data acquisition rates can be
established as

W-vh

(DR)___ =G (113)

(o
th

where Gc 1s the number of bits per sample, (W Vh) 1s the mapped area per
unit time, and (rhz) 1s the max resolution cell area

This lower bound on data rate can only be attamned if a radar data
processor aboard the spacecraft performs the coherent mtegration function
permitting a single data entry per resolution cell The data acqusition rate
required when no coherent integration is provided by an on-board processor
1s then given by

DR =——mMmMG (114}
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Here n represents the (redundant) number of pulses transmitted durmg
the time which the sidelook plane travels a distance rp on the planet
surface at the far edge of the swath, 1 e ,

n = (PRF)-H (115)
Vh

Substituting Equation (79) for {PRF), results in

C :c'h
n = (116)
Vh 2W cos Lpz

Since cos z—%—, and C = 3 x 108 m/sec the data rate requirement for
coherent imaging radar 1s, by substitution into (114)

8Gc

h

(DR) = }2x10 bits/sec (117)

{with r, 1n meters)

h

Usually 4 = Gc = 7 bats

Note that this data acqusition rate requirement 1s mversely propor-
tional to the ground resolution dimension only and independent of the extent
of the area mapped per unit time

This relation should be interpreted as the data rate required for a
system where peak power has been minimized by ma,x:l.ms.z’lng the repetition
rate Thus, a trade-off exists between the required data rate and the peak
power as a function of the PRF for a given coverage and resolution

Antenna Pointing and Stability Requarements A necessary condition
imposed on the antenna pointing stability 1s that a given mapped element must
remain within the locus of the 3db-~beam contour on the planet surface for, at
least, the wntegration time interval (See Figure 4-68)
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Liet O represent the angular velocity vector of the antenna as a rigid body,
with respect to an inertial frame

Let Qp represent the component 1n the direction normal to the orbit plane
QY the component along the local vertical

6R the component along the local horizontal in the plane of the orbit

Then, for the sidelook geometry defined in Paragraph 4.5 3 2 ideally

6 =0 o_ =8 _ =0 (118)

where §§ 1s the true anomaly angle of the spacecraft

Let 6(0) denote the error in the angular rate components so that

60 ) =0 -9
( P) p
b =
0g) = | o (119)
60 ) =1} @
( Y) y
The stability condition then requires that
P
a
6(013) =32 (tl) 51N o
p
a
2
é(gy) =3 (tl) cos o (120)
By
6(QR) s 3 )

The mtegration time, t;, for the synthetic aperture 1s gven in terms
of the problem geometry and resolution by (93) as

P o= — (121)
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Substituting (121) and (63) and (64) respectively, the stability regquare-
ment becomes

5(0 ) = R hD h
P 2 N sina
r Vv
h h
5(0 ) < (122)
vy RZ Da. cos o
5(0.) = 1 25 rh Vh
R" 7 R D
2 T

Scaling Law Application The steps 1n estimating system parameters
and support requirements are given in Figure 4-69 Caution must be exer-
cised 1 using the Figure however, since inconsistencies may be wntroduced
unless the restrictions imposed in the text are taken into account

Implication of Mission Requirements A summary of the mnimum
antenna area and the mimimum input power required in utilizing a coherent,
synthetic aperture, radar in the neighborhood of periapse for the planetary
missions considered 15 given m Table 4-16

Here, use has been made of Equations (89), (98) and (103) for a base-~
line wavelength A = 0 1 meters The minimum power mput computed reflects
a ground resolution of 10% meters and antenna lengths of D, = (D )3y The
scaling of both parameters listed in this table for D, > Damln 15 an increase
n required area proportional to D,/ Damm and a decrease 1n input power in

the ratio

2
(D,

D
a

The effect of ground resolution on the power values listed in the table 1s sumply

a multiplier of 1000/1‘h with r, in meters
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Table 4-16 Prime Power and Antenna Area Requirements
for Selected Planetary Missions

i

Mission Periapse; Periapse Pin (kw) Min,., Antenna
Number Planet Altatudel Greund for Area (M) for
! Km Speed rp=1 km =0.1n
’ Km/Sec, D=0, min.
i
1 Mercury 2200 6.4 2.67 60
2 ' Mercury 2200 6.9 2.5 63
3 Venus ! 5100 L.6 11.5 112
i
4 Verus . 6100 4.0 13.5 97
f
5 Venus : 1200 10.3 1.0 50
« Mercury 2200 5.2 3.3 48
6 Venus 2000 10.1 1.83 81
Mercury 2200 5.4 3.2 50
) 1
7 Jupiter ‘42000 17.5 6.0 . 2900 ‘
Saturn 60000 | 9.4 16.0 \ 2300 i
1 ! I
‘ ) { H
8 , Jupiter 260,000 ! 11,2 i 185.0 ' 38,000
Saturn 121,000 ¢ 7.5 37.5 4,000
1 d t ! : !
9 Jupiter 190,000 39 1 118.0 : 3,000
Uranus 50,000 ) 7.2 * 17.0 . 1,500
Neptune 22,300 . 11.4 50 ;1,000
i i t
10 Jupiter 277,000 6.5 107.0 v 7,200
Uranus 8,300 ‘ 20,4 1.0 : 700 ;
Feptune 22,000 11.5 5.0 1,000 ;
11 Jupiter 104,000 | 4.0 65 0 1,640 ‘
Saturn 260,000 3.3 185.0 | 3,600
Pluto £,000 12 0 13.3 g 290
12 Jupiter 440,000 8.7 12.4 ! 15,500
Saturn 360,000 3.0 300.0 ; 4,300
Pluto 6,500 11.0 13.3 F 260
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The data in the table can be used to screen each of the missions for
mapping radar swtability both from the point of view of power requirements
and antenna area and/or weight

The procedure given in the text has been applied to Mission 7 for a
Saturn swing-by The trade-off's are indicated in Figure 4-70 for a distance
of closest approach of one planet radius The same data 15 cross-plotted 1n
Figure 4-71

Table 4-17 Definition of Terms for Coherent Imaging Radar

A'(Ant) Antenna area

A(ma,p) Mapped area as fraction of planet surface area
B Receiver bandwidth

C Velocity of light

cp Pulse compression ratio

dc Transmatter duty cycle

Dy Antenna length - (dimension i1n orbital plane)
De Antenna height - (dimension in sidelook plane)
Dga Length of synthetic aperture

DR Rate of data acquisition

€ Orbit eccentricity

G Antenna gain

Gc Gray code (bits)

H Altitude of spacecraft above planet surface

K Boltzmann's constant (1 38 x 10—23 joules/°K)
KDa, Antenna pattern factor normal to sidelook plane
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Definition of Terms for Coherent Imaging Radar (Cont)

Antenna pattern factor in sidelock plane

Noise temperature coefficient for given planet
Atmospheric loss power factor

RF -loss power factor

Numbexr of pulses transmaitted during time interval cor-
responding to travel of synthetic aperture length

Antenna weight

Weight of transmatter including power supply
Receiver noise figure

Pulse repetition frequency

Average transmitted power

Input power

Peak transmaitted power

Ground resolution dimension

Scaling range - distance from spacecraft to far edge of
swath

Planet radius
Signal-to-noise ratio

Integration time - travel fime corresponding to length
of synthetic aperture

Input noise temperature

Velocity of planet surface within beamwidth in direction
normal to sidelook plane with respect to sidelook plane
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Definition of Terms for Coherent Imaging Radar (Cont)

Orbital velocity of satellite at periapse
Velocity of subsatellite point

Swath width - length of surface element mm sidelook plane
over which resolved mimagery is obtamned

Depression angle of antenna, angle between local hori-
zontal plane of subsatellite point and L.OS from antenna
to far edge of swath i1n sidelook plane

3db - beamwidth normal to sidelook plane

3db - beamwidth 1n sidelook plane

Doppler spread over 1/2 {3&

Uncertamty in AfT) due to antenna stabilization errors
Back scatter coefficient

Angular rate of antenna about normal to orbit plane

Angular rate of antenna about local horizontal at
spacecraft in orbit plane

Angular rate of antenna about local vertical
Transmutted wavelength

Equivalent radar cross section of resolution cell at
far edge of swath

Transmitted pulse width
Received (compressed) pulsewidth

True anomaly angle of spacecraft with respect to
periapse for given planet orbit

Beam incidence (grazing) angle at far edge of swath
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4 6 SEMI-ACTIVE AND PASSIVE MICROWAVE INSTRUMENTS

4 6 1 Introduction

The design of semi~active and passive mucrowave 1nstruments for
planetary exploration are all quite similar This follows from the fact that
the instrumentation on the spacecraft consists of a receiver and a receiving
antenna with minor modifications to perform a variety of functions depending
upon measurement experiments, The 1nstruments which fall 1nte this
classification are the following

a Two-frequency occultation experiment
b Measuring radiometer

c Mapping radiometer

d Microwave specirometer

These experiments all require an antenna and receiwver on the spacecraft
with significant increases i1n support requirements to mechanize antenna
scanning for the mapping radiometer case

The two-frequency occultation experiment 15 only one of several
microwave occultation experiments which might be postulated Tt is
included because 1t imposes support requirements on the spacecraft to
recewve a sighal of known characteristics from the earth It can be extended
to include occultation of radio stars if there 1s a favorable geometry for
conducting such an experiment The alternative of placing a microwave
source on the spacecraft for measuring the effects of occultation at the
earth 1s not included since it 15 a trivial extension of the communications
problem from spacecraft to earth The communications area 1s not part
of the sensor support requirements study so that the spacecraft to earth
occultation experiment 1s more a by-product of the communications problem
and should be considered with 1t

Microwave spectrometers are a special case of measuring radiometers
in which RF bandwidth is traded against integration time The scaling law
given below 1s for a measuring radiometer in which the basic support require-
ment results from the antenna The elactronic support requirements are
essentially trivial when compared with the size and weight of the antenna A
microwave spectrometer would use the same antenna with an electronic
package which has the same support requirements as the radiometer but
would differ from it in bandwidth and local oscillator tuning characteristics
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Although not explicitly described 1n the study,1t 1s fairly obvious that
many of the functions of microwave instruments described separately could
be performed by a single mnstrument It would be necessary to time share
the functions of occultation measurements with temperature measuring and

mapping radiometry,but at least formally the same antenna-receiver combi-
nation could be a multifunction device

The design of semi-active and passive microwave instrumentation is
essentially deterministic once a set of measurement parameters has been
defined Forthis reason, the tradeoffs which are open to selection are
readily summarized i1n the form of nomograms, This approach has been
used in establishing scaling laws for microwave 1nstruments Nomograms
have been developed to pernut rapid assessment of the implications of changes
in significant systemn parameters

They have been established to cover the range of parameters most
likely to be encountered 1n planetary exploration In addition, where meaning-
ful limitations on the state-of-the-art exist, the limitations have been taken
into account in establishing the range of operation of the parameters affected

4 6 2 Two-~Frequency Earth Occultation Experiment

Occultation of a radio signal by the atmosphere of a planet allows
determaination of the total density from refraction and phase shift (retardation)
measurements, If two substantially different frequencies are employed, the
resulting dispersion data permat separation of 1on and electron from neutral
atomic and molecular densities To determine the bi-frequency phase shaft,
a coherent transponder, at one of the frequencies, (usually not the basic
spacecraft communications frequency) 1s required The times of entrance
and exit also give 2 measurement of the planetary radius Additional uses
of the coherent transponder, to determine plasma densities in the inter-
planetary medium, to measure planetary distances, and to observe general
relativistic effects near the sun and major planets, are outside the scope of
the study

4,6.2.1 Design and Performance

To establish the total sensor requrements, design parameters and
performance data are developed for spacecraft antennas at both frequencies,
as well as for the coherent transponder Usually, one of the antennas 1s the
high-gain communications antenna, and i1s more than sufficient for the
occultation experiment A single-frequency occultation experiment requires
no ad hoc sensor equipment
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4.6 2 2 Scaling Law Development

A two-frequency experiment 15 assumed Both transmitters are on
Earth with the corresponding receivers on the spacecraft or one transmatter
can be located on Earth with the corresponding recewer on the spacecraft and
the communications transmitter on the spacecraft used as the second
transmatter

The scaling laws for the Earth Occultation experiment give the error
1n measuring the gas refractive index and the electron density as a function
of spacecraft trajectory and equipment parameters The results are pre-
sented both in the form of equations suitable for numerical analysis and
nomographs to allow a rapid analysis and tradeoff study The geometry of
the experiment 1s shown in Figure 4-72 A planet of radius r 15 assumed
with an atmosphere of depthh  The spacecraft at point P receives energy
from a source on the Earth The distance 1s sufficiently large that the rays
can be assumed to be parallel. The spacecraft has a velocity V normal to
the Earth spacecraft line The closest approach to the planet of a ray
joining the spacecraft and the Earth 1s denoted by p

Note that the analysis 1gnores the bending of the ray paths due to the
presence of the atmosphere It 15 shown in References 13, 14, and 15,
that the bending 1s small and will not significantly affect the error analysis

-— SOURCE
P N - OF

{ / RADIATION
y
vV R h

z I

L/

Figure 4-72 Two Frequency Occultation Geometry
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The analysis 1s valid 1n either case. Assume a planet with both a
neutral gaseous envelope and an 1onosphere Let the operating wavelength
X\, be sufficiently small that the i1onosphere has negligible effect The phase
path increase 1n cycles ¢ = 491 {(p) 15 given by

1 a0}
. ¢l(p)=)\_/ Ap dz
L o (1)

where the refractivity Ap 1s given by

Ap = Ap{p) = (p.G - 1) =x 106 = the refractivity, where

= = the gas refractive index
by = Mo {p) g

and
the coordinate through the center of the planet parallel

to the unbent rays

o]
Il

A second wavelength A 1s used so that the ionospheric phase shift 1s
significant, A, >A; The phase path increase in cycles, ¢ = $3 (p)
15 given by

- -@ (2)
where
A e " Ap o {p} = (u o 1) 10+6 = the refractivity
B = p  (p)=-electron refractive index

e e
The relation between Ap o and the electron density 1s given by

40 3
A[J.e—‘? N
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where

electron density 1n electrons/m?>

2
I

h
I

frequency in Hertz

40 3 1s a dimensional constant

Assume an error in the gas refractivity Ap and the electron concen-
tration N Error terms will be denoted by prefixing the quantities with 6
Since the integral 1s a linear function of the corresponding error in the phase
path, an mcrease in $; (P) will be given by

1 ©
56, =6, (p)=-——-[ 5(Au ) da
Mo (3)
In practice, the measurements are not 1nstaneous Each determination
of ¢1 {p} will occupy a time A t; Thus each measurement will give the

average phase path length increase The average 1s taken over an altitude
mterval & h) given by

Lhy=Ap) =V At (4)

We define h, the depth of the atmosphere, by letting h be the greatest
altitude where ¢ (p) differs from zero by a measurable amount

The number of intervals 1s given by n = h/A h; = h/A p;  During the
experiment we obtain n values of ¢; (P}, 1 = 1, n. From these values we
will obtain n values of &Ap (P.), =1 . nby replacing the simultancous

integral equations by an n by n matrix equation and performing an inversion.
Since the error analysis does not require an inversion we need only estimate
the error in ¢y (P,).

If the value of Ap (p,), 1 =1 n 1s 1n error by 8Ap , then the
average error m ¢ (p) will be given by

_Zav b4
& cbl (p) —_k‘l" ﬁ
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/2, the average path length Thus
1/2
Ah
5 Ap 1 1/2
&¢,(p) = — [-—-J (rh)

1 M h

LAY 1/2
5, (p) = 22% ran )/

M (5)

Let S/N be the power signal-to-noise ratio at the recewer output, The

presence of noise will also introduce an error in the measurement We
assume a sufficient signal strength for equality between the two sources of

error Thus

TB,

_ 1 N _ 1
5¢1{P)—§-¥ é < 3r A1§1 H=z

where

K = Boltzmannls constant (1 38 x 10-23 joules/°K)

T = The receiver noise temperature 1in °K
Bl = the receiver bandwidth in Hz
Al = the receiver antenna aperture in m?
?;1 = the power flux density of the source at
wavelength }\1 in &%-t—s
m
From Eq (4} we obtain
v
A T A
t1 hl
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Equating By and "EL we obtain
1

1 KTV
8. (p)= =—  [—2¥
1 2w \[ A L Ah ©)

Let 2
2
1 {7)

where

P. T = the transmaitter power in watts attentuated
by the intervening atmosphere

o 1]
1]

the transmaitter antenna aperture in m

the distance from the transmitter to the receiver
in meters

P
i

1 KTVRZKIZ

56 (p) =5 = Lok

M

_ (réhl)lfa
Ale:’]_I"d1 JaY hl

or

Ap,

where we have set

with D being the diameter of the second antenna 1n m
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We next consider Eq. (2). Sincel; > \j and Ap < Ap e We neglect the
first integral and obtain

1 [=e}
cbz (p) ng Ap  dz cycles

-l

and

[oe]

2 dAp dz cycles
)\2 e

-m

64, (p)

By the same argument as for the first equation, we obtain

b Ap 1/2

5 ¢,(p) = ——= (roh,)

(9}
Next we use the relation between Ap e and N to obtain
2
_ 40 3 _40.3A

SN = ——x— 6N
f2 CZ

AT
hence

40 3 A6 N
8¢, (p) =10

1/2
h
o2 (r 2)

(10)

Again using the signal-to-noise argument we obtain

N

1 [ KTVR )

bé, (o) =57 2
A,P,Td,"Ah,

(11}
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As before, let Az = D% and solve for 6N

2
6N = ¢ ) D R | KTV
40,3\ 2/ . "2/ BT
Ah, r, n, 2
2 -6
c
6N=—X1g————- 6 Ap. (12)
40.3 h

The factor 107615 a dimensional constant Eqgs, (8 and (12) give the
final solutions

The parameters in the equations have the following bounds

Pl T, PZ I'= 102 to 106 watts.

Higher powers are difficult to achieve and lower powers would not be
sufficient

D/ d/y =30 to 300.

}\ ?

The lower hound would not be sufficient and the upper bound 1s difficult to
achieve even under controlled conditions This 1s especially true on the
spacecraft where a steerable antenna has been assumed. In addition, a dual
frequency receiving antenna on the spacecraft would make the attainment of
a 300 wavelength aperture difficult

T = 100 to 104 °K

The lower bound corresponds to a parametric amplifier. The upper bound
corresponds to a very poor superheterodyne receiver.

o
I

3m to 3 ¢m

30 m to 30 cm

-
1l
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The values of A» encompass the wavelengths where 1onospheric effects are
significant and Ay is smaller than A; by a factor of at least 10,

Ah=1to 10 km
The lower bound 1s smaller then can be achieved in practice The upper
bound represents a value of little interest
Egs (8) and {12) can be solved analytically or by the use of the three
nomographs shown i Figures 4-73, 4-74 and 4-75 To 1llustrate the use
of these nomographs we consider an example The distinction between
solutions of Egs (1) and {2) 15 dropped in the example

Use Figure 4-73

Step 1 -

Choose T = 103 and PI'= 10° This gives a point P; on reference
Iine number (1). )

Step 2 -

Choose D/X\ = 100 and draw the line joinming this point with Pj,
where this line crosses reference line number (2) defines a
point P

Step 3 -

Choose d/X = 100 and connect the point with P,, where this
line meets the (5 ax1s, point p3, defines the solution to the
equation

17

B=[ KT = 3 72x 10"

P T @/ (szji

Next the value of P3,found using Figure 4-73,1s5 entered on the Bs scale in
Figure 4-74 Choose A h = 1 km and connect B3 = 3 72 x 10-17 wath
Ah =1km This gives the solution to the equation

p
_ 3 6 _ -15
54———2'“&}1}{10 =5 93 x 10
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The value of B4, found using Figure 4-74,1s entered on the B4 Scale 1n
Figure 4-75

Step 1 -

Connect V = 100 km/sec with r = 100 kma The line crosses
reference line number (1) at point Pl

Step 2 -

Connect point P, with the point on the g, axis previously entered.
The line crosses reference line number (2) at point PZ.

Step 3 -

Connect pomnt P, with R = 108 km  Extend the line to the 5Ap

ax1s Obtamn dAp =5 93 x 10-4

Step 4 -

Connect 6Ap =5 93 x 10"4 to A= 10, obtain 8N =1 32 x lO4 m=?2

Step (3) gives the solution to the equation

= v
5 A R\/_r B,

Step {4) gives the solution to the equation

_C x 107"

40 3)\2

&N 5 Ap

4 6 2 3 Support Requirements

System Weight The dominant factor i1n weight for the occultation experiment
15 the antenna While a steerable antenna 1s probably required, it does not
appear that high angular rates will be encountered, especially during measure-
ments Therefore, a not too rigid structure appears feasible and a weight
scaling factor 1 5 kg/square meter of aperture area 1s adequate, that is

- 2
M__ =1.5 D“kg (13)
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where

D 1s the aperture diameter (assumed parabolic)
M 1s the antenna weight 1n kg

The recewver weight 1s relatively modest since the receiving functions are
unsophisticated unless 1t can be established that the receiving antenna must
track the ground station signal From a rudimentary consideration of the
geometry this does not appear to be required so that a nominal weight of 2 kg
per channel can be assigned as the weight penalty for the recewver

System Volume. Under the assumpfion that a parabolic antenna 1s used, then
the launch volume of the antenna 1s the significant parameter Current
practice 1n deployable antennas 1s such that the aperture can be folded for
launch to 0 litsdeployed diameter However, the feed portion i1s difficult

to fold so that the launch volume of the antenna 1s determined by the focal
length of the antenna For most parabolic antennas an f /number of 0 45 or
less 15 used so that in the launch configuration the volume 1s

2
v:f(l%) =4 5% 10> D?

where f 1s the focal length, and D 1s the deployed aperture diameter

System Power Under the assumption of a non-steerable antenna,a nominal
value of 5 watts can be assumed as the power required to operate the dual
recewver

Data Rate As indicated in the discussion of the nomographs,the number of
measurement samples 1s determined by the height resolution which the
experiment 15 trying to achieve For an atmosphere - ionosphere height of,
h, and a resolution of A h then

number of measurement samples = —

Ah

The total amount of data 1s determined by the component of spacecraft
velocity perpendicular to the direction of propagation of the source radiation,
V, and the integration fime selected so that

= h
Ah - VA t1 (15)
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where
n 15 the number of samples
b 1s the altitude
V 15 the spacecraft velocity
At 1s the integration time

Since each measurement 1s a phase comparison measurement,it 1s ambiguous
every 217 radians Therefore, 1f the phase comparison 1s to be established
to A & degree, then the dynamic range of each measurement must encompass

360
G = E- imcrements (16)

Under the assumption of one bit per increment the total data 1s

h x 360

D=54At, 29

(17)
and 1if the measurement requires T seconds the data rate 1s

360 h bits

DR =
VAtlAchT sec (18)

Stabilization Requirements. To prevent signal loss during reception, the
spacecraft antenna must be kept pointed at the earth based source to within

a small fraction of the antenna beamwidth during the measurement time,

T A tenth of the beamwidth 1s considered adequate to prevent signal loss so
that the antenna must be pointed with an accuracy of 0 1 6 where g 1s the
antenna beamwidth The maximum error of 0. 18 1mplies a stabilization of

6T =0186 {14)
where
3] 15 the drift rate
T 18 the measurement time
8 15 the antenna beamwidth
so that
o _0.18
max T (20)
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4 6 3 Radio Polarimetry Experiment

Measurements of the rotation of the plane of polarization of
electromagnetic radiation passing through an 1onized medium determines
the total 1on density in the beam column (Faraday effect) If a polarized
radio signal 1s used during earth occultation, the 1on density in the planetary
atmosphere can be calculated as a function of altitude This experiment
can be substituted for, or added to, the second occultation frequency To
observe low 1onospheric densities (e g , at Mercury), the data must be
corrected for rotation due to the interplanetary plasma

4 6 3 1 Design and Performance

The equipment for the polarization experiment 15 the same as that
for 2 single-frequency radio occultation, with added provision for a plane-
or circularly-polarized signal If circular polarization is used, the angle
must be synchronized with fiming pulses

4 6 3 2 Scaling Law Development

The scaling law for polarimetry is based on the earth occultation
experiment The Polarimetry experiment gives the phase error :n radians
as a function of the system parameters The equation 1s derived, as were
equations (6) and (7),1n the Earth Occultation experiment description In
radians the phase error i1s given by

6§ & = KT —f—{-\ﬁ' (21)
Venge onp?) (FVaE

The farst term 1s the quantity P, found from Figure 4-73 in the Earth
Occultation section Thus only one additional nomograph 1s required for
this experiment The nomogzraph 1s shown in Figure 4-76 To 1llustrate
the solution of the equation using the nomographs, we enter 3 = 3 72 x 10
(found using Figure 4-73 of the Earth Occultaticn section) on the P3 scale of
the nomograph

[

-17

Step 1 -

Choose V = 10 km/sec,A h = 10 km Join these points with a
line  This line crosses reference line number (1) at the point P,

Step 2 -

Connect the point P} with the value of B3 previously entered This line
crosses reference line number (2} at Pz
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Step 3 -

Connect PZ. with R = 108 This line crosses reference line
number (3) at Py

Step 4 -

Connect A = 1 m with P3 Extend the line to the A¢ scale Thas
gives the solution A¢ = 3 72 x 10-% radians

4 6 3 3 Support Requirements

The support requirements for the Polarumetry experiment are the

same as the support requirements for the Earth Occultation experiment
given above

4 6 4 Microwave Radiometer

4 6 4 1 Scaling Liaw Development

This section presents the scaling laws that relate the sensor
performance to the orbit parameters, the signal characteristics, and the
sensor parameters The results are presented in the form of nomographs
The final result 1s an expression giving the maximum altitude of operation
versus the signal characteristics and known orbital parameters

Intermediate steps in the solution give the temperature resolution,
the linear resolution, and the angular resolution of the sensor The
minimum detectable signal or temperature resolution 1s derwved in
Reference 16 In slightly different notation, 1t is given by

Br \! /2
R f + -1 22
A’I‘J:r.u.n K. B [TA N TL (¥ ) To] (22)
17"H
where
BF = the post detection bandwidth
BH = the predetection bandwidth
TA‘ = the apparent antenna noise temperature due to the background
This varies from planet to planet and with the operafing
wavelength
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TL = the contribution to the temperature by the system losses
F = the system noise figure
T0 = noise figure reference temperature

= 290°K (by definition)
K. = a constant
= 1/2 for an unmodulated radiometer such as 1s used for imaging

= 1/8 for a Dicke radiometer with square wave modulation and
demodulation such as 15 used for temperature measuring

The first step 1n determining the temperature resolution 1s to simplify the
expression for the composite system noise temperature

The composite noise temperature 15 given by

TC = TAI + TL + (F -1 TO (23)
Set
TA = TA + T {24)
Then define
FRTO = TA+ (F—l)TO (25)

FR can be called the effective noise figure

The value of FR for chosen values of F and TA can be obtained from
Figure 4-77

Next calculate the relation between post detection noise bandwidth and
the integration time Assume a simple RC integrator, hence the relation
between the two 1s

B_ = (26)
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where
Ty 18 the tume constant of the RC integrator in seconds

The manimum data rate required to transmit the received data back to
earthis 2 2 BF

Next calculate the available integration time It 1s assumed that the
integration time 77 1s equal to the least time required to move one-half a
resolvable unit on the surface At a distance h, the linear resolution
A Ly 1s given by

AL, = h B (27)

where

B = XA/D = the 3 db beamwidth of the antenna

D = the antenna diameter

A = the operating wavelength

Note that aperture weighting can be introduced by defining an
equivalent antenna diameter, 1 e , 1if B = 1 2 A/D then define
D' = I'D—Zthen g = %

Ir Vg 15 the ground speed when the spacecraft 1s at altitude hy, then

h0[3
Tl = 2 Vg (28)

If the planet's rotation can be neglected, the lowest value for 7,
occurs when the true anomaly 18 zero Then ho 1s the minimum altitude and

Vo 15 a maximum In this case b, = hp, Vg = V_, the values at periapse
If the planet's rotation cannot be neglected, it 1s necessary to find the
minimum value of h, /V The value of hy and V, that makes the ratio a

mimmuin 1s to be used in the calculation of v; The values of hy and Vg for
which the ratio 1s 2 minimum can be determined from the trajectory
parameter p
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The values of 7] for the values of D/X, hy and V_ can be determined
from Figure 4-78 This figure also gives the linear resolution A L, for
any altitude, 1t 15 only necessary to interpret the scale hg as the instantaneous
altitude above the planet

The radiometer sensitivity AT, ,, 1n degrees Kelvin 1s found from
Figure 4-79 This nomograph requires the value of F'p found from
Figure 4-77 the value of v] found from Figure 4-78 and the system band-
width By in Hz  This figure 1s from Reference 17 The range on the
various scales has been chosen to exceed the achievable state-of-the-art
range in the variables, as were those in the previous two nomographs The
state-of-the-art in the next few years, and practical considerations, impose
the following linmts

D/A < 300, since antennas with larger diameters can be erected only
in a confrolled environment

BHslf

O?

where f, 15 the center frequency of the band

It 1s difficult to design components that operate well over a bandwidth
larger than 1 f, System losses in particular become excessive

By reducing Byy to a small fraction of £, and using a tuned local
oscillator, the system can be used as a microwave spectrometer of

essentially low resolution

T1 = 20 sec, since too large an integration time can cause errors
due to equipment instabilities

The other limit on these variables and limits on the remaining
variables are set by the desire to achieve a desired linear and temperature

resolution

The equation solved 1in Figure 4-79 1s

> \L/2
ATm.m - (B T) FR To (29)

H

The factor of two results from assuming a Dicke radiometer with
square wave modulation and demodulation
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Given a temperature variation Tp at the target area, calculate the
variation seen by the radiometer which will be denoted by AT

The relation between the two quantities 1s given by

QT

where
QT = solid anpgle subtended by the target
QA = solid angle subtended by the antenna beam
I = the power transmission coefficient of the atmosphere 1f

an atmosphere 18 present

Set 5 = [32 and Qmq = AT/hz, where AT 1s the target area which
will be approximately (AL p)2

eLp? = & p)’, (31)

This 1s the smallest antenna beam intercept It occurs at periapse
for any planet

AT, =B 7 _r (32)

Let S/N denote the signal-to-noise power ratio We wish to choose
the system parameters so that

AT, = (S/1N) AT (33)

Equating the two expressions for AT, gives

2. T (34
h (S/N)y AT ~
jo) min
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Let
T.,T
T
= 35
Ty (S/N) (32)
denote the effective target temperature Then
T
h 2
h AT (36)
P min

The value of Ty can be found from Figure 4-80 Since the value of
the atmospheric attenuation for the planets with a dense atmosphere 1s
unknown, this figure also can be used in a tradeoff study to determine what
surface temperature variation can be measured with a given signal-to-noise
ratio for any value of T

The value of Ty obtained from Figure 4-80 and the value of Tmn
obtained from Figure 4-79 are used in Faigure 4-81 to obtain h/h.p

4 6 5 Imaging Radiometer

4 6 5 1 Scaling Law Development

The equations developed in paragraph 4 1 for the Measuring Radiometer
hold, with the exception of Equation (28}, for the imaging radiometer

The time T; given by
h
o P

- 37
"1 T 2 vg (37)

must now be interpreted as the time available to map a strip of length W
normal to the projection of the velocity vector on the surface To simplify
the discussion we neglect both the curvature of the planet and the change in
the resolvable unit size with scanning

Let ¢ be the total scan angle
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Define the strip width W by

W =h ¢ {38)

where hp is the altitude at periapse

Thus at altitudes higher than h, we use data from less than the
maximum scan angle

The number, n, of resolvable units per strip is given by

W

(39)
ALy,

n =

where /.\LP 1s the linear resolution obtained from Figure 4-78 by setting

ho=hp

The integration time T 18 then obtained from Figure 4-82 The
relation between T] and 7, 1s given by

T = {40)

The factor of 4 appears since the imaging radiometer has a different
radiometer constant than a measuring radiometer Waith this factor
included, the radiometer sensitivity AT . ., 18 found using Figure 4-79 The
remaning nomographs i1n Section 4 3 are then used to obtain the ratio h/h.p

The data rate required for the imaging radiometer using this
formulation 1s given by

n° = (41)

go the data rate 1s higher than that of the measuring radiometer by a
factor of n
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The akove basic description neglected the effects of surface curvature
and beam scanning The time required to scan the beam can be made
negligible using phase scannming New developments in ferrites has resulted
in the production of phase scanned antennas with nanosecond beam switching
times  Thus all but a negligible portion of the available time can be used to
sample the terrain

As to the effects of surface curvature, a more exact calculation of the
shape of the resolvable unit will result i1n a lower value for n

If n 1s fixed by the phase shift network, this will result in fewer than
n independent resolvable units giving a lower linear resolution If ¢ 1s less -
than a radian, 1 e , the half scan angle 1s less than 30 deg , this effect
1s not significant

An example of the use of the nomographs 1s given below The numbers
chosen have no significance

1 Use Figure 4-7T7

TA
LetTA = 290ksothatT =1
o
Let ¥ = 4
Obtain FR = 4 or Fr = b db

2  Use Figure 4-78
Step 1

Let ho = 104km, let D/» = 10

Obtain AL = lOka
Step 2

Choose Vg = 50 km/sec

Obtain Tl = 1 sec
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3 Use Figure 4-79

Step 1
Enter Ty S 1 sec on the T scale
Connectto B.. = 1 Tx 109 Hz The intersection of the
connecting lifie with the reference line gives the point P].
Step 2
Enter FR = 4
Connect P with Fg = 4 and extend line to intersect

AT scale Read AT = 4x 1072 0K
min IXin

4 Use Figure 4-80
Step 1
Choose S/N = 100, I'= 10“l

Connect the two points and extend to the reference line to

obtain the point Pl

Step 2

Choose TT = 102 oK
Connect P1 and TT = 102 9K to obtain TE = 19K

5 Use Figure 4-81

Enter Ty = 1°K, AT_ = 4x 1072 o

Obtain h/hgy = 5 0
For the imaging radiometer, the sequence of steps 1s

A, B, Bl, C, D, E
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For Step Bl, use Figure 4-82

Enter AL = 10% km and T, = 1 sec from Step B

Step 1

Choose ¢ = 1, ho = 104 km, obtain L, = 104 km

Step 2
4 2 2
Connect I, = 10" km and AL, = 10 km, obtainn = 10
Step 3
Connect v, = 1 withn = 102 and extend the line to
intersect with . at P. = 4 x 10-2

2 3
This value 1s then entered for 7 1n Step C

4 6 6 Radiometer Support Requirements

The support requirements developed below are an extension of the
support requirements developed in Section 7 of Reference A

4 6 6 1 Passive Microwave Support Requirements

Antenna Size and Weight

This 1s the domunant support requirement, by far, for all applications
of passive microwave systems For parabolic antennas, mechanically
positioned (for scaling purposes Aant = D? where D 1s the antenna diameter
in meters), the antenna weight is

2
M, . (kg) = U, D (42)

where

LJJa 15 the mass /unmit area,
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For the problems at hand 1t will be useful to set

kg kg

mz

Here the upper limit (See Reference 1, Page 232) 1s to be used for
antennas subjected to high mechanical scanning rates with a scan flyback
time ty < < 1 sec, and which require great dimensional stability because of
small operating wavelength, say, M < 3 cm These conditions, will be
encountered in 1maging radiometer experiments with small A(d)

The lower density limit of 1 5 Kg/mZ appears to be a reasonable
estimate of the attainable state-of-the-art for the subject time period for
antenna applications where deformation due to angular acceleration require-
ments 1s minimal and the operational band 1s such that X > 3 cm  These
conditions correspond to experiments of occultation, polarimetry, and
temperature measurements 1n fixed or near-fixed directions

Electrically Scanned Array Antennas Again, for scaling purposes,
the antenna dimensions are L by L, The number of elements i1n the array of
length L 1s given by

N = SH(1+4) (44)

where
A = wavelength

b = extent of scan angle

The weight/element can be estimated to be of the form

= 45
M/element K1 + KZL A (45)

Here K] accounts for the element module weight which 1s independent of
length, such asthe phase shift and isolation amplifier required for each
element, while (K»L:;]A\) represents the length and diameter of the wave-
guide times a density constant An empairical fit (in metric units) for Kj
and K> to state-of-the-art systems 1s

M/element (Kg) = 005+3 \L
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The Antenna Weight then becomes

Ma.nt - (M/ element) N (46)
I R A e
Ma.nf: = | 500 + 3L (1 +d), (& 1n radians) (47)

This relation 1s an empirical, valid for 0 005 < A < 0 3 m

The antenna dimension, L, obtains, for imaging radiometry experiments
directly as

L = AM(Ad) (48)

where
A ¢ 1s the required angular resolution

For occultation applications, D2 or L% defines the aperture area on receive,
and can be established as a tradeocff against the power requirement imposed
on the ground (Earth) transmutter

Power Requirements Antenna Power Requirements Xor mechanically
scanned antennas, a relation which defines the required power for scanning

15 derived 1n Reference 2 as

40 M, p? &°
3
te

P (watts) =

Al

where
te 1s the scan flyback time 1n seconds
¢ 13 the scan angle 1n radians

and acceleration i1s obtained with a 25% efficient electric motor This
equation can be used as a valid estimate for small antennas (D < 2 meters)

It leads to exorbitant power demand for high speed electrically driven
antennas The cross-over point for other types of drives 1s generally
25 watts of power For larger antennas a mmuch lower power demanding
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mechanization results from the use of hydraulic drives and accumulators
which permit the cyelic conversion of pressure energy to kinetic energy
and conversely

The required input power for systems of this type 1s small, say on the order
of 10-50 watts

Power Requirements Electrically Scanned Arrays The power required
for each phase shifter module 1s estimated as

PA/element = 0 2 watts, so that the total power becomes

L
PA = 02N = 02(1+§@)~ watts

Power Requirements Microwave Receiver Power For A > 3 cm, an
almost negligible power input of, 3 to 5 watts (See Ref 2, Pg 227)1s
indicated

For shotrt wavelengths, A < 3 c¢m, as much as 25 watts may be
required

Plaiform Stability The platform stability required 1s most severe 1n
1magery experiments

Then a necessary condition can be stipulated as follows Consider that
the flyback time 1s small in comparison to the dwell (integration time) Then
for a resolution dimension AL, from an altitude h, the required angular sta-
bility 1s

/ AL
°< Tat (49)

then, with equal resolution 1n any direction,

At = o— (50)
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so that

p v

6 < —l—f-l-rad/sec (51)

where the velocity of the subsatellite point can be substituted for Vh

Data Acquisition Rates  The dominant data rate for passive mucro-
wave experiments arises 1n mmaging radiometry applications

With the antenna angular resolution given by (Af), and assuming the
flyback time to be small in comparison with the scan time t;, the number
of elements mapped per unit fime multiplied by a grey code, G, represents
the minimurn data rate Within a scan angle § there are § /A §§ elements

so that

_p
DR-Aﬂt (52)
S
Since
v -1
_ h
ty _[hAﬁ] (53)
v
bR = —2L g (54)
(Af)" h
where

Vh 1s the subsatellite point velocity

h 1s the altitude
AP is the angular resolution

Gc is the number of bits/sample, usually 4 = Gc =7
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4 7 PARTICLES AND FIELDS SENSORS

4 7 1 Imtroduction

A wide variety of highly developed and specialized types of particle
and field sensors have been flown in Earth orbit and on interplanetary
missions In the early space program, particles and fields dominated the
space sclence programs The size, power, and telemetry requirements for
particles and fields instruments vary only approximately with objectives
Scaling laws could be written for limited ranges of various objective require-
ments for each sensor type, but would be of limited value. Scaling factors
are indicated 1n tabular form, due to the large variety of sensor types and
special features of current instruments A quasi-historical approach to
sensor sizing 1s taken, attempting to show general trends for the sizes of
these sensors versus requirements mstead of arithmetical scaling laws

4 7 2 Magnetometers

Five basic types of magnetometers are being considered for use or have
been used 1n space They are the search coil, flux gate, proton precession,
Hall-effect, and the optically pumped rubidium vapor, cesium vapor, and
helium vapor magnetometers These magnetometers can be built to measure
various ranges of field strengths, and to determine one or more components
of the field or the field magnitude with or without indication of direction
Factors that may lead to magnetometer sizing include measurement precision
requirements for accuracy of field strength and direction, frequency response,
range of sensifivity, lifetume and degree of freedom from interfering space-
craft induced fields

Table 4-18 presents a description and lists some of the factors leading
to sizing for each of the magnetometer types flown At the present time,
only flux gate and optically pumped magnetometers are considered as flight-
proved on interplanetary missions A search coil magnetometer was used
on Pioneers 1, 2, and 5, Explorer 6, EGO, and POGO On Pioneer 5 the
spacecraft spin was used to permit measurement of the resultant of the two
field components perpendicular to the spin axis The third component could
have been measured withthe addition of a motor driven coil The coilfixedon
the spacecraft measures the ambient field,unaffected by fixed spacecraft
fields which rotate with the coil, hence produce no contribution. But the
motor driven coil would be sensitive to spacecraft fields To determine the
spacecraft fields perpendicular to the spin axis, a pair of motor driven coils
would have to be used Slip rings may also be needed These motors, of
course might produce some permanent fields if electrical, but not 1f gas
driven The reliability of miotor and slip ring mechanical systems for long
duration missions, which may be a problem, and accuracy limaitations,
have lead to use of other magnetometers on interplanetary spacecraft
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Due to the above problems and limitations, in addition to the emphasis
away from particle and fields on Mars and Venus missions, the search coil
magnetometer has not been used on interplanetary flights since Pioneer 5
Nevertheless, there may be an important role for the search coil magne-
tometer on missions to Mercury or to the cuter planets which could have
strong fields If the planet 15 assumed to have a low field but has a strong
one 1nstead, the flux gate or optically pumped instruments might be driven
off scale, whereas the spin coil magnetometer could be designed to cover a
wider range of ambient conditions as a backup sensor Fixed search coils
also could be used to measure changing fields independent of the spacecraft
and 1ts own changing fields The spacecraft spin-axis could be changed by
90 °to permit measurements of other axes The pair of spin coils could be
spun up on command when required

The weight, volume, and power requirements for search coil magne-
tometers of the above types are summarized in Table 4-19 The weights
and sizes are based on Pioneer 5 state-of-the-art with additional feature
constraints estimated as indicated Recent developments in electronics
might lead to somewhat smaller coils and electronics than indicated in
Table 4-19 which should be viewed as upper estimates of instrument sizes

4 7 2 1 Flux Gate Magnometers

Following the Pioneer 5 mission, flux gate magnetometers came into
use 1n Earth orbit, and on Mariner 2 The flux gate magnetometer consists
of a primary and secondary coil wound on a pair of cores of Permalloy or
similar material A high frequency {20 to 60 kHz) signal, sufficient to
gsaturate the core,1s impressed on the primary The secondary coils are
wound 1n opposite directions so that zero output results if there 1s no external
field An external field produces an assymetry in the hysteresis loop, leading
to a field dependent output signal in the form of the amplitude of the second
harmonic of the driving signal Components are measured separately by
three magnetometers mounted orthogonally 1n a rigid cruciform

The Mariner 2 magnetometer had two output scales, 0 to 64
(£0 6 gamma precision} and 0 to £320 (0 25 gamma precision) Auxiliary
coils were used to cancel spacecraft fields, and to provide a calibration
check each 15 77 hours The problem of picking up a stray field on the
spacecraft or by the magnetometer cores has been dealt with on later
Pioneer flights by flipping the units by 180° If no stray field exists, no
change 1n indicated field magnitude would result

Magnetic cleanliness may be something of a problem for long duration
space missions Mariner-4 (with the helium vapor sensor) had a 140 gamma
permanent field at launch No one knows for sure 1f the same field existed
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FOLDOUT FRAME | FOLDOUT FRAME &2

Table 4-18 Basic Mapnetometer Types, Description, and Sizng

Volume of Power Meesurement '
Magnetometer Flights Mass Refer- Range Preclsion Outputs Max. Bli
Type (xg) | Sensor | BlectromcsCont.| Peak | ence pdvantage Tdmitetion (zemma) {bit) Sempling | Rate
{em3) (end) | (%) | (%) Rate tbh/a)
(s)
3-axis search coil Bxplorer 6| 1 €0 5L0 1.2 | 1.2 | Swmth | EBxbermal Changes onty - 8 B, 1 2
0GO~1 field only ! gy
Pioneer
b -1
Mariner 2 2.1 & Coleman | Components Con pick up & | + 6h
3~axls flux gate with coil Explorer Cehill | only bies field of | + 320 * 0.6
flipper to permit deter. 0GO-E Heppner unknovn By
of mllfield seversel times IMF D,E Sonett magnitude 0,1-10° 10 BY 1 30
per Tlight Pioneer C,D Hess :
Pioneer 6 + &k . 8 BysBys By
Proton Precession Vanguerd Sealer figld |Measures 10t 107
TIII magnliude higher fields,
8lovw response
for weak flelds
Cesium Vepor Oy=~1-10 AF 8/C | fower pewer |Iess seccurate [ 10-50,000
than rvbidium ithan rubidium
and helium
Rubidium vapor with Explorer 1.4 21060 2360 35 Ness Iess aceurate | 0.05 to T cpS/ Bx’By’Bz 1 Lo
Helwholtz coils 0G0, IMP than helium 10,000 gamma,
Total
10 bit
Hall Effect - - - - - - - - - - - - - -
Eelium vapor with Holwholtz Mariner k 3.4 ] 1s00 2360 T«0 | 10 w [Norris | Measures Q.25 to 23 cps/ Bys By, By 1 30
colls 10 JFL nulling ' Zamme
TR currents in 10 bit
3 sets eoils !
Modarfied Total fieid 0.1-360 + 0.1 By,B., B, 1 4o
Mariner & higher sccuracy 36036000 10 bit| “Potal
appliceble than rubiddam
to TOPS
{
Current and power for high fields 8re excessive.
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Table 4-19 Search Coil Magnetometer Design Constraints
3
Mass {kg) Volume (cm} Typical Typical Power
E Precision Sample | Total Data| Esti-
“ignetometar Sensor Sensar Data Each Chan Rate Rate mates
Type Head | Electromics |Total| Head Electronics | Total Outputs (bat) {8} {bfs) {w)
Sinple fixed coal 0 09 D5 g5 20 380 400 Bx at I HZ
10
100
LG00 8 1 iz 1
2 fixed orthegonal 0 18 06 08 40 450 500 B atl
colls * 10
100
loe0 & 1 LX) 12
3-axts set of fixed 0 27 o7 10 50 530 600 B_atlHz
orthogonal coils * 10
100
1000 8 1 72 14
Single fixed coul plus 0 38 06 t o kL 480 550 B_atlHz
synchronous motor * 10
driven spin coil at 100
144 rpm {based on 1000 1/2 8 1 56 2
400 H
2. z power} [B 2 + B 2
Y z
atl
i
100
Two synchronous elee-
tric motor draven 2 ¥ /2
orthegonal spin coils 0 58 06 12 100 600 7o [Bx + BY ]
at 1 Hz
1o
: 00 4.
[B +B 8 1 48 3
'y z
at 1
10
100
2 synchronous motor ¢ 67 08 15 120 680 800 Bx at 1 Hz 8 1 80 32
driven orthogonal spin lo
cosls plus fixed coil 100
for 3rd 2xis measure 1000
112
ment an stationary B 2 ‘B 2
state output propor x Y
twonzl to field changes
only at 1
10
100
1/2
b,2e =]
b z
at 1
10
160
Pertinent Referonce D L Judpe M G Mcleod and A R Sims The Pioncer ] Explorer VI and Pioneer V. High Sensitivaty Transistorized

Scarch Coil Magnetometer IRE Trang

SET 6

114 September 1960
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at planet encounter Although the 140 gamma bias was found to be stable 1n
time, small oscillatory changes might be indistinguishable from the weak
planetary field and solar environmental fluctuations

The instrument weight and power for an inner or outer planet mission
should range from 1 4 to 2 1 kg and 3 5 to 6 watts, including the flipping
system Scaling with field strength over 0 1 to 103 gamma 1s not significant

4 7 2 2 Helium and Alkali Vapor Magnometers

Helium, rubidium, and cesium vapor optically pumped magnetometers
have been used almost as extensively as flux gate magnetometers for measure-
ments 1n space Whereas the flux gate magnetometer 15 used to measure
field components, the optically pumped magnetometers measure only the total
field

To obtain field direction or to measure field components, with an
optically pumped magnetometer, the sensor vapor cell 1s surrounded with
three sets of orthogonal Helmholtz coils used to null out the external field
and/or field components The Mariner 4 helium magnetometer used a servo
system to vary nulling currents on the three sets of coils to produce a zero
internal field The values of the nulling currents were transmitted For
future flights, the total field could be transmaitted also, then the current in
each set of coils could be nulled to zero and currents transmaitted, then the
total scaler field could be transmaitted A further possibility would be to
use an optically pumped magnetometer for total field measurements and
three orthogomnal flux gate magnetometers for field components

For Jupiter, Saturn and possible other missions, high magnetic fields
might be encountered The Mariner 4 type of low-field magnetometer would
have to be modified for wide range environments If a set of Helmholtz
coils 1s used to null the field, currents and instrument power required will
depend on external field and on coil diameter The field at the center of a
pair of Helmholtz coils 1s approximately equal to

Fo N1
a

B=2 (1)

where

B =12 57 x 1077 webers - amp_l - meter = (107 gauss = 1 w/m®)

N = Number of turns of 30 or 40 gauge wire (1000 typical)

1 = Current 1n amps

Coil radius (0 05 to 0 08 meters typical)

m
I
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If the external field were 360 gammas (the maximum value measurable by
the Mariner 4 helium magnetometer) then the current in each coil would
have to he

(360) (lO-5 gauss/y) (10_4 w/metersz-gauss) (0 06 meters)

(12 57 x 10-7 w/amp meters) (1000 tuins)

17 microamps in each coil

If the external field were 360, 000 gammas then the currents would have to
be 17 milliamps Number 30 wire has a resistance of about 0 1 ohm per
foot at 25° C  The length of wire required for the 6 Helmholtz coils would be
equal to 6 (1000 turns) (0 38m/turn) (3 28 ft/m) or about 7500 feet and would
have a D C resistance of 750 ohms A potential of about 13 volts would
drive these coils Hence, coil power requirements for a Jupiter mission do
not appear to be significantly different than for the Mariner 4 instrument

Minor temperature control problems were encountered on Mariner 4
The tested temperature range was from -45°to +45°C By encounter, the
temperature was 6 °F below the design range The temperature dropped on
occultation, as expected Were more power available for heating, a constant
temperature could have been mamtained, as it may have to be for an outer
planet mission Cooling may be required for a Mercury or close-in Sclar
probe Power estimates for cooling or heating may be developed in scaling
law form, but no information 1s available at this time upon which to base 1t

The optically pumped magnetometers for an outer planet mission
would be the same as presently designed except possibly for dual lamp units

for increased reliability and hifetime

4 7 3 Charged Particle Spectrometers

A large variety of charged parficle spectrometers have been flown for
measurement of cosmic rays, solar corpuscular radiation, trapped radia-
tion, and solar plasma Table 4-20 presents a summary of spectrometer
types used, showing typical weight, volume, power requirements The sizes
are roughly proportional to the particle energy, or to particle range in the
detection media The solar plasma spectrometers use electrostatic means
to capture the lowest energy particles and count them in a current mode
The plasma energies range from 10eV to 10keV for protons, electrons, or
heavier particles Predominantly protons have been measured on inter-
planetary missions Low energy ionospheric electrons have been measured
around the earth
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Table 4-20

Selected Charged Particle Spectrometer Descriptions

Approximate Values for Sensor

Mass Dimensions | Power
Sensor Type Flown On (kg) (cm) (w) Reference
1  Geiger-Mueller Tubes | Mariner 2, 4 10 8 x 16 x 30 0 4 1, 2
With Varied Shielding Pioneer
2 Ion Chamber & GM Tube | Mariner 2, 4 12 20 x 20 x 16 05 1, 2
3 Proportional Counter Picneer 5 lto 5 ~1
Telescope
4 Semiconductor Mariner 4 12 16x16x16 | 0 6 {2) Simpson
Telescope
5 Plastic Phosphor Explorer 12 09 1lo0x 12 x12 | ~2 (5) Ludwig
Scintillator Imp, etc
Telescope
6 Cerenkov-Scintillator Balloons >2 >2 (3) McDonald
Telescope
7 Magnetic Analyzer Explorer >2 (4} Walt
8 DBubble Chamber Variable, | >20
9 Spark Chamber Balloons Variable, >20
10 Electrostatic Analyzer | Marinexr 2 2 2 20x 20 % 10 | 1 (1) JPL TR-32-315
Pioneer 6
11 Faraday Cup Analyze: | Mariner 4 2 9 16x16x10 | 2 9 (2) JPL TR-32-883

Explorer, etc
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Predomainantly protons have been measured beyond the geomagne-~
tosphere using ion chambers, Geiger-Mueller counters, proportional counters,
scintillators, and semiconductor particle spectrometers Cosmic ray particle
measurements have been proposed using larger instruments which include,
bubble chambers, spark chambers, large solid and gaseous Cerenkov
spectrometers, and magnetic analyzers Nuclear emulsions have not been
proposed for unmanned spacecraft beyond Earth orbit

Except for the high cosmic ray energiles, charged particle spectrometer
sizes and weights run between 0 9 and 10 kg The weights depend on detector
type and collimation angle Ommdirectional detectors and spectrometers do
not need much collimation, but to define narrow angles of sensitivity,
collimators must have thicknesses larger than the particle ranges {(except
where the particle flux remains small enough that coincidence counting can
be used without much collimation)

Shielding plus collimation may be needed for outer planet missions to
prevent rapid damage to semiconductors and other detectors from absorption
of intense fluxes of trapped radiations The amount of shielding required for
adequate protection in the trapped radiation belts of Jupiter 1s not presently
known, but estimates may be made of the expected range of shielding, assuming
available models for the trapped environments

4 7 3 1 Electrostatic Spectrometers

The overall size of a charged particle spectrometfer varies according
to particle energy, range, or radius of curvature depending on how the energy
1s measured Low energy particlesinthe eV to keV range are detected by
deceleration 1n an electrostatic field followed by detection of the remaimng
current The electrostatic spectrometer must be long enough to permait
the maintenance of a uniform potential of a few kilovolts in a vacuum, and
must have an entrance aperture large enough to collect a detectable current
The size of the plasma spectrometer for an OPM mission should be on the
game order as those used for Pioneer and Mariner missions shown in
Figures 4-83, 4-84, 4-85, and 4-86 The weight, volume, power, and
data rates given in Table 4-21 need not be different for missions 1n deep space

4 7 3 2 Semiconductor Charged Particle Spectrometers

For energles of protons, electrons, alphas and slightly heavier iomns,
energy and flux are measured by determining the total energy deposited in
a silicon semi-conductor junction, for particles with ranges up to about
5 mm 1n silicon For higher energles, a series of semi-conductors with
absorbers in between are used to determine flux versus energy from the rate
of energy loss in each detector in the series Thus the size of this type of
spectrometer 1s determained by the particle range and flux to be detected, and
the collimation angle established by the shielding
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The spherical electrostatic analyzer can measure
flux azrmuth using segmented collectors., Spectral
analysis 1s accomplished by stepping the voltage
applied across the concentric suifaces.

Figure 4-83 Ames Research Center Plasma Spectrometer for
Pioneer 6 and 7
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Figure 4-84 Mariner II Solar Plasma Spectrometer Expertment Assembly
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Figure 4-84a Mariner II Plasma Spectrometer Block Diagram

6 IN
I———25IN.—-{
9

4 5 1IN,

Figure 4-85 Mariner IV MIT Solar Plasma Faraday Cup Sensor Head
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Table 4-21 Plasma Spectrometer Constraints
Ditnension
Mass Sensor Power
Spacecraft Responsible Agency Type (kg) {em) (w)
Pioneer Ames Spherical Plate 14
Imp (I W. Wolfe) Electrostatic Spectrometer | 0 9 03
Imp MIT Faraday Cup Spectrometer |2 2 15
(H Bridge)
Ranger 1, 2 |CIT Cylindrical Plate
Mariner 2 (C Snyder, M Electrostatic Spectrometer | 2 2 16 x 24 x 12 io0
Neugebauer)
Mariner 4 |[MIT & CIT Faraday Cup Spectrometer | 2 9 16 Dia x
(H Bridge, C Snyder) 10 (Sensor)
5x 16 x 16 2 65 -2 9
(Electronics)
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The shield mass used for collimation of relativistic particle energies
can weigh more than the suwm of all other parts of the spectrometer,
especially for collimation angles less than 90 degrees The mass of sensors
for particles greater than a few keV and less than that which can penetrate
5 mm of silicon (or thickest silicon semiconductor detector avallable} depends
primarily on the mass of the magnetic core memory bank for storing counts
in each resolved energy mnterval The range of weights varies according to
the number of energy channels provided and the required sampling rate
which 1s related to detector required area Such detectors are described in
Figure 4-22 This spectrometer is of the dE/dx x E type The energy
deposited in the first detector 1s proportional to the rate of loss of energy
of the particle For particles stopping in the second detector, the ouiput
pulse height 1s proportional to total energy This type of detector covers
the proton energy range from 10 keV to 300 MeV and comparable ranges
for alphas and electrons The weight of the detector 1s mostly the weight
of the collimator The collimator thickness 1s on the order of 10 to 20 g/cmz
thick 1n all directions In the entrance angle portion of the collimator, the
length of the aperture will depend on collimation angle as shown 1in Figure 4-22
The mass of the detector parts are estimated below for an upper energy
E (MeV) limit of protons

Mass in Grams

Detector Unit m (15 cm)2 (3 2 x 10 °R! 76)
3 24 x 10-3®l 76\
Rear Cap of m |l 54 > 7
Aluminum

2

-3_.1 76

Cylindrical Portion w|ll1 5 +3 2x 10 L& ~{1 5)2
27

of Collimator

[6 4 x 10-3g! 76]

-

3
-3_.1 76
Entrance Aperture 5 4 32x10 B tan (.1_ 4))

27 2
Cone

-

-(3 2x 107°8?! 76) (1 5x3 2x 10"3) gl 7°

_l 15 3 2}5’.10_3El 76 tan (%-tb)
3 + 2 7

+ ;—(1 5)% tan (-‘27—- ¢)
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The above collimator basic thickness of 10 g/cm2 may be taken to be the
range of the highest energy non-relativistic particle to be detected The
proton range, R ],1n aluminum as a function of energy can be given as

-3._1 76
R,,=32x10"E (2)

where R 4 | 1s the range 1n g/cm.2 of aluminum and E 1s the kinetic energy 1n
MeV valid from about 5 to 150 MeV

4 7 3 3 Cosmic Ray Spectrometers

For protons with energy greater than about 100 MeV (Range equal to
10 g/cm ), comncidence counting alone may be used to establish collimation
angle, but unless the particle 1s stopped in the last detector, there would be
no accurate way to determaine the particle energy except to use a number of
thick detectors in parallel and to use thlcker collimators The collimator
thickness for 300 MeV would be 68g/cm and would increase exponentially
with energy Also, the probability of inelastic scattering becomes large
Hence for protons above 150 MeV, other detection methods are used. These
mnclude the Cerenkov detector, spark chamber, and bubble chambers of
large volume

The Cerenkov detector has been used 1n a gas or solid form, for
protons from 100 to 1000 MeV and heavier particles It consists of a
scintillation medium that 1s 1nsensitive to low energy particles Lucite 1s
a common Cerenkov phosphor The flashes of light which are energy
dependent are detected by a photomultiplier, usually in coincidence with a
second scintillator to help define angle and particle type The size of the
Cerenkov detector 1s a function of the particle range in plastic plus the
photomultipliers The mass, volume and power are given in Table 4-22

4 7 3 4 Bubble Chambers and Spark Chambers

The spark chamber consists of a stack of parallel plates charged with
high voltage and separated by an inert gas When a high energy particle
traverses the stack, a spark is produced between the plates, marking the
path of the particle

The bubble chamber consists of a tank of liguid gas such as hydrogen
When a high energy particle passes through the liquid, bubbles are formed,
marking the path
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Table 4-22 Cerenkov Spectrometer Sizes

Vol Pwr
Diam (cm) Length {cm) Mass (kg) (cc) {(w)
Entrance 2mTK 2 K3 21TK3
T T
L (3 67
Scintillator 2K 37 37 ( ) 32 2
Cerenkovw 2K 2K 21?K3 2
Detector
2 K3
Laght 2K by 5 to 2K "3
Pipes 7 5 cm at
window
-3_1 76

NOTE K=16x10 "E

The size of these devices range from a liter to fanks as large as
wanted to increase the capture rate for cosmic rays The cosmic rays lose
about 2 Mev per g/cm? per nucleon due to 1omization Thus a 1 GeV proton
would travel about 70 meters in liquid hydrogen, or about Z meters in
aluminum unless absorbed inelastically,

Heavy devices of this type are being flown on balloons, but have not
been used 1n space as yvet The dimensions can be proportional to the radius
of curvature of the highest energy particle to be detected 1n a magnetic field
produced across the instrument The instruments have also been used with-
out magnetic fields to measure angular distributions, and high energy
particle interactions with matter

Particle energy, charge, and mass can be determained 1n a bubble
chamber or spark chamber as small as 10 to 30 ¢m square, 1if the chamber
15 placed between the pole pieces of a strong and uniform magnetic field
The magnet will weigh more than the chamber and will require more power.
Due to the strong magnetic field, these instruments are incompatible with
magnetomeler experiments The field must be strong enocugh to cause the
particle to follow a path through the chamber with encugh curvature that the
momentum per unit charge can be measured Ion density along the path plus
energy loss rate - dependent pulses in guard counters may be used to
determaine particle mass, charge, and energy per nucleon
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A smmplified diagram of a typical spark or bubble chamber 1s given
in Figure 4-87

Considering a square chamber of length d (cm), the weight of the instrument
will be approximately

M

v

Psteel (d x 2d x ) + Psteel (% x dz)

ut e

v

%[—%f + d3J =34 (1 4

v

2 2443 grams {3)

If a magnetic field of B = 1000 gauss were produced across the chamber,
then the radius of curvature R (meters), of charged particles would be
given by

\/Ekz + 2m CZE

R = 300ZBc;c K = 56.5 meters for 1 GeV proton (4)
where
Ek = kinetic energy in MeV
rnoc’2 = 938 MeV for protons

Z = charge of the particle
e = electron charge

¢ = speed of light

B = magnetic field in gauss

The approximate current required to produce the field B 1s given for
103 gauss by approximately

1 = ——= = 30 amp {5)

where

d = 0 3 meter 15 the length of chamber.
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4 8 SCALING LAW APPLICATION METHODOLOGY
4 8 1 General

The scaling laws just presented are generally procedures whereby one
may calculate the support requirements of sensors that meet specified
measurement requirements The relationships contained in these laws are
usually functions 1n which both independent and dependent variables are
continuous within domains restricted by physical and technological Iimata-
tions The laws themselves do not contain specific values of support
requirements but are tools for the determination of such values

To apply a scaling law, the sensor measurement requirements must
be evaluated at one or more points on a trajectory, as described in
Sections 3 4 1 and 3 4,2 The trajectory must encounter a planet to
which the observation requirements are relevant, and the planetary region
to be viewed must satisfy conditions of geometric visibility and 1llumaina-
tion Conditions of distance, viewing angle, etc , are considered as parts
of many scaling laws The sensor capabilities and support requirements
usually vary from point to point on a trajectory When the observation
requirements do not include area, latitude, or longitude coverage, the
capabilities and support requirements depend only on the location of the
individual trajectory points In this case, points P} and P, in Figure 4-88
bound a trajectory segment on which a sensor can (subject to state-of-the-art
and geometric limitations) satisfy or exceed the marginal observation
requirements Points Py and P3 bound a smaller segment on which the
same sensor can satisfy or exceed the optimal observation requirements
At P, the capability of any sensor 1s maximum, and the support require-
ments of a sensor just able to meet the optumal (or marginal) observation
requirements are minimaized

If the observation requirements include area, latitude, or longitude
coverage, usually they cannot be satisfied at any one point but only over a
segment of the trajectory This situation 1s shown in Figure 4-89 Py and
P, now bound the segment over which the sensor must be used 1n order to
satisfy the optimal requirements P, and P53 now bound the segment from
which the marginal requirements can be satisfied The support require-
ments must be sufficient for use of the sensor throughout the entire segment,
These support requirements are usually established by one of the end points
Pj or Py, or Py or P3
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OBSERVATION GEOMETRICALLY
IMPOSSIBLE BEYOND P

P4 (£ =1") (MARGINAL CAPABILITY)

P {r =r') (OPTIMAL CAPABILITY)
3
P, (£ =r*) (MAXIMUM CAPABILITY)

Py {r =r') (OPTIMAL CAPABILITY)

P1 (c =1*) (MARGINAL CAPABILITY)

TRAJECTORY

Figure 4-88 Measurement Capabilities of Trajectory Points
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OBSERVATION GEOMETRICALLY
IMPOSSIBLE BEYOND Pg

P4 (£ =1') (OPTIMAL CAPABILITY)

P3 (L=1") (MARGINAL CAPABILITY)
]

" Pop (£ =r") (MARGINAL CAPABILITY)

P1 (e=r") (OPTIMAL CAPABILITY)

TRAJECTORY

Figure 4-89 Measurement Capabilities Along a Trajectory Segment
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To apply some scaling laws, it 1s necessary to select options 1n the
synthetic design logic or to assume fixed values of certain design or opera-
tion parameters

For example, the viewing direction may be constrained to the nadir,
or the sensor aperture angle may be fixed Details of these procedures,
and data values, are presented i1n connection with specific scaling laws, or
as part of the support requirement evaluation

The calculation of optimal and margimnal measurement requirements
at any given trajectory point was described in Section 3 1 2 The worth of
a measurement capability at a point 15 simply that of the corresponding
quality or quantity of the observation That 1s,

(b_)=w (a) (1)
where the measurement parameter value

bm = flm (al, Pk) (2)

The measurement parameter worth 1s denoted by u to denote a generally
different functional form than the observation worth w In equation (2), the
Py are the trajectory parameters involved in transformation of the 1 th
observation requiremeter parameter to the m th measurement requirement
parameter The transformation 1s expressed by the function or operator
Fim To evaluate the optimal and marginal measurement requirements
with respect to the entire encounter trajectory, find the maxima and
mainima of

= 1 3
bm flm (al’ Pk) (3)

and

11 _ "
b m flm (al’ Pk

) (4)

for all points P If b|m > b”rn, the overall optimum 1s the maximum of
Equation (3) and the overall marginal value 1s the mimmum of Equation (4)
If b’m< b”nv the optimum 1s the minimum of Equation (3) and the marginal
value 1s the maximum of Equation {(4) The masxima and minima satisfy
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8 p! t =

aibm(al, P)=0 (5}
and a similar equation in a,"" Maxima and minima can be distinguished by
the signs of the second derivatives

The vector s 1s of unit length, tangent
to the trajectory defined by

r=zx (Pk, t) (6)

in the sense of increasing time in the (K +1) duimensional space of t and the
K trajectory parameters Pk We can write Equation (6) as

K
r= » h 9z (7)
k=1
where r 1sa unit vector in the direction of Pk Then

K

1 9r 1 Z
— ——a— — i e a
k=1

At the point r' at which the maximum capabality blfxll 1s attained

du(d_)
—_— = 9
ob 0 (?)
m |r=x
Therefore,
I
J -1
q &ea) Job, epx/ea | =0 (10)
=1 daq a; = aj m 1 1

I,1s the number of observation requirement parameters associated with
the j th observation objective
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In practice and in the SERA computer program, the r' and r'' are
located by inspection of values of by, (ay') and by, (a,n) at selected points
The portion of the trajectory on which the optimal measurement require-
ments are attainable (subject to sensor lumatations) is bounded by two values
of ', one on either side of a point r¥ at which requirements in excess of
optimal are attainable The marginal measurement requirements are
attainable on a segment bounded by two values of

The next problem 1s to evaluate the worth of a sensor which partially
satisfies measurement requirements arising from J distinct observation
objectives Support of the same objective at two different planets or
missions 1s counted here as support of two distinct objectives Normalize
the previously defined worth functions to the worth w, of fully satisfying
the jth objective,

W 13 (a,l) = WJ W (al) (11)

(12)

wth (b )= wy e (b, )

where b 'm.} 1s the value of b'm with respect to the jth objective Suppose a
sensor has a set of measuremeént capability parameter values Npnj (corres-
ponding one-to-one to the measurement requirement parameters) Let the
worth of the sensor with respect to the mth measurement parameter be

J

3
T = z 0 (B = E w ou (b ) (13)
=1 J=1

Considering all M measurement parameters, the overall worth of attaining
the set of parameter values (mq, mj, ,mpg)} with respect to the jth
objective 1s, -

M M I
z U'::m_] (bm) Z z W1_] (al)
u;’r- _ m;/{l - rn;{l 1;1 (14)
2. o) DD, @)
m=] m=1 =1
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Summuing over all J objectives,

J
at = z s (15)

M M T
S on 33 v eey
peml L m 19
z T!m Z WJu(b'mJ)
m=1 m=1 ;=1

4 8 2 Computer Program for Support Requirements

The third module of the SERA computer program uses scaling laws to
evaluate sensor support requirements at selected points on planetary
encounter trajectories Inputs to the SERA-3 module include the observa-
tion requirements read and stored by SERA-1 (Reference 1}, trajectory
data read by SERA-2 (Table 3-9), and measurement requirements calcu-
lated by SERA-2 As additional data in SERA-3, the sensor type whose
scaling laws are to be applied 1s 1dentified, various design procedure
options are selected, and certain operation or design parameters may be
fixed SERA-3 then calls a subroutine to apply the 1ndicated set of scaling
laws at each selected trajectory point As the individual laws in the set are
applied, design parameter and support requirement values are compared to
state-of-the-art Irmits If any limit 15 exceeded, calculation proceeds to
the next trajectory point If the measurement capability of a sensor within
state-of-the-art limits 1s poorer than the marginal requirement at a given
point, the computations are completed at this point but the sensor worth 1s
zero with respect to this measurement parameter

Calculations of sensor worth incorporate Equations (1), (2), (3), (4),
(11), (12), and (13) Location of r' 1s limaited to 1dentification of that
selected trajectory point at which the measurement capability 1s nearest
optimum (1 e , greatest if larger values of by, represent improvement)
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The selection 1s restricted to twenty points per problem (four points per
output page) When the observation requirements involve consideration of
sensor capabilities throughout a trajectory segment (Figure 4-89), usually
only the two end points need be specified as inputs to SERA

Subroutines have been written for the ultraviolet spectrometer and
laser radar Subroutines for other sensor types will be added later ILaws
for particle and field sensors are evaluated manually, since the support
requirements are essentially independent of the trajectory

A detailed SERA users manual appears in the Appendix. Flowdiagrams,
lists of variables, program and subroutine listings and storage maps, and
additional output samples are included

The first section 1s produced by SERA-] and 1s explained in
Reference 1 which 1s the source of this part of the example This first
section traces each observation requirement back to the observation
objective, scientific or technological knowledge requirement, and space
exploration goal that they support Each relevant observation requirement
parameter 1s 1identified, and its functional form and maximum value of the
worth of the parameter are indicated

The second section, produced by SERA-2, contains two types of
information concernming measurement requirements The first type
represents the envelope of measurement requirements over all supported
observation objectives The second type gives the measurement require-
ment parameter values associated with each individual objective At the
programmer's option, both, either, or neither of these types may be
printed

The first type (multiple-objective) of output includes the following
information

1 Identification of mission and planet

2  Identification of observation technique (corresponding to one or
more candidate sensor types)

3  Identification of observation objectives, including page citations
of Reference 1

4 Names and values of mission and experiment parameters that
are held constant in this problem
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5  Special characteristics of selected trajectory points (See
Section 6 2 1 for selection criteria)

6 Values of variable trajectory parameters at each point

7  Name, optumal value b'y,,, marginal value b''m, and optimal
worth u(b'y) of each relevant measurement requirement
parameter, at each point Here b', represents the most
stringent value of b'y,. at the given point If increasing by
represents greater stringency, by 1s the largest b'm_] b'y, s
the least stringent of the b"ppy at the given point

M
8 The total optimal worth z u (b'y,) at each point

m=1

The second type of SERA-2 output 1s similar, except in items (7) and (8) the
optimal value b'm;, the marginal value b'',, the optimal worth u(b'mJ), and
the total optimal worth

M

z a (b'm)

m=1

are given for each individual observation objective The functional form of
u(bmJ) 1s also given, it 1s the same as the form Fy; of the corresponding
observation parameter worth function w(a;} When several objectives are
considered together, F,; may depend on j and no form can be specified

for u(b'm)

The output of SERA-3 repeats the 1dentification of mission, planet,
observation objectives, and measurement requirements Here, optimal
and marginal measurement requirement parameter values are calculated
at each selected trajectory point, as in SERA-2 In addition, overall
optimal and marginal values are determined for the enfire set of 1 to 20
selected points, subject to overriding values at any point considered in
previous problems Thati1s, SERA-3 determines an overall optimum

BI;.’I = max (b’ b!

mp? mq’ (17)
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and an overall marginal

B = mmn (b" bt ) (18)

where max represents the largest value of the arguments, min represents
the smallest value, the index p refers to the four points in one’subset
(p=1, 2, 3, 4) and q indicates any other single points of the other subsets up
to 20 points in all

Equations (17) and (18) are written for the case where increasing bm
represents a more stringent requirement If the reverse 1s true,

B' =mn(b'__,b' ) (19)
m mp mq

BY = 1t t
- max {b m , b ) (20)

The next part of SERA-3 output gives the sensor capability values
as determined by the scaling law or from the measurement requirements
The scaling law takes precedence over the measurement requirements,
that 1s, if the scaling law leads to a lesser capability than the require-
ments, the scaling law capability 1s printed Sensor state-of-the-art
limitations are bounds on the capability values computed by the scaling
law The maximum worth values

M
'rm=z T

m=1

are shown ¥inally, values of coefficients 1n the scaling law are given,
and the sensor support requirements are evaluated The functions in
which these coefficients appear are shown as part of the scaling law
descriptions in Section 4 0 The support requirements are expressed at
each selected trajectory point, and also at the points corresponding to the
optimal and marginal sensor capabilities
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4 9 FUTURE DEVELOPMENTS

The current state-of-the-art in sensor system technology represents
a very high stage of development, but significant shortcomings become
apparent when available technology 1s postulated for long-duration space
exploration missions In many instances, the ability of sensors to accomplish
the required scientific measurements for planetary mmvestigations 1s limated
as much by the conditions under which the sensor 1s used as by the physical
processes of sensing While increased sensor performance 1s always
desirable, it 1s frequently the case that performance 1s limited by factors
which are not truly sensor limits but rather external conditions such as
payload limits, environmental constraints, conditions of use, or perhaps
even economics

For these reasons, 1t 1s very difficult to postulate realistic future
sensor capabilities without reservation The discussion of future develop-
ments 15 mntended, therefore, mainly to indicate what current Iimits exist,
and present trends in research and development which might be useful in
improving remote sensor capabilities in the area of planetary scientific
exploration

The discussion 1s limited to electromagnetic sensors and 1s organized
in the same manner as the scaling law development section, 1 e , passive
and active opiical sensors, and passive and acfive microwave sensors

4 9 1 Passive Optical Instruments

The limitations of passive optical instruments are 1n the areas of
primary optical size and quality, detector sensitivity and, depending upon
whether the sensor 1s image forming or non-image forming, in post-detection
or pre-detection information processing For convenlence, the discussion
given below 1s presented according to the functional component of the sensor
system  Thus primary optics limitations are presented first, followed by a
discussion of detector technology, auxiliary optical components such as
filters and diffraction gratings, and finally image forming systems

4 91 1 Primary Optics

As discussed previously, there are no overriding reasons why the best
earth-based optical telescopes cannot be configured for deployment 1n a
space environment The limitations are primarily economic and the develop-
ment schedule From a theoretical point of view the advantages of such an
approach may be difficult to justify since the advantages to be gained from a
telescope as large as the 200-inch diameter telescope of Mt Palomar are
not obvious This follows from the fact that large-diameter earth-based
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telescopes serve the two primary purposes of increasing the collected energy
and increasing the angular resolution Both of these factors are related to
the geometry of viewing for planetary surface investigations so that by moving
the primary sensor operation close to the planet, the equivalent of the

largest earth-based telescope or better can be obtained with appreciably
smaller diameter optics

Therefore, if the sensor aperture 1s to be brought into the vicinmity of
the planetary surface, that is within several planetary radii, 1t does not
appear that very large diameter optics can be justified for planetary investi-
gations Just what upper lumait 15 Iikely to be used 1s conjectured, but when
such factors as booster diameter and payload limits are considered, 1t does
not appear likely that aperture diameters 1n excess of 100 inches will be
postulated 1n the 1mmediate future

Rather than larger diameter systems, 1t appears that emphasis will be
placed on mmproving optical quality and increasing the available field of view
of large diameter optics Much work has been done in the field of catadioptric
optical systems but the refractive corrective components still limit the
attainable aperture ratios of such systems to the range of £f/numbers from
approximately three to six Since high speed, wide angle optical systems
are highly desirable for remote planetary sensing, 1t appears that useful
immprovements can be made 1in this area  Two areas of particular concern
are 1mproving the "figure' of the refractive correcting components and the
smoothness of the primary reflecting mirror surface Both of these
improvements are intimately associated with the limitations in optical
manufacturing techniques and the ability to launch and use the optical system
in the dynamic environment of space

Optical manufacturing techniques have improved to the point where
surface quality controlled to one fortieth of a wavelength 1s within the
state-of-the-art This level 1s of course attainable only 1n a laboratory
environment but 1s indicative of the fact that lattle or no improvement 1s
required in this area

Of more concern for space applications are the degradations which
result from launch and deployment dynamics as well as from the varying
thermal environment to which the telescope 1s subjected in space The
degradations which result from these effects, while theoretically controllable,
have resulted in the limitations on attainable f/number to the region of three
to six depending upon the degree of optimism used in estimating field
degradation Means of controlling the degradations are of two types The
first and perhaps most important 1s the selection of the optimum materials
ifor primary optical components Material selection for primary mirror
fabrication for large telescopes for space deployment 1s generally limited
to various types of glass and beryllium  The figures of merit used in
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material selection are generally a strength factor and a thermal stability
factor If hhight weight 1s the primary criterion then beryllium 1s selected
because 1t has good thermal characteristics, but if overall weight 1s not the
primary criterion then several other materials are available which have
improved thermal characteristics but are both expensive and difficult to
manufacture Among these are silicon and several varieties of sintered
materials, such as sintered aluminum, which have excellent overall strength
and thermal stability characteristics However, the difficulty with the more
exotic materials 1s that they have not been developed to the point where

large optical mirror blanks have been formed so that they are at best only
postulated for large mirror applications They do have highly desirable
characteristics, however For example, silicon has a strength figure of
merit very close to beryllium but a thermal stability mer:t factor which 1s
an order of magnitude better than beryllium If silicon were postulated for
the primary optical mirror of the telescope,then 1t appears that a diffraction-
limited optical system with f/number in the range of 1 5 to 2 would be
reasonable

The second effect which limits the performance of large diameter
optics 1s the maintenance of optical alignment and focus over the total range
of operating environments As discussed previously, large diameter optical
systems have generally been proposed only for manned systems since a
human operator could then perform the function of alignment and maintenance
of focus This 1s not meant to 1imply that an automatic system to perform
the same functions could not be developed It 1is obvious, however, that an
automatic alignment and focusing system would add a high level of complexaty
to the telescope with attendant impact on reliability and operating life While
such an approach 1s feasible, 1t 1s probably unlikely in the near future

In summary, 1t does not appear likely that optical apertures in excess
of 100 inches can be postulated for planetary exploration [t appears that
optical technology will be applied to improving attainable optical quality to
extend current capabilities close to diffraction-limited performance in the
f/number region of 1.5 to 2

4 9 1 2 Detectors

Detectors for non-imaging passive optical mstruments have been
discussed previously as IR detectors and visible-UV detectors The same
classification 1s used here

IR Detectors As discussed previously, IR detectors of the discrete
type are of two general classes, those which have spectrally dependent detec-
tion characteristics such as photo-conductive and photo-voltaic cell photon
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detectors and those which are spectrally independent such as thermocouples
and bolometers Primary emphasis in IR detector development technology
has been 1n the area of photon detectors although there are obvious applica-
tions for spectrally independent response characteristics in such fields as
spectroscopy From Table 4-6, 1t can be seen that photon detectors
generally have detectivities which may be several orders of magnitude better
than the best bolometer so that photon detectors are more widely used

The technology cof photon detectors for the infrared 1s highly developed
As indicated in Table 4-7, the performance of IR detectors 1s close to the
theoretical limit of 1deal detectors so that very little improvement in detection
capability can be expected in the near future Steady, minor improvements
can be expected as manufacturing and quality control procedures improve so
that peak D.'s as large as 1012 may be postulated for the near and inter-
mediate IR However, other developments indicate that for the near IR the
application of photodiodes and avalanche multiplication photodiodes 18 highly
likely with resulting D:'s 1n the range of 1014 1t can be expected that
continuing efforts will be made to extend the application of avalanche multi-
plication techniques into the intermediate IR region so that some mmprovement
in D can be expected i1n this region

A current limitation 1n IR detector technology 1s, of course, in the
long wavelength portion of the spectrum  Three effects are apparent in the
long wavelength region which 1s considered to extend from approximately
30 microns to beyond 100 microns The first effect 1s that photon detectors,
even when operated at liquid helium temperatures (4 2 deg K), have longwave
cutoffs of D! 1n the region of 50 microns It 1s, therefore, usually necessary
to use cooled bolometer detectors in the long wavelength region The second
effect which becomes apparent in the long wavelength region 1s that phenomena
in this spectral region have low thermodynam:c temperatures Therefore,
the background which the detector ""sees' must be kept low to prevent masking
of the effect to be measured by the blackbody radiation of the background
This imposes the requirement for cooled optics and spectral filters to
reduce direct thermal radiation to the detector from its immediate surround-
ings The third effect 1s the necessity of incorporating detector and opilical
cooling mechanisms in the design

Developments 1n long wave detectors and cooled optical components are
such that longwave IR measurements are relatively routine on a laboratory
basis so that future developments can be expected to be concentrated on the
development of suitable cooling techniques The difficulty arises from the
duration of the missions for planetary investigations Mission duration
generally precludes the use of conventional laboratory techniques in which
pre-coocled liqurds and solids are used to obtain temperatures close to
absolute zero
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Much emphasis has been placed on the development of closed-cycle
cryogenic coolers for IR detectors but current technology limits the usefulness
of such techniques to temperatures in the range of 80 deg K TUnless a
major breakthrough i1s made in this area, 1t 1s not expected that any significant
improvement will be made in the area of closed-cycle cooling systems

Because of the limitations of closed-cycle cooling systems, recent
emphasis has been placed on the development of passive cooling systems for
long duration space missions From a theoretical point of view, radiative
cooling by passive techniques can be used to obtain detector operating
temperatures near absolute zero However, practical thermal designs to
accomplish this have not been developed Current technology in passive
cooling permaits detector operating temperatures in the range of 150 deg K
to be predicted for moderate heat loads It appears that continued research
in this area will result 1n passive cooling techniques which produce detector
operating temperatures in the range of 80 deg K, although the time span for
obtaining this result 1s highly dependent on the level of research pursued

Considering current technology and known planned research, it does
not appear that longwave IR systems for planetary investigations can
realistically be predicted beyond 50 microns in the immediate future

Visible and U V Detectors The impetus of research in detector
technology 1n the visible and UV portions of the spectrum has been mainly
in the area of developing cell detectors to replace the photomultiplier.
Three techniques have been pursued The first 1s basically an extension of
the silicon photodiode used in the near IR region into the visible and near UV
portions of the spectrum  While this approach offers a decrease in
complexity over the photomultiplier, 1t does not have equivalent sensitivity
so that 1t 15 unlikely that 1t will replace the photomultiplier

Along the same lines, efforts have been made to develop photoconductive
detectors for the UV  While demonstrable on a laboratory basis, it does
not appear that solid-state detectors for the UV will be competitive in the
immediate future

A solid-state detector which does appear to be competitive with the
photomultiplier 1s the avalanche photodiode Like the photomultiplier, 1t
has internal gain so that it 1s competitive sensitivity-wise but exhibits a
short wavelength cutoff near 0 3 micron so that it 15 not useful in the UV As
with any new development, there are limitations in avalanche diodes waith the
principal one being the critical voltage on the diode at which breakdown
occurs The voltage operating point must be set with a high level of precision
to obtain useful operation Therefore, while it appears that these devices
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offer a major simplification over a photomultiplier, 1n actuality they may
mmpose operating requirements which are difficult to meet It does not
appear likely that these devices will replace photomultipliers in the near
term but continued development may make them competitive

Developments in photomultipliers are principally in the area of
extending spectral response to shorter wavelengths N

Detectors for the visible and ultraviolet have n the past decade under-
gone a revolution in noise reduction 50 that extremely low light levels can be
measured Laittle additional improvement in this area can be expected but
systems for improving quantum efficiency will continue to be effective
However, quantum efficiencies exceed 20 percent for most of the ultraviolet
and visible so improvements of this sort will be limited to factors of 2 or 3
Dark currents can be limited to 1 count per second or less in the visible and
near UV and 1/100 or less for the vacuum ultraviolet

4 9 1 3 Auxiliary Optical Components

The state-of-the-art in auxaliary optical components, such as filters,
diffraction gratings and beamsplitters,1s highly developed It 1s not expected
that significant improvements will be obtained 1n such areas as filters since
the basic problem 1s not one of actual component design but rather available
light for measurement For many spacecraft applications, total throughput
of light 15 the limiting factor in visible and ultraviolet spectrometer design
The best way to improve light sensitivity for such components as gratings 1s,
at the present time, to increase the effective aperture of the instrument by
mncreasing the grating size and number of lines per mm At present,
spectrometers are being designed with gratings having 3600 lines/mm and
areas of 100 square ¢cm Slow, moderate improvement 1 such gratings wiil
take place in the future, but no breakthrough 1s presently ioreseen However,
new slit coding techniques such as '"Hadamard transform spectroscopy' are
just being tried for opening the effective aperture of a spectrometer without
increasing grating or prism size If these schemes work,an order of
magnitude improvement 1n sensitivity, for cases of a diffuse source and no
rigid angular resolution requirement, will be achieved

Improvements i1n spectroscopy can be expected if efforts to extend the
concept of the Michelson Interferometer spectroscope to the visible and UV
portion of the spectrum are successful Fourier Transform Michelson
Interferometers are being developed for the visible and near ultraviolet but
are limited 1n resolution under spacecraft conditions of vibration However,
laser reference techniques may be used to reduce this effect so that inter-
ferometers may become important in this field This area could represent
a major breakthrough in visible and ultraviolet spectroscopy but this 1s not
yet firmly established
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4 9 1 4 Image Formung Optical Sensors

Image forming optical sensors, while of many possible types, are
restricted to television systems and arrays of discrete detectors because
they are the most likely candidates for planetary explorzation

Television Systems As discussed previously, 1t can be shown that
the inherent resolution of photosensitive surfaces for TV pickup tubes 1s
equal to or better than the resolution of high-definition aerial reconnaissance
photographic film The two detection systems for mmage formation do not
have equivalent performance, however, because of the inherent limitations
of TV systems The limitations are basically imposed by the modulation
transfer function of the camera reading beam and the associated limitations
on electron optics, and the maximum surface area of the photosensitive
surface which can be read out before the charge on the detector surface 1s
neutralized by leakage

Current technology in return beam wvidicon design,using highly
sophisticated electron optics, predicts a limiting resolution of 10,000 TV
lines on a 2500 mm? sensitive surface area This 1s equivalent to a Irmiting
resolution of 100 line pairs per millimeter and appears to represent an
upper limit on TV camera resclution for the immediate future

The limiting resolution of 100 lines per mm presupposes that the
read-out time of the photosensitive surface 15 optamum  For the case of
large surface area, this implies a very large video bandwidth which may be
difficult to accommodate 1n an unmanned spacecraft The alternative 1s to
use a slow scan read-out as a bandwidth conservation technigque  This leads
inevitably to a conflict between attainable resolution and read-out time It
18, therefore, in the area of slow scan readout techniques for high defimition
photosensitive surfaces that future development efforts can be expected to be
concentrated

An alternative to slow scan for bandwidth conservation is the develop-
ment of wideband, large dynamic range recording techniques, either digital
or analog, with subsequent processing to remove redundancy While this
approach has much promzise, 1t does not appear likely that 1t can be 1mple-
mented for spacecraft use on a near term basis It 1s an area where future
development effort 1s most likely to be concentrated so that the time {rame
1n which 1t may become available 1s difficult to estimate

Arrays of Detectors The availability of large arrays of discrete
detectors, especially for the IR portion of the spectrum, 1s highly doubtful
1n the immediate duture It 1s obvious that a large rectangular array of
detectors 1s advantageous for image formation in the IR portion of the
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spectrum since the performance of IR TV pickup tubes does not appear to be
satisfactory However, the difficulties of building large arrays of discrete
detectors of small size have not been overcome Steady improvements in
detector manufacturing techniques can be expected butthe overall complexity

of such an approach places their utility for long duration space missions in
doubt

4 9 2 Active Optical Instruments

The state-of-the-art of active optical instruments has been discussed
previously because the inherent limnitations of optical transmatters limait the
application of the technique to low duty cycle, pulsed transmitters While
steady improvement 1n coherent optical sources (lasers) can be expected, it
does not appear likely that coherent transmaitter technology will improve in the

near term to permit use of acfive optical systems equivalent to ground
mapping microwave radar

4 9 3 Passive and Active Microwave Systems

Microwave sensor technology 1s highly developed and 1n many areas the
technology 1s approaching limating physical bounds For these reasons, it
is not expected that any dramatic improvements will be obtained in the
mmediate future Rather, 1t 1s expected that itnprovements in performance
will result from 1mmproved processing of measured data

For the most part, the limitations and projections on the state-of-the-
art for microwave sensors have been discussed previously The principal
area 1n which significant developments can be expected on a near term basis
18 1n the area of millimeter wave technology Frincipal improvements are
expected in the areas of receiver technology Current millimeter wave
receivers have noise figures i1n the range of 15 to 20 db  Steady improvement
can be expected 1n this area but it 1s unlikely that noise figures of less than
10 db will be obtained on a near term basis

Continued improvement can be expected for spaceborne antenna systems,
although 1t appears unlikely that antenna gains in excess of 60 db will be
obtained in a space environment The areas of improvement will be principally
in the development of low-sidelobe antennas and fast switching of beam
position 1n array antennas Where sidelobe requirements indicate very low
levels, 1t 1s expected that antennas with 35 db sidelebes can be developed
Improved response tune microwave switching techniques could result in beam
switching times approaching one nanosecond,although the requirement for
such fast switching may be difficult to establish
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