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FOREWORD

The Space Age began in 1957, with an 83-kilogram Russian
satellite beeping greetings to a startled world.

Since that spectacular beginning, intensive effort has gone into
the scientific exploration of space and into preparation for
manned exploration of the Moon. The early steps have passed
into history, and much equipment and instrumentation have al-
ready been replaced by later, more complex forms. In the hustle
of progress, few men have had opportunity to describe what they
have done or used.

There is grave danger that the line of development of space
equipment and instrumentation may be lost if care is not given
to its preservation. Much information is contained in in-house
reports, but, as in all active fields, the records are scattered, often
incomplete, and sometimes silent on important points. In time,
personnel, too, can be expected to begin to scatter. While it can
still be recovered, it is important that this information be recorded.
Otherwise, in the future much of the usefulness of present-day
measurements could be jeopardized. As future investigators try
to assess past results and to combine them with their own, they
will need to know accurately how the results were obtained.

Mr. Corliss has undertaken to search out and study the records
of equipment and instrumentation on unmanned spacecraft, and
to put his findings in usable form. He has gone back to ultimate
sources, even to the personnel involved, in NASA, in the U.S. Air
Force, and among many of their contractors. He has tried to
uncover the actual designs used. For his task, he is well prepared.
An engineer by profession, he is engaged in a successful technical-
writing career. The space effort and the space scientist are in
his debt for his efforts.

This book, accurate, well organized, and truly readable, should
interest layman, engineer, and scientist. Each will be able to
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see for himself the fascinating growth of the vehicles and instru-
ments that have brought unmanned space science to its present
position.

John E. Naugle

Deputy Associate Administrator (Sciences)
Office of Space Science and Applications
National Aeronautics and Space Administration



CONTENTS

PartI. Present Status and History

1 Status and Objectives of Satellite Science __________
2 History of Scientific Satellites ____________________
Part II. Missions and Spacecraft
3 Satellite Models and Subsystem Integration ________
4 Satellite Dynamies _______._______________________
5 Satellite Communication and Data Handling ______
6 Satellite Navigation, Guidance, and Control ________
7 Earth-Baged Facilities and Operations ____________
8 Satellite Launch Vehicles ________________________
9 Design of Scientific Satellites ..___________________
Part III. Scientific Instruments
10 Satellite Science—An Overall View ________________
11 Geophysical Instruments and Experiments ________
12 Solar-Physics Instruments and Experiments ______
13 Instruments and Experiments for Satellite Astron-
OMY - e
14 Biological Experiments on Scientific Satellites ____
General Bibliography - _
Appendix _
Index

page



Part 1

PRESENT STATUS AND HISTORY




Chapter 1

STATUS AND OBJECTIVES OF
SATELLITE SCIENCE

1-1. Advantages of the Satellite Instrument Platform

More than 600 Earth satellites have been orbited since Octo-
ber 4, 1957, when Sputnik 1 first circled the globe. Almost every
one of these satellites has carried a cargo of scientific instruments,
even though military or engineering objectives have sometimes
been foremost. Typical satellite-borne sensors are micrometeor-
oid microphones, magnetometers, plasma probes, and the ubiqui-
tous radiation detectors. Radio signals from these miniature,
unmanned observatories and the study of scientific capsules ejected
from them have enabled scientists to map partly the complex
fluxes of radiation and micrometeoroids that crisscross a vast
Earth-centered region stretching from an altitude of 150 kilo-
meters to beyond the Moon’s orbit. Satellites also serve as plat-
forms for astronomical instruments that image the Sun and stars
at wavelengths that cannot penetrate the Earth’s atmospheric
shield.

The scientific value of the Earth satellite stems from four
generic properties that are possessed imperfectly or not at all by
high-altitude balloons and sounding rockets:

(1) Long-term immersion in the space medium, permitting
direct measurements of the space environment

(2) Long-term location of a relatively stable instrument plat-
form high above the absorbing, distorting, and noisy atmosphere
of the Earth, opening up the electromagnetic spectrum from five to
18 decades (~3 km to ~3X10-* A). (See fig. 1-1.) The charged-
particle shielding effectiveness of the Zarth’s magnetic field is
also reduced at satellite distances, particularly for those elliptic
orbits that penetrate the magnetopause.
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Figure 1-1.—The Earth’s magnetosphere and atmosphere prevent most
photonic and particulate radiation that arrives from outer space from
reaching instruments on the ground. Satellites provide stable, long-
lived instrument platforms above these insulating and interfering
phenomena. See additional information on near-Earth environments
in figures 1-2 through 1-13.

(3) Advantage of position. There is scientific utility in observ-
ing the Earth from afar (meteorology) and, in turn, watching
satellites from the ground (geodesy and ionospheric research).

(4) The unique aspects of the space environment—zero gravity,
radiation, absence of the Earth’s 24-hour rhythm—present oppor-
tunities to study life from new vantage points.

In short, the availability of satellite instrument platforms has
immensely stimulated many scientific disciplines. Table 1-1
shows in more detail how the special advantages of the satellite
are being employed by science.

Some Disadvantages.—The lengthy list of inviting research op-
portunities in table 1-1 should not be allowed to obscure the dis-
advantages of satellite research, which are:

(1) Extreme weight, volume, and power limitations

(2) The separation of the experimenter and his equipment by
hundreds of kilometers, making maintenance impossible and ex-
perimental adjustments difficult

(3) The need for much higher equipment reliability than in
Earth-based laboratories

(4) The sensitive electromagnmetic, mechanical, spatial, and
other interfaces that exist between each experiment and the rest
of the spacecraft
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(5) Hard vacuum, space radiation, the traumatic launch en-
vironment, and so on

(6) The restrictive problems of working within a large, highly
integrated, rigorously scheduled enterprise

(7) The gamble of appreciable time and effort against the
perversity of rocket and machine. The possibility of failure
through the fault of someone else.

All experimenters recognize that Earth-based research is itself
not completely free from these problems. The existence of the
problems has not reduced the queue waiting for satellite space.
The scientific payoff is well worth the gamble (ch. 10).

While most satellites carry scientific instruments, other objec-
tives may predominate. In addition to the military satellites and
scientific satellites is a third class, tlie applications satellites, typi-
fied by weather and communication satellites. A fourth class con-
sists of the technology satellites, which are designed to test
spacecraft materials and components under actual operating con-
ditions. Semantics notwithstanding, abundant valuable geo-
physical data have been obtained from military and applications
satellites that have included scientific instruments among their
payloads or from military spacecraft carrying piggyback instru-
ment pods. In fact, any satellite, even though instrumentally
inert, helps us to measure better the figure of the Earth and the
density of the upper atmosphere.

1-2. Status of Satellite Science

Satellite science contains segments of several conventional
scientific disciplines. It is mostly geophysics, but certainly not all,
because fields such as seismology are obviously excluded, save for
where satellites relay data from remote, ground-based stations.
Satellite science also embraces portions of astronomy, solar
physics, cosmology, and even biology (table 1-2). Scientific
sateilites are primarily research tools; consequently, satellite sci-
ence includes only those parts of science where these tools perform
better than sounding rockets, terrestrial observatories, and other
means to the same ends.

The general purpose of this section is to outline very briefly the
present state of satellite science in the fields listed in table 1-2.
The primary purpose is to show what satellites have contributed
already and where they will be valuable in the future. For more
thorough reviews of space science, see the journal Space Science
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TABLE 1-2.—The Extent of Satellite Science

Fields where scientific satellites make major
contributions More inclusive disciplines
Aeronomy. ———-
Ionospheric and auroral physies - --._-___.
Trapped radiation_________ ... ._______

Geophysics

Stellar astronomy._ __ . __ .. _____.o____._ Astronomy and astrophysics

Solar physics. oo e.
} Cosmology

Reviews, the several collections of COSPAR ! papers published in
volumes entitled Space Research (refs. 1-5), and Sourcebook on
the Space Sciences (ref. 6).

Aeronomy.—The Earth’s upper atmosphere is well and continu-
ously explored by aircraft and balloons up to 150 kilometers. (See
fig. 1-2.) (Ref. 7.) Sounding rockets commonly carry instru-
ments up to 250 kilometers and higher, but their periods of useful
observation are measured in minutes. The realm of the scientific
satellite begins at 150 kilometers and extends outward several hun-
dred thousand kilometers. Onboard instruments directly measure
temperature, density, the compositions of neutral and ionized popu-
lations, fluctuations in these parameters, and energy inputs from
the Sun and Earth. Furthermore, satellites can be observed from
the Earth and inferences made concerning drag forces and air
density.

Mapping the atmosphere is the primary function of an aeronomy
satellite. From point values of temperature, pressure, density,
and composition, one draws graphs, such as figures 1-3 and 1-4,
showing the average characteristics of the atmosphere. Such
maps are relatively constant in time below 100 kilometers. Above
this level, the solar ultraviolet radiation, plasma streams, and
magnetohydrodynamic waves cause large variations in the param-
eters. The density of the upper atmosphere, for example, may
vary by a factor of 4 between the sunlit and dark sides of the
Earth. Several hundred kilometers out, temperatures fluctuate
hundreds of degrees as the Sun rotates in its 27-day period and

* COSPAR=Committee on Space Research, an international committee of
scientista.
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F1GURE 1-2.—Structure and composition of the Earth’s atmosphere and
some of the physical phenomena that control its characteristics.
(Adapted from ref. 7.)
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Ficune 1-3.—Typical temperature distributions for nighttime
conditions near sunspot minimum, for daytime conditions near
sunspot minimum, and for an average situation. At high alti-
tudes, the effects of solar forces are extremely large (ref. 8).
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Ficure 1-4.—Density of the Earth’s atmosphere for the same
conditions described in figure 1-3 (ref. 8).

active areas on its surface sweep the Earth with streams of ultra-
violet photons and energetic particles (refs. 9-11).

A classical and typical illustration of the value of scientific
satellites to aeronomy came when Nicolet, after careful studies of
drag-induced perturbations of the Echo I orbit, postulated the
existence of a layer of helium between the oxygen-nitrogen sub-
stratum and the hydrogen outer envelope (ref. 12). Subsequent
studies by Bourdeau, using plasma probes on Explorer VIII, con-
firmed Nicolet’s deduction (ref. 13). (See fig. 1-2.)

Scientific satellites not only are useful in refining our maps of
the constantly shifting atmosphere but also, by virtue of their
location, they can measure the ultraviolet flux of the Sun and the
energy input from the solar wind. Here is a sensitive interface
between aeronomy and the field of solar physics; it is discussed
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further on page 18. The Sun is the wellspring of energy that
creates many of the phenomena we are endeavoring to map.
Ideally, by measuring the thermal and ionizing forces impressed
upon the atmosphere by the Sun, scientists could deduce the
maps from first principles. Unfortunately, we know even less
about the upper atmosphere than we do about weather at low
levels.

Future scientific satellites must play a twofold role: (1) make
more detailed maps of the upper atmosphere, using direct sam-
pling techniques, and (2) measure more precisely the forces that
the Sun exerts. From such data, scientists will construct better
cause-and-effect models.

Tonospheric and Auroral Physics.—Beginning at about 50 kilo-
meters, sounding rockets and satellites encounter the Earth’s
ionosphere, which is constituted of ever-changing regions of ion-
ized gases created by solar ultraviolet and particulate radiation
(figs. 1-56 and 1-6). The ionosphere coexists with the neutral
atmosphere and lies far below the belts of trapped radiation (refs.
11, 14, 15). (See fig. 1-7.)

The existence of ionized regions high above the Earth was sug-
gested early in this century to explain anomalous transmissions of
radio signals far beyond the line of sight. By midcentury, ground-

1000 T
[~ Maximum of
solar cycle
Satellite
u range
r B ™ Minimum of
= solar cycle
S 500}
=
< B FZ
- _J;
= D — E
0 ] 1 1 1
2 3 4 5 6 7

Log electron concentration (1/cm°)

Ficure 1-5.—Daytime electron concentration in the
ionosphere at the extremes of the solar cycle.
(Adapted from ref. 16.)
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Ficure 1-6.—Nighttime electron concentration in the
ionosphere at the extremes of the solar cycle. Note
that although electron concentration drops at very
high altitudes, the fraction of the atoms ionized
actually increases. (Adapted from ref. 16.)
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Ficure 1-7.—Schematic drawing showing four strongly
interacting components of the Earth’s particulate
envelope: the neutral atmosphere. the ionosphere,
the auroras, and the trapped radiation zone.
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based, radarlike ionosondes had obtained extensive data indicating
the probable existence of four layerlike concentrations of electrons
during the daytime: the D-, E-, F,-, and F,-layers, in ascending
order. The apparent heights and concentrations of these electri-
fied layers seemed to change with solar activity and from day to
night. Sounding-rocket studies of the ionosphere in the 1940’s
and 1950’s, showed no well-defined layers, however, but rather
broad regions of electron concentration (figs. 1-5 and 1-6).

The reflection and refraction properties of the ionosphere, as
they affect radio waves, depend upon electron concentration, which,
in turn, depends upon solar forces. The positive ions that are also
created by solar ultraviolet radiaticn, X-rays, and cosmic rays are
much less mobile than the electrons and, because they interact only
slightly with radio waves, play little part in determining radio
transmission properties. It is of great scientific interest, though,
to sample directly the ions that exist—O:+, N.+, O+, NO+, Het—to
identify ionization mechanisms and trace the complex chemical-
reaction kinetics of this thin medium.

Scientific satellites may dip into the ionosphere to an altitude of
150 kilometers at perigee. Lower altitudes would radically
shorten their lifetimes. Consequently, scientific satellites make
direct measurements only at the upper fringe of the ionosphere,
primarily in the F-regions. There are two other ways, however,
in which satellites can add to ionosonde and sounding-rocket re-
sults. First, ground stations can record the Doppler shifts and
polarizations of satellite radio signals that are caused by the iono-
sphere. For this reason, satellites often carry radio beacons trans-
mitting at various frequencies. Scintillations, or fluctuations, of
transmitted signals can be used to deduce irregularities or fine
structure of the ionosphere. The second satellite technique de-
pends upon ‘‘topside sounding,”’ as contrasted to the ‘‘bottomside
sounding’’ carried out by terrestrial ionosondes. Sounding in-
volves listening for radio echoes from regions of high electron
density. Only satellites, obviously, possess the capability of con-
tinuously sounding the top of the ionosphere over wide geograph-
ical areas.

Auroral physics, like many other aspects of satellite science,
possesses a surfeit of observational data. Many books and papers
record the frequency, colors, shifting forms, and nuances of the
often-beautiful auroral displays (refs. 17-20). But, even though
we are a decade into the space age and regularly fly satellites
through the polar zones, the exact origins of the auroras are still
a mystery.
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The greenish-white, sometimes red or violet, arcs, sheets, and
shifting curtains of the auroras were first linked to magnetic
storms, which were soon found to be due to solar activity. Modern
spectroscopy has shown that most of the auroral light is composed
of permitted and forbidden lines of neutral and ionized oxygen
and nitrogen. Auroral activity centers on the Earth’s magnetic
poles, where the magnetic lines of force intersect the atmosphere
(fig. 1-8). There is an obvious interface with the trapped-radia-
tion zones that terminate about 100 kilometers above the magnetic
poles. Probably, some trapped particles collide with and excite
the atoms, ions, and molecules in the upper atmosphere, but the
genesis of the auroras is an incomplete story. (Auroras can be
and have been made artificially with high-altitude nuclear explo-
sions, emphasizing the close link between auroras and trapped
radiation.)

The value of the scientific satellite for studying auroras is
apparent from figure 1-8: Instruments can be carried through the

Earth field lines

Incoming proton

Magne;ic pole

jo——— 250 kit ————=

Ficure 1-8.—Simultaneous measurements of the au-

roras can be made by polar satellites and aircraft
(ref. 21).
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auroras for direct measurements, and they can observe the dis-
plays with spectroscopes and photometers from positions well
above the Earth and aircraft-based instruments.

Closely associated with the auroras is the airglow. At night,
the airglow (called nightglow) consists of a faint continuum with
superimposed emission lines, brightest just above the horizon.
The red and green lines of atomic oxygen, which also appear in the
auroras, are present, as well as lines from the hydroxyl radical
and sodium. Lyman-« radiation is also observed. The source of
energy for airglow excitation is the Sun, but apparently energy is
stored chemically during the day and released during the night.
Numerous chemical reactions have been suggested, but the origin
of the airglow (including nightglow, dayglow, and twilight glow)
remains incompletely explained. The role of the scientific satel-
lite involves direct sampling of the environment as well as provid-
ing a platform for photometers and spectrometers in regions of
the spectrum that do not reach the Earth’s surface.

Trapped Radiation.—~Above the envelopes of the neutral atmos-
phere and the ionosphere, but still within the cavity of the mag-
netosphere, lie the great radiation belts, frequently called the Van
Allen Belts, after their discoverer, J. A. Van Allen (fig. 1-9).

Neutral
point

Cavity bounda
ty ry Radiation belts

"Tail"
or
"wake" —am
of
Earth

adii

front

Region of weak )
and disordered field Neutral Boundary of

point agnetosphere (magnetopause)

FiGuRe 1-9.—Present view of the Earth’s magneto-
sphere. On the Sunward side, a shock layer builds
up where the solar wind contacts and compresses the
magnetosphere. Leeward, the magnetic cavity tails
off into space away from the Sun (but not along the
orbital path).
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The early satellite explorations above 200 kilometers, carried out
primarily with Explorer and Vanguard satellites, first seemed to
indicate two well-defined belts of magnetically trapped charged
particles. Further experimentation, however, has shown that the
region between the top of the ionosphere and the magnetopause is
occupied by magnetically trapped, coexisting populations of elec-
trons and protons, with minor fractions of heavier particles. Con-
centrations in space and energy do exist, but, except for protons,
they are not well defined (figs. 1~9 and 1-10). Interaction with

10'5

/Auroral electrons

__—Radiation-belt electrons
— /\ Solar-flare protons
Outer-belt protons

/

Particle flux (1/cn? - sec-MeV)
=

10° Inner-zone trapped protons

Galactic cosmic rays—

107 L1 1 L 1 L

108 10* 105 10* 10 10° 10

Particle energy (eV)

lol 0

F1cure 1-10.—Particle fluxes from various sources
encountered by scientific satellites (ref. 24).

the solar wind molds the Earth’s magnetosphere into an asym-
metric, streamlined shape, with a ‘‘wake’’ that trails off into space
in a direction away from the Sun for many Earth radii? (refs.
22-23).

Despite the many hundreds of satellite radiation instruments
that have returned data since 1958, the precise origins and fates
of charged particles trapped within the belts are not known. The

? Ness has concluded from Explorer-XVIII data that the Moon may have
a similar wake (ref. 25).
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neutron-albedo hypothesis certainly accounts for the origin of
many protons and electrons. This theory holds that neutrons
created during cosmic-ray reactions with nuclei in the Earth’s
upper atmosphere subsequently invade the radiation-belt region
and decay into protons and electrons, which are then magnetically
trapped (fig. 1-11). Many trapped particles are undoubtedly
removed from the belts when they collide with atoms and mole-
cules in the upper atmosphere. Other mechanisms for particle
birth and death probably exist, but no theories regarding them
have been generally accepted.

The shapes of the magnetosphere and the contained radiation
zones are molded by the solar wind and its interaction with the
Earth’s magnetic field. An interface also exists between the
trapped radiation and the auroras. Evidently, electrons continu-

Magnetic
lines of force

I

|

k

i Injected

| broton

Ficure 1-11.—Magnetic trapping of a charged par-
ticle. A proton, perhaps originating in the decay of
an albedo neutron, spirals along the h’s magnetic
lines of force and is reflected back and forth from
pole to pole.
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ously precipitate into the auroral regions from the radiation belts.
Some scientists feel that the auroras are created, at least in part,
by these precipitating electrons.

Man himself experiments with the zones of trapped radiation by
exploding nuclear weapons at high altitudes, an event that injects
large quantities of electrons into the magnetic bottle formed by
the Earth’s field. Satellites also map these manmade phenomena
(figs. 1-10 and 1-11).

Satellites, such as those in the Explorer class, can probe the
entire region of trapped radiation, measuring particle flux,
energy, direction, and identity. In addition to this mapping func-
tion, the larger satellites of the future will doubtless engage in
active experiments, where charged particles are artificially in-
jected into the radiation zones in a controlled manner. In this
way, better insights into particle capture, storage, and loss mech-
anisms can be gained.

Geomagnetism.—The classical view of the Earth’s magnetic field
is that of a dipole located at the Earth’s center, but tilted 11°
from the axis of rotation. The field strength decreases as one
moves away from the Earth, according to an inverse-cube law. The
total surface field in the polar regions is about 50 000 y (1 y=10-*
gauss). Superimposed on the steady field are many short-term
fluctuations as well as secular changes created in part by inter-
actions with the streams of solar plasma. There are also depar-
tures from the dipole field owing to irregularities within the Earth
itself. An earthbound observer would expect the classical dipole
field to extend with decreasing strength out to infinity. It does
not. Instead, the Earth’s magnetic lines of force, and the trapped-
radiation zones as well, are confined within the asymmetric cavity
of the magnetopause (refs. 25-29). (See fig. 1-9.)

The magnetosphere is, in 8 sense, a magnetic bottle, diverting
all but the most energetic cosmic rays on the outside, yet confining
the radiation belts within. The magnetopause is closest to Earth
on the sunlit side, where a shock front of solar plasma builds up
and streams around the blunt end (fig. 1-9). The length of the
leeward tail is not known. The magnetopause marks the transi-
tion zone between the bottled geomagnetic field and the weak
spiral magnetic field pulled out of the Sun by the solar wind. For
a distance of several Earth radii around the magnetosphere, there
is a region of irregular, rapidly fluctuating magnetic fields. Satel-
lite magnetometers penetrating this zone always record transients,
some as high as 100 vy, before entering the relative calm of the
interplanetary magnetic field, which has a strength of 5-10 vy.
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The Sun does more than distort the magnetosphere with the
solar wind. Solar storms apparently unleash immense tongues of
plasma that sometimes envelop the Earth (fig. 1-12). The mag-

Cosmic rays
are deflected Spiral magnetic

lines of force

Plasma tongue

Magnetic
Earth lines of force

F1cure 1-12.—On the right half of the sketch, spiral
magnetic lines of force are pulled out of the Sun by
the solar wind. On the left, a storm on the Sun
shoots out a plasma tongue that envelops the Earth.
The plasma tongue surrounds the Earth with a
magnetic “bottle,” deflecting some of the cosmic-ray
flux and causing a Forbush decrease.

netic field carried along with the plasma tongue superimposes
another magnetic field upon that of the Earth, deflecting still more
cosmic rays. Decreases in cosmic-ray flux thus created by solar
storms are called ‘‘Forbush decreases.”” The interplanetary
‘““‘weather’’ outside the shelter of the magnetopause is dominated
by these solar eruptions, and so, to a lesser extent, is the state of
the Earth’s radiation zones, ionosphere, and upper atmosphere.
The manifest value of the Earth satellite is in transporting
magnetometers on eccentric orbits that regularly penetrate the
magnetopause and map the fields within and without. Many satel-
lites have carried such magnetometers, and abundant records exist
showing the secular variations of the magnetosphere. Present
emphasis is on studying the short-term fluctuations of the mag-
netic fields, the magnetospheric wakes of the Earth and Moon,
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and the propagation of magnetohydrodynamic disturbances out
from the Sun, past the tiny obstruction of the Earth, and on into
interstellar space.

Geodesy.~—If a satellite were launched into orbit around a per-
fectly spherical and homogeneous planet, its orbital plane, in the
absence of perturbing forces, would remain fixed in inertial space.
The Earth, however, is neither perfectly spherical nor homo-
geneous. The well-known equatorial bulge causes the orbital
plane to rotate. By observing this induced rotation, scientists
have inferred a 45-kilometer difference between the Earth’s major
and minor axes. Other perturbations to the orbit of an Earth
satellite are caused by: (1) the Earth’s slight pear shape, (2) a
positive gravitational anomaly in the western Pacific, and (3)
negative anomalies in the Indian Ocean and Antarctica. In other
words, the Earth’s physical shape and asymmetries in mass dis-
tribution beneath its surface can be deduced by analyzing the per-
turbations to satellite orbits. Of course, tracking, which is some-
times aided by flashing lights on satellites, must be precise. Drag
forces and the effects of the Sun and Moon must also be accounted
for if geodetic data are to be reliable (ref. 30).

2 steoritics.—Perhaps the least-explored dimension of the near-
Earth environment is the flux of micrometeoroids encountered by
satellites, probes, and high-altitude rockets, Not only are masses,
velocities, densities, compositions, and origins of micrometeoroids
uncertain, but their distribution within the solar system is poorly
understood (refs. 31-33).

The best available picture of the micrometeoroid environment is
that shown in figure 1-13. Almost all of the data used in making
this graph came from microphone experiments, which record the
number of impacts above a certain threshold and at the same time
yield a signal proportional to some yet-undetermined function of
particle mass and velocity. The abscissa in figure 1-13 is there-
fore in doubt. There are also regions in the graph where no
measurements at all are available.

Satellites in eccentric orbits and space probes indicate that the
micrometeoroid flux decreases with distance from the Earth, and
may be 100 000 times weaker in interplanetary space. Just why
the Earth should be surrounded by a stable cloud of dust has not
been determined, although the Earth’s gravitational field is an
obvious factor. One hypothesis states that micrometeoroids are
ejecta from meteoroid impacts on the Moon, and are thus naturally
concentrated in Earth-Moon space, their point of origin.

Many micrometeoroids are bits of fluff, with densities of less
than 1. A minority is composed of iron and nickel. The
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Ficure 1-13.—Summary of micrometeoroid measure-
ments made on spacecraft. Flux scale at left indi-
cates cumulative flux.

velocities of micrometeoroids in orbit about the Sun would be
between 11 and 72 km/sec,® relative to the Earth. Quite unex-
pectedly the Mars probe, Mariner IV, recorded a retrograde micro-
meteoroid impact, which makes the origin of micrometeoroids
even more obscure. Suggested origins include (1) ejecta from the
Moon, (2) cometary debris, and (8) asteoroidal material. .

Larger and more sophisticated satellites, such as Pegasus, have
rrovided more accurate data on the magnitude of micrometeoroid
flux as a function of position in the solar system. More elaborate
micrometeoroid detectors will measure velocities directly, possibly
by time-of-flight techniques.

Solar Physics.—The Sun, our nearest star, is frequently dispar-
aged as a very common, yellow, Class G2 star, located in an inaus-
picious spot in our galaxy. In truth, the Sun is a magnificent
incandescent sphere, with a visual diameter of about 1400 000
kilometers, 108 times the diameter of the Earth. In the visible

* Solar-system escape velocity minus and plus the orbital velocity of the
Earth.
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region of the spectrum, which peaks at 5850 A, the Sun appears
quite stable. Photometers rarely show changes greater than 1
percent. But at the long- and short-wavelength ends of the spec-
trum, the radiation we receive varies by orders of magnitude.
These variations, which are largely blocked by the atmosphere for
Earth-based observers, plus the Sun’s particulate radiations, pro-
vide many insights into the birth, stability, and death of all stars
(fig. 1-14).

Sunlight is such an obvious terrestrial fact that it is logical to
ask what advantages satellite-borne experiments have over Earth-
based, rocket-, and balloon-borne experiments. The Sun, by creat-
ing the Earth’s ionosphere and the ozone region in the upper
atmosphere, prevents the passage of most of the electromagnetic
spectrum. The solar wind and solar cosmic rays are also best
studied by satellites outside the magnetosphere. High-altitude
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Ficurg 1-14.—The solar ultraviolet spectrum is rapidly attenuated by
the Earth’s atmosphere. The ordinate shows the altitude at which the
flux has decreased by a factor of 2.718.
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rockets, which have pioneered solar spectroscopy in the ultra-
violet, provide only transitory instrument platforms. A long-
lived satellite observation platform, such as 0SO, thus has great
value to solar science. Satellites, as they accompany the Earth in
its orbit around the Sun, also make excellent solar probes that map
the macrostructure of the solar plasma and solar magnetic field at
1 AU.

The rich panorama of solar phenomena observable at satellite
altitudes is too complex and extensive to describe here. The non-
technical reader should refer to the ‘‘General Bibliography’’ for
key review works. Some technical background, though not a great
deal, is necessary, however, for the discussion of solar instruments
presented in chapter 12. Pertinent characteristics of the Sun are
described in table 1-3,

Stellar Astronomy.—Satellites give the astronomer an instru-
ment platform high above the frustrations of the Earth’s absorb-
ing and distorting atmosphere. The advantages and technology of
astronomical satellites are therefore similar to those satellites
assigned to solar research. There are, however, two important
differences:

(1) Millions of stars, galaxies, nebulae, and other astronomical
targets exist. The scientific satellite must select, from a field of
many, a target much fainter than the Sun. Furthermore, the
instrument packages must be pointed more accurately and stably
than for satellites used in solar research.

(2) The range of stellar phenomena is far greater, from neutron
stars to quasars, and instrument types and ranges are . - rrespond-
ingly expanded.

The areas of stellar astronomy opened up by satellites, as in the
case of the Sun, are in the short- and long-wavelength regions of
the spectrum. The inference is that satellites will be most useful
in studying white dwarfs, quasars, and other stars that emit much
of their radiation in wavelengths outside the visible. More signifi-
cant, though, is the strong likelihood that entirely new kinds of
stars and totally different stellar processes will be found. In a
sense, scientists expect that unexpected phenomena will be the
most important. Whenever new dimensions have been opened up
for scientific exploration, the unpredictable discoveries have
usually overshadowed other findings; viz, the Earth’s magneto-
pause and regions of trapped radiation.

Still, some direction must be given to experiment planning for
astronomical satellites. Interest now centers on the ultraviolet
portion of the spectrum. Rocket observations in that area have
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TABLE 1-8.—Pertinent Characteristics of the Sun

Phenomenon

Features

Particulate radiation (refs, 34-35) ...

Plasma (ref. 86) - ______

Electromagnetic radiation (refs. 387,
38).

Visible features (ref.89) . _______

Low-energy cosmic rays emitted in
conjunction with solar flares.
These are primarily protons, with
some alphas and heavier particles.
(See fig. 1-10 and table 1-4.)
Neutrons are also detected.

Solar wind has an average flux of
10*/cm*-sec and a velocity between
300 and 600 km/sec. Composition:
mostly hydrogen, possibly some
helium and heavier particles.
Tongues of plasma are superim-
posed on the steady-state solar
wind.

In the visible, there is a steady flux
that is close to a blackbody spec-
trum peaking at 5850A (5800° K).
Power: about 1400 w/m® at the
Earth’s orbit. At short wave-
lengths, the solar flux decreases
rapidly, but exceeds that expected
from the blackbody law. X-rays
and gamma rays are also emitted,
especially during solar flares. Ra-
diation mechanisms not known for
certain. Ultraviolet, X-ray, and
gamma-ray fluxes are highly vari-
able. At long wavelengths, there
is intense radio noise emitted from
the solar corona, which has a
blackbody temperature of up to
2 000 000° K. Radio emissions are
also variable.

Sunspots, prominences, granules,
and other fine structures are easily
resolved in the visible range.
Although their frequency, mor-
phology, and evolution are best
studied on the Earth, satellites
can carry instruments to study
the more diagnostic short wave-
lengths and obtain images with
higher resolution.
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already shown that many stars are not as bright in the ultraviolet
region as present theory predicts. In addition, some stars are
surrounded by strange ultraviolet nebulosities. A systematic
photometric survey of stars in the ultraviolet is needed to help
develop new stellar facts and theories. X-ray emissions are also
of interest. To illustrate, scientists at the Naval Research Labo-
ratory (NRL) have discovered with rocket instruments an intense
X-ray source in Scorpius. Such short wavelengths may indicate
the existence of so-called neutron stars (ref. 40).

In the radio region of the spectrum, the astronomer finds many
knots to unravel. One of the most puzzling and stimulating is the
quasar, or quasi-stellar radio source. There are also unexplained
radio sources in the sky that are not correlated with any visible
sources. Radio astronomy satellites using huge, extended antennas
above the ionosphere should enlarge the observable spectrum
considerably.

Interstellar Physics, Cosmic Rays, Cosmology, and Fundamental
Physics.—Visible light tells us a great deal about our own galaxy
and similar aggregations of stars nearby. The character of the
‘‘space” between the stars and galaxies is not as well known.
There seems to be a weak interstellar magnetic field of about 1 y.
A tenuous plasma, with an average of perhaps 1 proton/cms, fills
this space. There also seem to be concentrations of dust and gas
that may be a prelude to the formation of stars. By placing ultra-
violet and radio instrumentation on satellites, scientists hope to
explore regions where little visible light is emitted. Some specific
experiments that have been suggested involve (1) the measurement
of the reddening of ultraviolet radiation by the scattering of inter-
stellar matter, and (2) the search for ultraviolet emissions of
molecular hydrogen at 1108 and 1008 A. Atomic hydrogen is a
known constituent of interstellar space, but no one has yet de-
tected hydrogen molecules.

An Earth satellite is also in a favorable position to study galac-
tic cosmic rays, which differ from solar cosmic rays in that their
enargies are much higher (fig. 1-10 and table 1-4). The nuclei
involved are present in different amounts. Galactic cosmie rays
consist of charged particles that are apparently uniformly dis-
tributed through space, but vary in flux according to the effects of
the magnetic fields of the Sun and Earth. There is an 11-year
cycle measured on the Earth’s surface, and this cycle is 180° out
of phase with solar activity. As the Sun’s magnetic field builds up
during the solar cycle, more and more cosmic rays are deflected
away from the Earth. Superimposed upon this systematic
behavior are the Forbush decreases, caused, as previously noted, by
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magnetic fields generated by sporadic solar storms. Earth-based
observations are hampered by the fact that the high-energy (up to
10* eV), primary cosmic rays collide with nuclei in the upper
atmosphere and generate showers of secondaries, which yield little
direct information about primary cosmic rays. The value of
satellite research here is obvious.

TABLE 14.—Relative Abundance of Primary Cosmic-Ray Particles

[From ref. 41)
Element Galactic Solar

Hydrogen _ _ . _ . io-- 2500 Q)]
Helium __ e 360 1250
Lithium, beryllium, boron_______________ . _______._.____ 11 0.3
Carbon. . e 18 6
Nitrogen. .- . e 8 2
OXYBeD . - - o e eeeme e meaeee - 10 10
Fluorine. . . 1 0.4
NeOm e o oo e e em—————————e 3 1.5
1< 218 e 9 1.3

a Varies.

Cosmologists and those concerned with the physical fabric of
the universe—as, for example, theories of relativity—have in the
scientific satellite a tool of undetermined value. A few experi-
ments have been suggested in table 1-1, but none is being actually
designed for satellite use. Explorer XI, which carried a gamma-
ray telescope, searched for gamma rays of galactic and extragalac-
tic origin that might indicate the continuous creation of matter.
The experiment recorded cnly a few gamma rays and is regarded
as unfavorable to the steady-state theory of cosmology. Beyond
this single experiment and the few ideas presented in table 1-1,
satellites have seemed to offer little to cosmology directly.

Biology.—Satellites present the discipline of biology with two
unusual opportunities. The first is an enlargement of the attain-
able biosphere to include the fringes of the atmosphere and nearby
space. It is conceivable that there may be indigenous life, sus-
tained by sunlight, in the high, thin regions of the atmosphere.
It is also possible that, despite the discrediting of the panspermia
theory, there is some kind of influx of minute life forms from
outer space. The second area of satellite biology involves the
unique physiological effects of zero gravity, space radiation, and
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the lack of the 24-hour rhythm present on the Earth’s surface.
Scientific satellites, which in this book exclude manned spacecraft,
have already invaded this new research area, using lower life
forms, with the Discoverer and Biosatellite series. No one knows
just what will be discovered when life is exposed to this radically
new combination of environmental forces.

1-3. Content and Organization of the Book

Part II of this book, which follows two short introductory chap-
ters, deals with the problems of placing an unmanned satellite in
orbit, keeping it operational, and getting useful data back to the
experimenters on Earth. Part III considers the scientific instru-
ments placed on satellites and how their design is molded by
experimental objectives and the often delicate interfaces that
separate them from the remainder of the spacecraft.

Manned spacecraft are bypassed in this book. Do they not offer
even better opportunities for research? The superior flexibility,
adaptability, and decision-making capability of man are hard to
deny. Gerathewohl and others have made strong cases for the
manned, orbital research laboratory (ref. 42). In particular,
man’s ability to recognize completely new, unexpected situations
seems a valuable asset in a realm where, through prejudgment,
our instruments may be sampling only the expected portion of the
environment. The proponents of manned spaceflight frequently
cite the X-15 and other manned research vehicles in which man
has been instrumental in saving many a mission through improvi-
sations and the repair of faults. The Mercury and Gemini flights
tend to support this view. Yet until man has a stronger foothold
in space—say, as a regular passenger in orbital laboratories—un-
manned, scientific satellites will continue to take most of the
measurements. Even on Earth, we resort to unmanned, auto-
mated weather stations and oceanographic buoys to make synoptic,
repetitive measurements. There is more urgency to do this in
space, where danger is great and costs to sustain man soar.

The case for the unmanned scientific spacecraft has been force-
fully put forth by Boyd (ref. 43). His argument runs like this:

(1) The presence of man will disturb many experiments through
his movements (bad for precision telescope pointing), his vapors
and exhalations (mass-spectrometer contamination), and his
associated parasites (in biological experiments)

(2) Astronauts are likely to be under high stress, which may
impair their judgment; viz, the difficulty in identifying the ‘‘snow-
flakes’’ seen during early manned spaceflight
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(8) Manned missions are usually short; too short for most space
experiments, unless crew changes are incorporated

(4) Parts of the space environment, such as the radiation zones,
are dangerous to man

(5) Many scientists express little enthusiasm when it is sug-
gested that astronauts might help tune or adjust delicate instru-
ments

In other words, man is not necessarily a blessing to satellite
science.

These arguments are in a sense more antiastronaut than pro-
instrument. Counterarguments are easy to marshal: Instruments
are unreliable and relatively inflexible; they cannot recognize new
situations or repair themselves; and so on. Proponents of manned
spaceflight can always point to the difficulties and disappoint-
ments of OGO I, OGO I1, and OAQ I, saying that these spacecraft
were too far advanced for their time. And that they were less
than complete successes because it is just too difficult to integrate
and control properly more than a certain upper limit of scientific
payload, as measured, say, in terms of kilograms, number of parts,
or number of experiments. (See sec. 9-3.) Probably a com-
plexity ‘‘bottleneck’’ does exist, but is the upper limit any higher
for manned spacecraft? If necessary, NASA can always put up
more ‘‘simple’’ Explorers and fewer ‘‘complex’’ Observatories.

Man and machine certainly complement each other in space
science, just as observatories complement Explorers. The trade-
offs in terms of dollars and scientific return remain to be worked
out.

In any discussion of the competitors of scientific satellites,
sounding rockets must not be ignored (ref. 44). Again, we find
unique advantages: fast reaction time, low cost, easy physical
recovery, preselection of time and place of launch, rapid sampling
along a vertical profile, and short cycle time from instrument to
flight to improved instrument. But sounding rockets have short
lives, limited geographical coverage, and small payloads. Again,
it is a case of one type of vehicle complementing another. Each
mission has to be studied in view of its own special requirements.

The struggles to orbit the tiny Explorer I and Vanguard I are
now far behind us. Research through use of satellites, though it
does not receive the sums allotted to manned and military space-
craft, increases in scientific importance each year. Almost every
satellite launched makes room for one or more scientific instru-
ments. Scientists are great improvisers, and they hitchhike into
orbit on many test vehicles that would otherwise have carried only
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ballast. Space, barely touched by sounding rockets a decade ago,
is now a well-traveled thoroughfare for the first few thousand
kilometers.
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Chapter 2

HISTORY OF SCIENTIFIC SATELLITES

2-1. Prolog

By January 1. 1966, more than 450 artificial satellites had been
placed in orvit. Over 100 new satellites are launched each year,
and old ones constantly crisscross the skies above us. Against this
backdrop, it is difficult to project one’s thoughts back that spare
handful of years to the time when the satellite idea received only
ridicule. What other modern technical idea has so rapidly made
the transition from speculative pulp magazines to reputable scien-
tific journals? Yet this symbol of the space age, the unmanned
satellite, carrying only scientific instruments for payload, was also
ignored by the great astronautical pioneers (ref. 1).

Before I tell this fascinating tale of scorned ideas, organizational
jealousies, and international politics, consider what ingredients
are necessary for the founding of a whole new technology. First,
the idea must be born and promulgated; in this case, the concept
of the scientific satellite itself. Then, the basic technical corner-
stones must be laid in place, as exemplified by rocketry, ground
support, power supplies, and radio telemetry. There must also be
money and organizational support to convert ideas into hardware.
The assignment of money, men, and other resources to an untried
idea requires someone, frequently someone not caught up in the
enthusiasm of the idea, to commit his reputation in the face of
conflicting recommendations from advisers. Many a harried man
has been found willing to sail his administrative ship into new
seas, however, as the existence of the airplane, nuclear power, and
the satellite amply prove.

The history of scientific satellites can, like those of many other
technical developments, be broken down into the four phases delin-
eated below and in table: 2-1.
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(1) The Idea Phase.—A lengthy period when isolated thinkers,
including many amateurs, sketched out the sinews of the idea.
The technical concept at this stage had precarious credibility and
was usually dismissed as ridiculous by ‘‘competent authorities.’’

(2) The Phase of the Enthusiasts.—~The first amateur societies
were formed. Technological developments began to support the
satellite idea. The military examined the concept to assess its war
potential,

(3) The Phase of Guarded Acceptance.—The professional tech-
nical community agreed that the idea was sound, though many
claimed it pointless and wasteful of money. At this stage, nearly
all of the technical cornerstones were in place.

(4) The Exploitation Phase.—A trigger or catalyst was required
to initiate this phase. In the case of scientific satellites, the
catalyst was the desire to acquire cold-war prestige through the
launch of a scientific satellite during the International Geophysical
Year (IGY). In this phase, the idea was translated into hard-
ware; large blocks of resources were committed; and formerly
obscure ‘‘dreamers’’ became heroes.

Dilatory though the genesis and development of the satellite
idea may now seem (table 2-1), it will now serve as a handy
framework to support the historical sketches that follow. The
emphasis in this chapter is on early history—say, up to 1960.
More recent history of technical developments is intrinsic in the
chapters that follow.

2-2. Tracking the Satellite Idea

In 1870, Edward Everett Hale, a most inventive author, pub-
lished a story entitled ‘‘ The Brick Moon,’’ in the Atlantic Monthly.
This story is also available in book form (ref. 2). In this surpris-
ingly well-thought-out tale, huge waterpowered flywheels flung an
artificial satellite into orbit along the Greenwich meridian. Hale’s
new moon was visible from Earth and helped make the determina-
tion of longitude easier for navigators., He also contemplated
‘using it to aid communications. It was a very sophisticated idea
at a time when the horse still had 30 years of supremacy ahead.

Scientists had long known that an object traveling in a circular
path around the Earth could, if its velocity was correct, remain in
orbit perpetually. After all, the Moon was there for everyone to
see. But for man to place an artificial satellite in orbit around the
Earth—that was preposterous. It could not be done, and what
would be the use anyway? It was more absurd than that nonsense
about machines flying like birds.
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Two more fictional satellites followed Hale’s into orbit. In
1879, Jules Verne wrote about launching small satellites with a
gun possessing a muzzle velocity of 10 000 m/sec (ref. 3). The
gun approach recurs periodically in the astronautical literature
(ref. 4). Recent experiments by the Canadians, using long-
barreled naval artillery, indicate that a few tens of kilograms can
probably be placed successfully in orbit without rockets. The
launch technique suggested by Kurd Lasswitz in his 1897 novel
Auf zwet Planeten (Of Two Planets) is much farther from credi-
bility (ref. 5). Lasswitz employed an ‘‘abaric,”’” or antigravity,
field to position a Martian spacecraft over the North Pole,

Perhaps gun launchers and antigravity will eventually come to
pass, just as ‘“The Brick Moon’’ foretold in a crude way the
Transit navigation satellites. In over three millennia of litera-
ture, one can find almost any idea one looks for. Indeed, who
would be overly surprised to learn that the ancient Greeks also
thought of satellites? The pile of tailings from time’s mine of
imaginative literature, containing all those dead and truly impos-
sible ideas, is always incomparably larger than the handful of rare
nuggets that become reality.

After th: novelists came the now-revered astronautical pio-
neers: Tsiolkovsky, Goddard, Esnault-Pelterie, von Pirquet, and
Oberth. The scientific-satellite concept, however, did not germi-
nate in their hands, for they were preoccupied with propelling
man himself into space (ref. 1). An Earth satellite? Yes, it was
possible and would be a good way station on the voyages to the
Moon and planets (fig. 2-1). Tsiolkovsky mentioned satellites at
the beginning of the century; so did Hermann Oberth, in his clas-
sic Die Rakete zu den Planetraumen (Rocket into Planetary
Space), first published in 1923 (ref. 6). By the late 1920’s the
space-station idea was firmly entrenched, but mainly as a stepping-
stone to the planets; scientific research was strictly a secondary
objective.

Let us be fair to those who looked forward to manned space-
flight to the exclusion of instrumented, automatic satellites prob-
ing at the fringes of the Earth’s atmosphere. After all, beyond
the atmosphere was only vacuum, and perhaps a few bits of
meteoric material. Who had heard of the Van Allen Belts, the
solar wind, or the magnetopause? Beyond that, the art of radio
telemetry was still in its infancy. Here, ignorance was a formida-
ble barrier to imaginative thinking (ref. 1). Without a means of
transmitting data without wires, of what use was an unmanned,
unretoverable research satellite? Possibly someone, somewhere,
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foresaw that simultaneous advances in telemetry and rocketry
would make the scientific satellite possible, but he did not record
his thoughts.

The era of the isolated, unappreciated dreamer who thought of
man roaming the cosmos came to an end about 1927. In Germany,
the United States, England, and other countries, small but enthusi-
astic groups began to coalesce. The largest were the Verein fiir
Raumschiffahrt (VfR) in Germany, founded in 1927; the American
Interplanetary Society in the United States, founded in 1930; and

F1cure 2-1.—Noordung conceived this manned space station in
the late 1920’s. It was to rotate slowly to provide artificial
gravity and to obtain its power from solar concentrators. Kon-
densatorrohre = condenser pipes; Verdampfungsrohr = boiler pipe;
Treppenschacht = stairwell; Aufzugschaft = elevator shaft (ref. 7).
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the British Interplanetary Society in England, founded in 1933.
These small organizations of dedicated amateurs wrote, published,
evangelized, carried out experiments with small rockets, and
dreamed of trips to the Moon and planets. They actually knew
little of Goddard’s trail-blazing experiments.® Tsiolkovsky’s
works were buried in obscure Russian publications. The military
potential of the rocket, which in a scant 20 years was to become
the major spur to the realization of spaceflight, was all but ignored
(ref. 8). So was space science. Yet these small groups nurtured
the concept of spaceflight and, in the face of ridicule, proclaimed
(loudly) that men would someday escape the Earth in huge
rockets. The enthusiasts were certain of their prognoses, but even
they were pessimistic about the time scale,

To summarize, the situation was this in 1985: many ideas for
manned spaceflight, much amateur enthusiasm, and a few rocket
exeriments, but radio telemetry was rudimentary, and the idea of
space research was neglected. Despite this unpromising climate,
the foundations for satellite research were laid during the next 20
years, 1935 to 1955.

The necessary technological explosion was stimulated by war-
fare. First came the hot war, World War II, then the cold war.
The hundreds of scientific satellites that have been launched since
1957 owe their existence directly and almost completely to military
stimuli—~hot and cold.

The first great upward surge of space technology took shape
near the small Baltic village of Peenemuende (ref. 10). Here,
Baron von Braun had gone duck hunting along the sandy beaches,
and here his son, Wernher von Braun, went with the German
Army in 1937 to develop and test the A/4, better known as Venge-
ance Weapon 2, the V-2,

Peenemuende is most famous for the V-2 rocket, but, as we
shall see later, major advances were also made there in guidance
and control, communications, ground support, and many other
aspects of astronautics. Beyond the V-2 were studies of an
ICBM (Intercontinental Ballistic Missile, the A-9/A-10 project),
and space projects far exceeding immediate military necessity.
Krafft Ehricke recalls that satellite studies continued up until
1943 (ref. 11). The impact of Peenemuende on the development
of scientific satellites was not in the concept or the idea—no one
had yet suggested the unmanned, purely scientific satellite—but

! Goddard was secretive about his work because the newspapers had ridi-
culed his 1919 paper (ref. 9), in which he suggested a Moon rocket. Rock-
etry was on a par with extrasensory perception in those days.
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rather in the creation and refinement of supporting technology
(fig. 2-2).

With the capture and transfer of the Von Braun group and
their V-2 hardware 2 to the United States during Operation Paper-
clip, in 1945, the thread of the satellite story can be picked up in
the activities of the American military services. Presumably, the
Russians, who had captured many V-2 technicians but few engi-
neers and research men, were also thinking about the potentiali-
ties of huge new rockets, but we know little of their early ICBM
and satellite planning.

Before surveying the ups and downs of early U.S. satellite work
in the 1945-1957 period, consider two pronouncements made in
1945. First, Arthur C. Clarke published his famous paper on
unmanned communications satellites in Wireless World (ref. 12).
To unhearing ears, he forecast both their feasibility and economic
value. The second prediction came from Dr. Vannevar Bush, well
known for his pioneer work on computers and the atomic bomb.
Bush testified before Congress in December 1945 that ICBM’s
would not be feasible for many years to come and that people
should stop thinking about them (ref. 13).

The first flurry of U.S. satellite studies came when the Navy and
Army Air Force, stimulated by the V-2, tried to assess future
military possibilities. In October 1945, the Navy Bureau of Aero-
nautics established the CEFSR (Committee for Evaluating the
Feasibility of Space Rocketry). Later in the same month, the
committee recommended launching a small satellite for scientific
purposes (ref. 14). The Navy called the concept the HATV
(High Altitude Test Vehicle). It was to have a half-ton payload
and to be launched by a hydrogen-oxygen booster with a thrust of
46 000 kilograms (101 400 1b).

The Navy and Army Air Force held several joint meetings in
late 1945 to explore the possibility of a common satellite program.
No agreement was reached.

Subsequently, the Army Air Force asked the Rand Corp. to look
at the satellite problem. On May 12, 1946, a prophetic report,
entitled ‘‘Preliminary Design of an Experimental World-Circling
Spaceship,’”’ was issued (ref. 15). The report stated that satel-
lites could be:

(1) A scientific tool of great value

(2) A technical accomplishment that would inflame mankind.

? Actually, only two complete V-2’s were assembled from the captured
German parts. Missing components for others were manufactured in the
United States.
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F1GuRe 2-2,—German map of the Peenemuende V-2 launching facilities
on the Baltic.

A quotation from the Rand report is pertinent here:

To visualize the impact on the world, one can imagine the consternation
and admiration that would be felt here if the U.S. were to discover suddenly
that some other nation had already put up a successful satellite.

The same report mentioned meteorological, communications, and
biological satellites.
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By the middle of 1946, the scientific-satellite idea was firmly and
favorably established in the minds of many. The second ingredi-
ent of a successful program, basic technology, had been pushed to
high levels by the V-2 effort, although solar cells and miniaturized
electronics had not yet arrived on the scene. Firings of captured
V-2’s further substantiated the satellite idea. But the third vital
element needed, assigned resources, was still missing (table 2-1).

The first burst of excitement over satellites waned as postwar
budgets choked off funds for all but a few minor studies. After
all, there was apparently no military value to satellites, and the
Government had not begun to support basic science at levels that
would countenance the construction of a large rocket and its sup-
porting hardware. Satellites were almost born in the 1945-1951
period.

As official U.S. support for satellites headed down into the
trough that preceded the final crest, the amateurs again took over
the burden. Typical of these unofficial activities were the follow-
ing:

(1) The stimulating paper written by Eric Burgess in 1949,
‘““The Establishment and Use of Artificial Satellites”” (ref. 16).
(See fig. 2-3.)

(2) The second meeting of the International Astronautical Con-
gress, held in London in 1951, and dedicated to the artificial satel-
lite (ref. 17)

(3) The key paper, ‘‘Minimum Satellite Vehicles,’’ by Gatland,
Kunesch, and Dixon, 1951 (ref. 18)

(4) MOUSE (Minimum Orbital Unmanned Satellite of the
Earth), a concept suggested by Singer in 1953 (ref. 19)

Most significant about the new generation of technical papers
was the realistic molding of the payload size to the capabilities of
military launch vehicles, like the Redstone, then under develop-
ment by Von Braun’s group at Redstone Arsenal, near Huntsville,
Ala. The huge, manned, moonbound spaceships prophesied in the
past now shared the limelight with unmanned, instrumented cap-
sules weighing but a few kilograms.

By 1954, just about everyone admitted the scientific value of a
small satellite circling the Earth for long periods, radioing back
data about its environment. The scientific satellite was now seen
to be a logical extension of instrumented balloons and sounding
rockets. The V-2’s fired from White Sands in the early 1950’s
carried radiation detectors, spectrographs, and micrometeoroid
detectors. The results whetted the scientific appetite for long-
lived instrument platforms in outer space.
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. Radio group.

Argon pressure tank.

. Forward fuel tank.

Rear fuel tank.

. Rocket molor.

. Rocket-molor conirol valve.

. Universal joint.

H. Antenna.

I. Nose control rocket motors.

J. Fucl tanks for nose control
rockets.

K. Displacement  pressure  gas
tanks for nose control rockets.

L. Plastic bag. .

M. Fuel-feed and expander guide.

N, Pressure gas feed and key.

0. Radio-group mast.

P. Radiator coils.

Q. Turbine.

R. Compressor.

S. Solar corrector master gvro.

T. Solar corrector and heating

ICTUTSTaY -

coil.

U. Fuel feed pipe.

V. Displacement pressure gas tank
for rear control rockets.

1V Fuel supply for rear conirol,
anxiliary rockets,

X. Rear control rockets.

Y. Coolant fecd to rocket mctor.

Z. Control vanes in jet.

Ficure 2-3.—The scientific satellite proposed by
Burgess in 1949. Sun-heated steam was to be used
for power instead of solar cells, which were not
invented until 4 years later (ref. 16).

While amateurs and professionals continued their paper studies
of small research satellites, the exigencies of the cold war forced
the military back into the satellite picture. First, the Army was
‘““bending metal’’ for the Redstone battlefield missile, and fired its
first ““round”’ in August 1953. The V-2 technology, itself a child
of war, was being expanded. Redstone capabilities led directly to
the launching of the first Explorer, in January 1958. The second
military factor was the critical need for a reconnaissance vehicle.
The Rand Corp. began to examine ‘‘spy-in-the-sky’’ satellites for
the U.S. Air Force. Reconnaissance-satellite studies begun in the
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late 1940’s turned into Projects Feedback, Pied Piper, Big Brother,
and WS-117L. Eventually, these programs moved into the hard-
ware phase, and, as they did so, generated more basic technology
to support the scientific satellite,

The cold war is not, of course, fought with threats of military
weapons alone. One recalls the words of the 1946 Rand report
relative to that new factor, international technical prestige—later
half-jokingly called the International Scientific Olympic Games.
The prestige factor, coupled with pressure from scientists looking
ahead to the International Geophysical Year (IGY), scheduled for
1957-1958, inspired renewed Government interest in scientific
satellites.

In 1954, the Ad Hoc Committee on Space Flight of the American
Rocket Society proposed to the National Science Foundation that
the United States sponsor the construction of a small satellite that
would be launched by military rockets during the IGY.* The
National Science Foundation accepted the suggestion, and its
International Scientific Committee passed the thought on to other
IGY participants.

In the fall of 1954, the U.S. Committee for the IGY formed a
small study group, with Dr. Fred Whipple as chairman, to investi-
gate the possibility of a U.S. IGY satellite. Whipple’s group
reported on a ‘‘Long-Playing Rocket,’’ or LPR, that used a 5-kilo-
gram, white, spherical satellite, 50 centimeters in diameter, that
could be observed visually from the Earth. The study group
found the satellite idea both feasible and desirable, and on March
10, 1955, it adopted a resolution favoring the launching of an
American IGY satellite.

From late summer 1954 to early 1955 was a great period for
resolutions in favor of scientific satellites, as everyone climbed on
the decade-old bandwagon. In addition to the committees and
study groups mentioned above, the following three international
organizations added their voices to the clamor:

(1) The International Scientific Radio Union (URSI)

(2) The International Union of Geodesy and Geophysics
(IUGG)

(3) The Comité Spécial de 1’Année Géophysique Internationale
(CSAGI)

Such pressures had favorable results, for, on July 29, 1955, Pres-
ident Eisenhower announced that the United States would launch

* An interesting historical note: There had been plans to use Goddard’s
Iogko?ts for sounding the atmosphere during the Second Polar Year, in the
930’s,
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‘‘small, unmanned, Earth-circling satellites as a part of the U.S.
participation in the IGY.”” The Soviet Union followed suit the
next day. The third, and final, ingredient necessary for success
was now present; money and manpower had been added to the
technology (evolved from military programs) and the satellite
idea itself (mainly the product of amateurs).

President Eisenhower’s message signaled the start of the Van-
guard program, authorized on September 9, 1955, by the Secretary
of the Navy, managed by the Naval Research Laboratory, and
funded by the National Science Foundation. This final definition
of the Vanguard Program was preceded by rival proposals from
the Army and Navy. The Navy suggestion, which necessitated the
development of a new launch vehicle, based on the Viking sounding
rocket, won out over the Army proposal to use the Redstone
missile technology (ref. 20). By 1954, the Army, Navy, and Air
Force were all back studying satellites again, with the last adher-
ing rather closely to military missions. For many months, the
Army and Navy pooled their efforts in Project Orbiter, which in-
cluded contributions from von Braun’s Huntsville organization,
the Army’s Jet Propulsion Laboratory (JPL), the Office of Naval
Research (ONR), and several indusfrial companies. Project
Orbiter, which was examining a modified Redstone with solid-pro-
pellant upper stages, was terminated in August 1955, soon after
-he White House announcement (ref. 21).

The Project Orbiter studies were not in vain, for when the

Ficure 2-4.—Vanguard I,
launched March 17, 1958,

portrays early United
tates design tinnkmg
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Ficurg 2-5.—IMP B shown being mated to the Delta
launch vehicle and fitted with the shroud. IMP B,
officially called Explorer XX1, was typical of many
Il*f.;(&lorer-class satellites launched between 1961 and
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FIGURE 2-6.—Drawing of
the OGO spacecraft,
showing the many
appendages typical of
this series. The OGO
typifies the Observatory
class of satellites.

Vanguard Program seemingly faltered in 1957,* the prestigious
pressure of the Sputnik 1 success on October 4, 1957, caused the
Secretary of Defense to announce on November 8, 1957, that the
Army was also to participate in the IGY satellite program.s
Eighty-four days later, on January 31, 1958, the Army launched
the first U.S. satellite, Explorer I, using a Juno I rocket—a modi-
fied Jupiter rocket, which, in turn, was derived from the Redstone,
which, to complete the chain, owed much to V-2 technology (figs.
2-4, 2-5, and 2-6).

Vanguard I was finally orbited on March 17, 1958, but the very
real technical success of the Vanguard program has always been
overshadowed by Sputnik 1, Explorer I, and the well-publicized
early Vanguard failures.

The development of the satellite idea did not end with Van-

* Actually, Vanguard experienced no more than the usual rocket-develop-
ment problems.

*In making this decision, President Eisenhower permitted the Army to
employ military rockets that had been specifically denied to the Vanguard
Program because of the desire to keep the U.S. effort free from military
overtones,



46 SCIENTIFIC SATELLITES

guard I and Explorer I. There has been considerable refinement
and specialization of scientific satellites. The long Explorer series
has evolved many specialized spacecraft, such as the Energetic
Particles Explorer, the Topside Sounder, and the Atmosphere
Explorer. Satellites have also been generalized, as illustrated by
the orbiting Observatory series, which provides standardized
environments for many different instruments. These trends, and
other classes of satellites that have evolved primarily from the
military space programs, are described in table 2-2. Crude as that
categorization is, it helps illustrate the main lines of development.
There is no reason to believe that this evolution has ended. The
future will probably see more active (as distinguished from pas-
sive) satellite experiments in space, in which the space environ-
ment is altered artificially in a cause-and-effect fashion. One can
imagine, for example, the deliberate injection of charged particles
into the Earth’s radiation belts and the launching of large masses
of ices to simulate comets.

2-3. Development of Satellite Technology

This section presents the historical unfolding of basic satellite
technology, the second of the three essential, parallel developments
outlined in table 2-1.

Satellite technology is a huge and many-faceted subject. Since
it is the primary topic of this book, it is desirable to establish early
a framework for discussion. Such a framework (the satellite sub-
systems and supporting launch-vehicle and Earth-based-facility
systems) is the model of figure 2-8. The satellite system consists
of 10 clear-cut subsystems, each with well-defined functions. (See
table 3-1 for functional definitions.)

Short historical vignettes of the subsystems follow, in the order
of their clockwise appearance on the model. Supplementing the
text is table 2-3, a chronological chart illustrating the evolution of
critical satellite technical developments.

The Communication Subsystem.—Willy Ley has pointed out how
the concept of the unmanned scientific satellite was long retarded
by the slow birth of radio telemetry (ref. 1). The early thinkers
would undoubtedly be astounded at the avalanche of millions of
bits of scientific and spacecraft-status data that a modern satellite
can release in a burst to waiting ground antennas.

Marconi successfully demonstrated long-distance radio commu-
nication in 1895, but radio telemetry, where technical data are
transmitted, did not see its first application until March 3, 1932,
when the French physicists R. Beneau and P. Idrac received radio
signals from instruments they had placed on balloons (radio-
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Ficure 2-7.—FPhotograph of a model of a Biosatellite showing a primate
experiment. Biosatellite is one of the very few recoverable scientific
satellites launched by NASA.

sondes). Radio telemetry was, however, a logical extrapolation
of wire telemetry, invented by the Dutchman, Olland, in 1877, for
industrial purposes; i.e., the remote indication of switch positions,
temperatures, and pressures. In addition, the radio control of
unmanned boats and planes preceded radio telemetry by several
years. In the United States, scientific racio telemetry began with
the classic balloon studies of the stratosphere by A. V. Astin and
L. F. Curtiss in 1936 (ref. 22).

With the feasibility of radio telemetry successfully demon-
strated, engineers converged on the problem of what kind of telem-
etry was best. Amplitude modulation was tried first, but noise
seriously degraded information during transmission. World War
II saw the uncoordinated growth of a host of new pulse- and fre-
quency-modulation techniques in secret projects. Commercial and
military techniques unknowingly diverged and even used different
terminology. Many postwar meetings of specialists were needed
to kill this technological Hydra and standardize techniques and
terminology.

During World War II, the Germans at Peenemuende had no
choice but to develop telemetry to radio back data on what was
happening in their V-2’s. There were many early failures and it
was almost impossible to find the cause of failure in the rubble of
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F1cure 2-8.—Schematic showing the 10 subsystems of the generalized
scientific satellite. The supporting launch-vehicle and Earth-based
facility systems are also indicated.

a V-2 crater. Amplitude modulation was tried first, but a shift
was soon made to frequency modulation. By the end of 1943, V-2
transmitters were pinpointing trouble spots in real time.

Many modulation schemes have been tried on scientific satellites,
but the trend today is strongly in favor of some variety of pulse
modulation. (See sec. 9-4.) The pressure forcing this trend comes
from the superior communication efficiency of pulse modulation,
on the one hand, and its better compatibility with digital comput-
ing machinery, on the other. Computers are essential if the tor-
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rent of satellite data is to be digested and converted into useful
form. Many of today’s satellites turn all analog signals into
digital signals in the binary language before transmission to the
Earth.* Only when the data are intended for human analysis are
they converted back into decimal or analog form.

Another historical trend has been the shift to ever-higher radio-
frequencies. A chronological list of transmitter frequencies shows
a shift from tens of megacycles to thousands of megacycles. Now,
lasers, which use optical frequencies, are being studied for com-
munication.

Finally, it seems inevitable that the larger satellites, like those
in the Observatory class, will carry some form of data compressor
or selector on board. Thousands of miles of unanalyzed data tapes
are being stored away today because there is no fast, electronic
way of sorting the significant data from the endlessly repeated or
slowly varying measurements that come from many space experi-
ments.

The Power-Supply Subsystem.—When Oberth, Noordung, Clarke,
and the early Navy and Army Air Force groups first studied the
satellite problem, the Sun was the most obvious source of energy.
1t still is, and, with the exception of a small handful of battery or
radioisotope-thermoelectric-powered satellites, all satellites are
plastered with solar cells or encumbered with rather awkward
solar-cell paddles. Solar cells are dominant on scientific satellites
today because power demands are low and lifetimes short. There
are no important competitors for these missions in sight. (See
sec. 9-5.)

It was not always this way. Solar cells were not invented until
1958, during the course of semiconductor research at the Bell Tele-
phone Laboratories (ref. 23). Before this discovery, spacecraft
theoreticians relied upon solar furnaces, the commonplace battery,
and solar thermoelectric power (figs. 2-1 and 2-3). Of course,
when the potential of nuclear power became evident, at the end
of World War II, nuclear reactors seemed destined to solve all
spacepower problems. Project Feedback and other reconnaissance-
satellite programs made the first feasibility studies of nuclear
spacepower (ref. 24).

The simple solar celi was far simpler to develop for Vanguard
and the later Explorers than solar collectors or radioisotopic
power supplies. Once entrenched in the lead, solar cells have re-
mained there. A brief period of doubt occurred in 1962, when
the artificial radiation belts created by high-altitude nuclear ex-

¢ Explorer VI first used pulse-code modulation (PCM) in 1960.
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plosions greatly reduced the performances of several orbiting
solar-cell powerplants. The rapid introduction of radiation resist-
ant p—n cells to replace the older n—p cells effectively solved this
problem.

The development of nuclear space-power plants began in 1957,
when the Atomic Energy Commission started the Snap (Systems
for Nuclear Auxiliary Power) program. The first radioisotopic
generator to be flown was a modified Snap 8, in 1959, which pro-
vided 2.7 watts of power to a prototype Transit navigation satel-
lite. The first nuclear-reactor powerplant placed in orbit was a
test version of the 500-watt Snap 10A, launched on April 3, 1965.
Since present-day scientific satellites generally require less than a
kilowatt of electrical power and often have lifetimes of less than
a year,” nuclear power has not been needed. A radioisotopic power
generator, Snap 19, was built for Explorer XVIII (IMP I—Inter-
planetary Monitoring Platform/Probe I) but was never used
because its radiation interfered with sensors measuring environ-
mental radiation.

Solar cells are often used in combination with chemical bat-
teries, which power the satellite during shadow periods. Although
batteries have been employed in technology for almost two cen-
turies, there was little impetus to miniaturize them or adapt them
to zero-g environments until the Space Age. When first used on
satellites, batteries were notable for their leakiness and for the
limited number of charge-discharge cycles they could survive as
the satellite passed through the Earth’s shadow zone. Most of
these defects have now been remedied.

The history of spacepower presents an overabundance of ideas
and intriguing schemes for power production, but, except for
solar cells, fuel cells, and radioisotopic generators, no operational
hardware. There continues to be much research and development
of thermoelectric and thermionic converter<, biological fuel cells,
boiling-potassium nuclear reactors, ferroelectricity, and other ad-
vanced concepts. Solar cells themselves are being made of new
semiconductor materials and are being fabricated in thin poly-
crystalline sheets. The greatest impact of these efforts will be
felt mainly on the larger spacecraft, where the lack of kilowatt-
sized powerplants has restricted mission planners.

The Onboard Propulsion Subsystem.—Onboard propulsion equip-
ment is used on scientific satellites for orbit control, station keep-
ing, and maneuverability. Thrust is also needed to deorbit recov-

" Timers are now included on many satellites to turn them off the air after
6 months or some other fixed period.




54 SCIENTIFIC SATELLITES

erable satellites in the Discoverer, Cosmos, and Biosatellite classes.
(See sec. 9-6.)

The history of liquid and solid onboard chemical rockets is
necessarily the same as that of their much larger cousins that
power the launch vehicles. Discussion of launch-vehicle rocketry
is found later in this section. Meanwhile, there are a few diver-
gent but pertinent stems to this tree of rocket evolution.

First, the station-keeping function is often accomplished by
cold-gas jets, which were first used as attitude-control devices in
the early 1960’s on Discoverer satellites. Second, interplanetary
spacecraft, like Mariner II, in 1962, and some satellites have em-
ployed monopropellants, like hydrazine, to provide precisely meas-
ured impulses. In contrast, no major launch vehicles use mono-
propellants. A more recent innovation has been the fabrication of
tiny rockets with a subliming material providing the expellant for
attitude-control thrust. Finally, at some indeterminate future
time, large, reliable electrical power supplies will be available to
power ion and plasma engines for station keeping, attitude con-
trol, and orbit adjustment. Electrical propulsion was proposed as
early as the 1980’s, but its basic feasibility has only recently been
proven on suborbital and satellite flights.

The Attitude-Control Subsystem.—The attitude control and
stabilization of Earth satellites has proven to be a much more
complex task than the astronautical pioneers anticipated. First
of all, they hardly thought about it at all in their fascination with
the booster problem. Neither did they foresee the perturbing
effects of the atmosphere, solar pressure, gravity gradients, and
internal-momentum changes. Probably the earliest clear statement
of the problem was by Esnault-Pelterie in his L’Astronautique, in
1930; but problem statements are not solutions (ref. 25). And
who in 1930 dreamed of unmanned satellite telescopes, whose
attitude had to be remotely controlled to a minute of arc?

The first Earth satellites were not attitude controlled at all;
that is, they were allowed to tumble and roll. This situation
favored isotropic instrumentation, but the space environment
turned out to be far from isotropic. In addition, Earth-pointing
satellites were needed for meteorological studies.

Simple spin stabilization was suggested by Singer in 1954 (ref.
19,. It was used on the first Pioneer probes and Explorer I in
1958, and on the Tiros series of weather satellites, starting in 1960.
Spinup and spindown (despin) mechanicms® were included on
many early satellites to adjust the spin rate. Spin stabilization

* The “yo-yo” despin device, described in sec. 9-7, is typical.
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has been satisfactory for many geophysical experiments, especially
where scientists wish to scan the environment.

The study of the Sun and stars, however, requires a very steady
platform, which can be achieved only with complete and sophisti-
cated attitude control. In 1955, Stuhlinger proposed the use of
reaction flywheels for attitude control (ref. 26). To this sug-
gestion were soon added chemical rockets, cold-gas jets, magnetic
bars and coils, and inertia spheres. These active devices are
described in detail in section 9-7. Most attitude-control schemes
have been tried on one or more satellites. Where complete, pre-
cise stabilization is needed in inertial space, as with the OAO
(Orbiting Astronomical Observatory), a combination of gyros
(which are saturable; i.e., limited in the amount of angular mo-
mentum they can store) and cold-gas jets is commonly used.
Electrical propulsion seems likely for attitude control in the
future.

The cooperativeness of the satellite environment in promoting
stabilization came as a surprise. Even today, it is intuitively hard
to believe that the variations of the force of gravity and centrif-
ugal force over the dimensions of a satellite can be useful. Yet,
gravity gradients, solar pressure, atmospheric drag, and magnetic
forces are all employed in passive stabilization of spacecraft.
Gravity-gradient stabilization equipment, developed in the early
1960’s by the Applied Physics Laboratory (APL) of Johns Hop-
kins University for the Transit satellites, is most common. It
accounts for the elongated shapes and projecting masses on recent
meteorological and communications satellites. Magnetic bars and
coils have been installed on many of the later Explorers; viz,
Explorer XXV.

The Environmental-Control Subsystem.—Here is a seemingly
prosaic area of technology that has created many more headaches
than anyone ever predicted during the youthful days of astro-
nautics.

Thermal control of the satellite first comes to mind. Tsiolkov-
sky and Oberth realized that all heat generated on board and
absorbed from the Sun had to be radiated away to maintain a
spacecraft’s temperature within reasonable limits. The real prob-
lem has not been one of recognition, but rather one of analysis
(sec. 9-8). Even with detailed thermal models of a satellite, it is
difficult to predict satellite temperatures to within 10° C. Fre-
quently, local hot spots (or cold spots) will compromise equipment
operation.
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Passive temperature control by use of paint patterns began
with Explorer I and has continued to this day, but the technique
is limited, and, as just mentioned, precision is hard to attain.

Active thermal control involves the use of rotating vanes or
louvers like venetian blinds. Louvers saw use as early as 1962, on
Mariner II, and have become common equipment on large satel-
lites, such as OGO I (Orbiting Geophysical Observatory), and on
interplanetary spacecraft. Thermostatically actuated rotating
vanes, though proposed for early satellites, have not been used
operationally. Electrical heating or cooling (thermoelements)
has been introduced.

Once a satellite was launched, no one expected that its me-
chanical environment (vibration and noise) would be important.
Experience soon showed that apparently insignificant things, such
as the closing of relays, could introduce spurious signals into the
micrometeoroid-detection apparatus. Countermeasures here have
been simple: mechanical insulation and the use of solid-state
devices.

The Van Allen Belts create a radiation environment that must
be controlled to lengthen the lives of the solar cells and sensitive
electronic components. In addition, fluctuating currents through-
out the satellite can cause electronic crosstalk between circuits.
Finally, every satellite is itself the source of a magnetic field that
must be reduced to near zero to insure accurate magnetometer
data. Like the vibration problem mentioned above, these delicate
satellite interfaces were not appreciated during the early days of
astronautics. Recognition came only through experience in space.
Perhaps, in view of the subtlety of satellite interfaces, it is un-
realistic to have expected cognizance at a time when rockets and
satellites themselves were still in the science-fiction category.

The Guidance-and-Control Subsystem.—If we restrict ourselves
to the navigational guidance and control of the orbited satellite,
superficially there would seem little for the satellite to do except
sense its attitude (a form of navigation) and correct it. When
one looks ahead, though, the maneuverable scientific satellite ap-
pears on the horizon, especially in connection with synchronous
satellites. The history of this subsystem therefore draws on the
full history of maneuverable spacecraft and their inertial and
position-finding sensors.

Historically, the navigation, or position finding, of Earth satel-
lites has been an Earth-based function. In other words, the
satellite itself has carried no position-finding apparatus other than
radio beacons to aid ground stations. For a history of the gyros,
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radars, and accelerometers customarily carried by launch vehicles
and deep-space probes and which eventually will probably be
installed on maneuverable scientific satellites, the reader should
refer to Draper and Farrior (refs. 27, 28). The evolution of
Earth-based tracking equipment is covered later in this section.

Navigation for attitude control (orientation finding) and for
inserting instrument-orientation information on scientific telem-
etry records is a prime satellite-based function. Attitude in-
formation for the first Explorers and Vanguards came in the
form of periodic enhancement of the satellite-transmitter signal
strength, caused as the spinning satellite swept the Earth with
its antenna pattern. Next came solar-aspect sensors on Explorer
VI (1959), which indicated only the intensity of sunlight, but
which were useful for adding orientation information to scientific
records. Solar sensors do not have the angular resolution needed
for Sun-tracking in guidance and attitude control.

The next important satellite navigational device was the horizon
scanner, first suggested by Stuhlinger in 1956, aslong with a
scheme for using the cosmic-ray-shadowing effect of the Earth for
obtaining directional information (ref. 26). Horizon scanners are,
of course, mainly employed by Earth-pointing meteorological and
reconnaissance satellites. Their first recorded use was on Dis-
coverer 2 in 1959. The larger scientific satellites, like OGO I, now
use horizon scanners in conjunction with solar-aspect sensors to
provide attitude information and help orient the solar panels.

The most difficult navigation tasks occur on the solar and
astronomical satellites, the OSO’s (Orbiting Solar Observatory)
and OAO’s. Although these satellites do not have to rotate con-
tinuously in inertial space, as the Earth-pointing types, they must
track the Sun and stars with very high precision in the presence
of disturbing torques, if the scientific instruments are to be effec-
tive. Such requirements have led to the development of sophisti-
cated Sun and star trackers (sec. 9-9). The Sun and stars have
been easily tracked from Earth for many years by simple tele-
scope drives, but obviously these will not suffice for a satellite.
Sun trackers, which are somewhat easier to design, were de-
veloped second. In 1950, the University of Colorado designed and
built a Sunfollower that was used to take solar spectrograms from
high-altitude rockets (fig. 2-9). MIT began work on star trackers
for use on long-range bombers in 1945. The now-ancient Snark
missile, built by Northrop Aviation Co., carried a star tracker.

* Quite likely, the horizon scanner was also suggested during reconnais-
sance-satellite studies around 1950.
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Star trackers saw their first operational use in space on Mariner
IV, in 1964, when the star Canopus was tracked during the flight
to Mars. The first Earth satellite equipped with star trackers was
OAO ], launched in 1966.

Ficure 2-9.—The Uni-
versity of Colorado
Sunfollower used in
high-altitude-rocket
solar research in the
early 1950’s. (Courtesy
of the Univ. of Colo.)
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So much for position and attitude sensing. One other aspect of
satellite control remains, that of command. Here, again, the space
pioneers bypassed remote and autonomous control and restricted
their thinking to missions where man himself flipped the switches
and turned the knobs. The history of scientific-satellite command
thus has its origin in the radio-controlled boats and aircraft of
the 1920’s. Remote control and command were further developed
by the military for use in drones and guided missiles. At the
beginning of the Space Age, no one foresaw today’s scientific satel-
lite that, upon command, will change its attitude, play back re-
corded data, switch instruments on and off, and, in the case of
Biosatellite, deorbit itself.

Since 1957, more and more controllable functions have been
added to scientific satellites. The object, of course, is to increase
the versatility and survivability of the machine. Sometimes, for
example, a part failure may cause an unacceptable power drain
on a satellite. If the offending component can be switched off by
a command from Earth, the useful lifetime of the satellite will be
greatly prolonged. This is an example of external control.

Internal control, which evolved concurrently with external con-
trol, is typified by the spacecraft clock, or timer. A spacecraft
clock commands instrument booms and solar panels to deploy after
launch and, at the end of the planned mission, it switches the
satellite off the air, freeing its frequencies for other applications.

Speaking very generally, the trend in satellite control is toward
more external control, in the direction of the classical Earth-based
laboratory experiment, in which the investigator can make some
(but not very many) manipulations and adjustments to his
apparatus.

The Computer Subsystem.—Computers of the analog and digital
types have long and venerable histories that need not be repeated
here. Bernstein’s delightful book, The Analytical Engine, recounts
this story well (ref. 29). A word is necessary, though, on the
application of computers on board scientific satellites.

Three tasks can be performed by onboard computers: arithmetic
operations, logical operations, and data storage. The first satel-
lites carried no computers at all. All computations were done on
the ground. Gradually, highly specialized, decentralized com-
puters were introduced by the experimenters themselves to convert
sensor data into the digital form acceptable to the communication
subsystem. Another early device was the tape recorder, first
used on Explorer III, in 1958, to store data for burst transmission
over ground stations. The concept of a centralized satellite-borne
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computer is becoming more and more reasonable as the demand
grows for some form of data selection and/or compression.

The Structural Subsystem.—Classically (and in science fiction),
spacecraft are projectile shaped, often boasting wings like their
atmospheric counterparts. To be sure, a streamlined fairing is
needed for payload protection during the launch vehicle’s ascent,
but every schoolboy now knows that the satellite, once in space,
can take the geometry best suited to the mission at hand.

Early satellites were simple spherical or cylindrical cans sur-
rounding the instrument payload and sprouting antennas like
whiskers. Solar cells often shingled the external surfaces. Cy-
lindrical satellite geometry has persisted from Explorer I to this
day. It derives from the application of spin stabilization, which
favors a spin axis coincident with a spacecraft axis of symmetry.
The desire for replaceable component and instrument packages
next led to the common polygon cylinders, where each segment
of the polygon forms an instrument bay. Explorer XII was the
first scientific satellite to use this approach.

Some satellite shapes, like that of the OAQ’s, are dominated by
their instruments. Others, such as Biosatellite, are shaped by the
reentry requirements. If there is complete attitude control, rather
than spin stabilization, configurations have tended to be boxlike.

The bifurcation in satellite design philosophy, discussed earlier,
has led, on one hand, to small, specialized satellites and, on the
other, to large, generalized spacecraft. In the first instance, the
satellite structure has been specialized to the mission require-
ments (e.g., magnetometer booms). In the generalized satellites,
an attempt is made to standardize experiment compartments and
mountings.

There are few historical trends. One trend might be the
inevitable shift to winglike solar paddles, rather than surface-
mounted solar cells, as power requirements have risen beyond the
capacities of satellite surfaces. The desire for instrument isola-
tion has led to the profusion of quill-like booms that project from
many satellites and deep-space probes (sec. 9-11). The structure
of the scientific satellite has always been subservient to the de-
mands of the instruments, the method of attitude control, the
power supply, and the environment. Its history consequently
shows continual adjustments to developments in these fields.

The Engineering-Instrument Subsystem.—Engineering instru-
ments report back on a satellite’s status,’® or ‘‘health.’’ Their

* In satellite engineering, “status” refers to the operational mode of the
satellite as well as its temperatures, voltages, etec.
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value is strictly utilitarian, helping to pinpoint trouble, actual or
impending. They are closely akin to the fuel and temperature
gages on a car. Because of their rather unromantic function,
engineering instruments are seldom mentioned in today’s astro-
nautical literature and not at all in yesterday’s.

Man'’s machines have always incorporated status indicators.
They may be anything from steam-pressure gages on an ancient
steam locomotive to the pattern of colored lights indicating valve
positions in an oil refinery. Satellite engineering instrumentation
is different only in the sense that such parameters as tempera-
tures, switch positions, and power-supply voltages are relayed
back from outer space by telemetry. Even this factor is hardly
unique, because unmanned balloons, sounding rockets, oceano-
graphic buoys, V-2 test rockets, and other radio-linked, unmanned
equipments have been doing this since radio telemetry first be-
came practical in the 1930's.

History here is a record of ever more sophisticated status in-
struments. Explorer I, for example, carried four temperature
monitors at strategic spots. Six years later, a more advanced
satellite, IMP I, relayed 15 status points back to Earth, including
9 temperature measurements and several critical voltages and
currents. A satellite in the observatory series may radio back as
many as 50 status measurements. The trend is toward more
versatile scientific satellites that can be manipulated from Earth.
More detailed status instrumentation has been the natural resuit.

The Scientific-Instrument Subsystem.—Every time that man has
invaded a new environment, whether in person or by proxy, using
an unmanned machine, he has included scientific instruments in
the payload.

A famous instance is that of Torricelli, who in 1643 invented
the mercury barometer and carried it up a mountain to record
pressure changes with altitude. In 1749, kites carrying ther-
mometers were flown in Glasgow. The urge to fly instruments
at higher and higher altitudes caused Hargrove to build a power-
ful box kite that, in 1893, lifted temperature and pressure re-
corders (called meteorographs) to an altitude of 3 kilometers
(10 000 feet). Balloons went even higher. The Frenchman Gay-
Lussac measured temperatures, pressures, and electric fields at 7
kilometers (23 000 feet) in 1804. By 1893, unmanned balloons
had reached 16 kilometers (53 000 feet). The next upward step
was accomplished by the rocket. Goddard apparently was the
first to put scientific instruments on rockets. On July 17, 1929,
one of his liquid-fueled models lifted a barometer and a ther-
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mometer to an inauspicious altitude of 30 meters (90 feet) ; never-
theless, it was a true sounding rocket. On April 16, 1946, the
first American-fired V-2 carried in its payload a Geiger counter
designed by J. A. Van Allen. The V-2’s almost reached the Van
Allen Belts. If they had, the discovery might have accelerated
the evolution of scientific satellites.

Ostensibly, the purpose of the first satellites was purely scien-
tific in nature. To be sure, Sputnik 1, Explorer I, and Vanguard I
all returned significant scientific data from their experiments.
History suggests, though, that political impact was perhaps more
important than science at first. Many of the hundreds of satellites
that have followed Sputnik 1 have been undeniably scientific.

Of the thousands of instruments that have been orbited, the
largest fraction comprises the radiation detectors. The surprise
of discovering the Van Allen Belts and the desire to map them
have been partly responsible for this inequality of effort. Another
factor has been the ready availability of radiation instrumentation
(from nuclear engineering) suitable for space use. Magnetom-
eters, plasma probes, micrometeoroid detectors, and other instru-
ments required much more development work. Geophysical in-
struments, as a class, comprise perhaps : percent of all satellite
instruments to date. Solar and stellar instruments, such as optical
and ‘‘X-ray’’ telescopes, are now finding satellite platforms with
acceptable stabilization and data-handling capability (chs. 12
and 13). Cosmological experiments, such as those calculated to
check the general theory of relativity, are still in the development
stage. Beyond these known fields of research undoubtedly lie
undetected and unimagined phenomena that will require the de-
sign of radically new instruments,

The Launch-Vehicle System.—Of all the areas of space tech-
nology, rocketry has received the most attention from historians.
So many histories exist, covering the several centuries from the
Chinese war rocket to the V-2 war rocket, that reference to these,
along with a few very specific comments, seems adequate (refs.
1, 13, 30).

War rockets, with minor modifications, launched Explorer I and
Sputnik 1. In contrast, Vanguard I was orbited by a specially
designed launch vehiclee. When NASA was formed in 1958, it
became obvious that the military launch vehicles, such as the Atlas
and Titan series, would have to be used for the first scientific
satellites, but that NASA would also need its own line of launch
vehicles, particularly for manned missions. Military rockets had
specialized applications and were often not adaptable to, or avail-
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able for, NASA payloads. The Delta, Scout, Centaur, and Saturn
launch-vehicle programs were the result (ch. 8). A glance at the
table of scientific-satellite launchings (p. 264) will show, however,
that military launch vehicles have been workhorses of considerable
value.

A final comment concerns the piggyback and instrument-pod
techniques employed by the Department of Defense on its many
military satellites and launch-vehicle tests. A surprising number
of scientific experiments have been placed in orbit as secondary
objectives of military missions. The scientific ‘‘fallout’’ has been
significant.

The Earth-Based Facility System.—The larger part of the space
dollar manifests itself in the farflung Earth-based facilities that
are essential to the testing, checkout, launching, tracking, data
reception, and recovery of scientific satellites. These facilities will
be described in more detail in chapter 7. Here, let us concentrate
on historical evolution. Except for the launch and tracking facili-
ties, it is recent history.

Probably the first rocket test range with any technical sophisti-
cation was the artillery range of the Royal Laboratory, at Wool-
wich, England, where Congreve experimented with his war rockets
in 1802 (ref. 1). More than 100 years later, Goddard was not so
fortunate. In the 1920’s, he flew his experimental rockets from
deserted fields near Auburn, Massachusetts. In 1930, he moved to
Mescalero Ranch, near Roswell, N. Mex., about 100 miles east of
White Sands, where there was more privacy and fewer restrictive
local ordinances. While Goddard worked secretively in New
Mexico, amateur organizations, particnlarly in the United States
and Germany, were trying the tempers of local property owne~
by testing their frequently erratic small rockets at improvised
sites.

World War II brought Peenemuende, and Peenemuende brought
a surprisingly modern launch range. As Peenemuende was slowly
built up from 1937 on, rocket test stands and a liquid-oxygen plant
were built. There were tracking radars and checkout facilities—
in short, many of the trappings of our Eastern and Western Test
Ranges (fig. 2-10).

The White Sands Proving Grounds (later called White Sands
Missile Range), in New Mexico, constituted the first American
launch site of any size. Here, captured German V-2’s, Private A’s,
WAC Corporals, and other military and high-altitude sounding
rockets were fired from 1946 on.
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A strange geographical coincidence occurred when the Eastern
Test Range (ETR), at Cape Kennedy (then Cape Canaveral), was
activated in 1950.** It was located only a few tens of miles from
the spot where Jules Verne had his Baltimore Gun Club fire a
manned projectile to the Moon in his novel De la Terre d la Lune.
The Cape Kennedy site was selected over two other proposed sites
in 1947. The competitors were spots near El Centro, Calif., and
on the Washington coast. Favorable weather, a long island chain,
and the presence of the deactivated Banana River Naval Air
Station favored the Florida site. On May 11, 1949, President
Truman signed Public Law 60, authorizing the Secretary of the
Air Force to establish a joint missile-proving ground at Cape
Canaveral.

The first nonfictional flight from the ETR took place on July
24, 1950, when a Project Bumper rocket, using a V-2 first stage
and a WAC Corporal upper stage, was successfully fired. The
ETR is now an immense facility, extending over 8000 kilometers
along an arc of islands and deployed ships and terminating near
Ascension Island.

_ - Ficure 2-10.—A V-2 on
a Peenemuende launch
pad, a precursor of
modern launch pads.

* The ETR was first called the AMR (Atlantic Missile Range).
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Another major U.S. launch facility is the Western Test Range
(WTR),** at Point Mugu, Calif., which was opened in 1958 and
is used primarily for military space shots and scientific satellites
requiring polar orbits (ch. 7). NASA also employs a smaller
launch facility at Wallops Island, on the Virginia coast. The
National Advisory Committee for Aeronautics (NACA) fired its
first rocket from Wallops Island on July 4, 1945. The first satellite
sent aloft from Wallops Island, Explorer IX, was launched on
February 16, 1961. Since then, many scientific satellites, mainly
using Scout launch vehicles, have been orbited from Wallops
Island.

Successful satellites quickly pass out of the range of the last
tracking/receiving station of the ETR or WTR. If satellite data
are wanted frequently, along with many orbit fixes, a worldwide
network of these stations is needed. The greater the geographical
coverage of the net, the more often data can be radioed from the
satellite.!®

In the early days of the space program, there was considerable
emphasis on optical tracking of satellites, because the accuracy
and effectiveness of radio tracking had not been proven. The
Moonwatch teams, each composed of a dozen or so amateur ob-
servers with small telescopes, were established in connection with
the Vanguard Program. A network of Baker-Nunn cameras was
also set up to supplement the Moonwatch groups.’* Optical track-
ing is more precise than radio interferometry, and it can be used
with ‘‘dark’’ (nontransmitting) satellites.

The first electronic tracking nets employed the Minitrack and
Microlock concepts advanced by the (contending) Naval Research
Laboratory and the Jet Propulsion Laboratory (JPL), respec-
tively. The Navy Minitrack system evolved from tracking ex-
perience at White Sands and was made a part of the Vanguard
program in 1955. Microlock, like Minitrack, was an interferom-
eter system. It was used in conjunction with Minitrack for
tracking the first few Army Explorers. NASA took over opera-
tion of the Minitrack stations in 1958 and has since established
new stations. Collectively, the stations form STADAN (Satellite
Tracking and Data Acquisition Network).

If anyone had suggested in 1955, just prior to the Vanguard
Program, that 10 years later satellites would be sending back so

2 Formerly, the PMR (Pacific Missile Range).

2 Russia does not possess a worldwide network, but has been able to carry
out ambitious space programs despite this lack.

1 Excellent optical observations with theodolites, particularly of the bright
Sputniks, have been made in other countries.
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much data that a large fraction of it would go unanalyzed, that
person would surely have been considered wildly imaginative.
But it is a fact that tens of miles of magnetic tape are filled with
satellite data every day. An absolutely essential segment of
ground-support equipment for a scientific-satellite program is an
extensive bank of computers, indexes, archives, and other data-
handling machinery. The story of data processing, however, is
hardly history, since it is still in the making. The rapid develop-
ments in this field are summarized in chapters 5 and 7.

NASA also operates two other global tracking networks that
are sometimes pressed into service for satellite tracking. They
are the Manned Space Flight Network and the Deep Space Net;
the latter includes the Deep Space Instrumentation Facility
(DSIF).

Parallel to the NASA tracking facilities are those constructed
by the Department of Defense (DOD) for military purposes. The
DOD Space Track project, a centralized clearinghouse for all satel-
lite tracking data, rather than a tracking net per se, was created
in 1958 (ref. 31). Space Track was the progenitor of SPADATS
(Space Detection and Tracking System), which is also a data
gathering and cataloging operation. The details of the actual
tracking and surveillance stations operated by DOD are obviously
classified information. Since military necessity dictates that dark
satellites and warheads must be tracked, DOD facilities certainly
include radars that can skin-track small objects at satellite alti-
tudes. All military-satellite tracking and cataloging operations
feed data to the Air Force’s NORAD (North American Air
Defense Command).

2—4. Organizational and Administrative History

The final essential ingredient in any large cooperative undertak-
ing is organizational in character. The history of the many pri-
vate, national, and international astronautical groups that have
formed and dissolved over the last few decades presents such a
forest of acronyms and abbreviations that its presentation in text
form would be unduly inconsiderate to the reader. Therefore,
another chronological chart has been prepared to show the evolu-
tion of the acronyms that we now use so freely but which, in the
light of the past, are rather short-lived. Table 2-4 is a much more
detailed version of the right-hand segment of table 2-1. (See ref.
32.)
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Part 1T

MISSIONS AND SPACECRAFT




Chapter 3

SATELLITE MODELS AND SUBSYSTEM
INTEGRATION

3-1. Definition of the Generalized Scientific Satellite

This is a chapter of definitions and models—foundation stones
for the more detailed technical discussions that follow. Defining
a spacecraft model is a precarious occupation. Every engineering
group has its own way of categorizing the thousands of parts that
constitute the modern scientific satellite. Nevertheless, a model,
or reference framework, is essential to the definition of the sub-
system interfaces, those partitions between interacting satellite
subsystems that dominate the thoughts and calculations of satellite
designers.

Not so many years ago, even as late as World War 11, complex
vehicles and weapons were merely assemblies of separately de-
signed components (blackboxes) rather than thoughtfully inte-
grated systems. Often component interfaces failed to match,
reducing overall system performance. During the 1950’s, systems
design became a key concept. The design and manufacture of the
B-58 supersonic bomber typified the upsurge in systems thinking,
in which each subsystem is made subservient to system needs.

Scientific satellites have gone both toward and away from tightly
integrated systems. The smaller, more specialized Explorer-class
spacecraft exemplify the highly tuned, precisely integrated satel-
lites. On the other hand, the original streetcar-satellite concept,
represented by the Observatory series, showed the systems design
pendulum swinging back toward reasonably tolerant spacecraft,
in which interface matching was not quite so critical. By supply-
ing standardized mounting racks and busbars, satellites like OGO
do make it somewhat easier for experiment designers, who are
frequently unaware of the more delicate interfaces surrounding
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their apparatus. Unfortunately, the Observatories were so com-
plex that they had to be tightly integrated to make them operate
satisfactorily. Of course, tightly integrated satellites usually
yield higher performance in terms of the fraction of the satellite
weight devoted to instrumentation, but they oblige everyone, in-
cluding the experimenter, to work harder.

A total satellite system is more than the spacecraft alone. It
includes all Earth-based facilities and the rocket launch vehicle as

T

interface
with external
enviroament

Communi-
cation
subsystem

Scientific~
instrument
subsystem

Power-
supply
subsystem

Onboard
propulsion
subsystem

Engineering-
instrument
subsystem

Spacecraft
system

Attitude-
control
subsystem

Structural
subsystem

Environ-
ment-control
subsystem

Onboard
computer
subsystem

Interface forces
)

i

Frcure 3-1.—Schematic of the scientific-satellite system, showing the
spacecraft, launch-vehicle, and Earth-based facility systems. The
external environment also imposes forces on the total system. See
figure 3-2 for definitions of the different types of interfaces.




SATELLITE MODELS AND SUBSYSTEM INTEGRATION 77

well. In figure 3—-1, the word ‘‘system’’ is applied to three entities:
the spacecraft, the Earth-based facilities, and the launch vehicle.
Next in the hierarchy of definitions are the spacecraft subsystems.
Ten in number, they are the primary subject of this book. A
typical subsystem is the satellite power supply, which nearly
everyone recognizes as a separate, clean-cut classification (table
3-1). The computer subsystem, on the other hand, cannot be de-
fined with surgical precision, since many components on a satellite
engage in manipulation of data and other functions commonly
ascribed to computers.

The number of interfaces (or connections) existing between n
subsystems is n (n—1) /2. For the generalized scientific satellite,
n=10, so that a total of 45 interfaces exist on the satellite alone.
To these must be added the interfaces separating the satellite from
the launch vehicle and the Earth-based facilities. Many of these
interfaces are sensitive and must be properly matched for good
system performance.

To make the concept of the interface less abstract, consider the
various types of interfaces that can connect any two subsystems.
The most obvious of the nine types of interfaces shown in figure
3-2 are the electrical, mechanical, and thermal varieties. For
example, one would obviously not try to operate a dc motor with
ac power. Satellite interfaces are usually more subtle than this.
Still speaking electrically, a better illustration might be the re-
quirement for power at a voltage specified within narrow limits.
The information interface requires that data and command words
be in the correct format and properly coded when information is
exchanged between subsystems. The biological interface is per-
haps the most subtle of all. In practice, it means that one bio-
logical experiment should not contaminate another and that life-
detection experiments, for example, must not be vitiated or
poisoned by micro-organisms unintentionally carried along on
other experiments.

Spatial {solid angle, shadowing)
Mechanicat {vibration, shock) AN
Thermat (temperature, heat flow)
Electrical (power, voitage, current)
ic (permanent and translent fields)
Electromag transi crosstalk)
Radiative (power-supply nuctear particies)
Information (word farmat, bit rate}
Biolagical (sterilization)

Ficurg 3-2.—The nine different types of interfaces that may exist be-
tween spacecraft subsystems.
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TABLE 3-1.—Definition of the Generalized Scientific Satellite

Systems and subsystems

Functions

Spacecraft system

Communication subsystem.

Power-supply subsystem

Onboard propulsion subsystem____

Attitude-control subsystem

Environmental-control subsystem__

Guidance-and-control subsystem._ ..

Computer subsystem

Structure subsystem._._.___.____
Engineering-instrument subsystem_
Scientific-instrument subsystem___

Launch-vehicle system.

Earth-based facility system

|

Carry instruments and experiments in

satellite orbit and relay information
back to Earth.

Relay information (data and commands)
between Earth and satellite and, in
concept, to and from other spacecraft.

Provide electrical power to all satellite
subsystems.

Provide thrust for orbit changes, station
keeping, and deorbiting.

Stabilize sate.iite attitude. Modify atti-
tude upon command.

Maintain specified temperatures, radia-
tion levels, electromagnetic environ-
ment, etc.

Receive commands from memory (includ-
ing clocks and programmers) or from
Earth and relay them to appropriate
subsystems. Establish status of satel-
lite, including attitude, position, and
operating modes. Act to reduce devia-
tions from desired performance.

Store information. Carry out computa-
tions for other subsystems.

Support and maintain satellite configura-
tion under design loads.

Measure the status of the satellite, except
attitude and position.

Measure scientific phenomena. Carry out

active experiments.

Launch the satellite from the Earth’s

surface and inject it into the desired
orbit.

t . . .
Provide all necessary services for launch

vehicle and satellite; viz, testing, track-
ing, communication, data reduction,
computation, decision-making, etc.

The magnitude of the interface-matching, or system-integration,

problem now becomes apparent. Each of the 45 interfaces on the
generalized satellite may be crossed by as many as 9 different
types of ‘‘forces.”” In addition, some subsystems, particularly the
scientific-instrument subsystem, may consist of several diverse
pieces of apparatus (sub-subsystems), all separated by their own




SATELLITE MODELS AND SUBSYSTEM INTEGRATION 79

interfaces. A satellite integrator must keep a careful eye on each
interface, matching each as well as he can, while keeping the over-
all goal of maximizing system performance in mind (ref. 1).

3-2. Measures of Satellite-System Performance

In maximizing the performance of any complex system, it is
desirable to have a single figure of merit that integrates all aspects
of performance into a single number, such as a cost-effectiveness
parameter. This task is difficult in the case of scientific satellites
because no one can really place a value on scientific information,
which is the real product of the operation. Furthermore, the
satellite might well uncover new and unexpected physical phenom-
ena that would negate any prior assessment of an experiment’s
value. Data from satellite experiments tend to be repetitious and
redundant, so that a figure of merit, such as bits of data received
per dollar invested, is not particularly meaningful. Satellite re-
search is a gamble in which the prize is often unpredictable and
the odds for winning it difficult to compute.

Three important performance factors cut across most system
interfaces and deserve separate mention, They are: weight, reli-
ability, and cost. (See sec. 9-2 for additional material on reliabil-
ity.) Once a mission goal is set—say, the mapping of the magneto-
hydrodynamic wake of the Earth—engineers try to maximize the
scientific value of the mission within constraints that are fixed
usually by nonscientific considerations. Satellite weight, for ex-
ample, is usually set by the assigned launch vehicle or, if several
launch vehicles are available, the amount of money the program
can afford to assign. Another major performance factor—reli-
ability—can also be purchased with money if the dollars are pref-
erentially funneled into reliability and test programs rather than
launch vehicles, The spacecraft designer soon finds that he does
not want to pay for the reliability level that would probably give
him 10 years of operation. In fact, as mentioned earlier, most
satellites now incorporate timers that automatically shut off trans-
missions after 6 months, a year, or whatever time period seems
appropriate to the mission objectives. The important point here
is that all performance factors—cost, v ight, reliability, etc..-are
interrelated.

Given a specific mission, one first sets dollar budgets and goals
for weight, reliability, and any other important factors. Halfway
through a design, the weight goal may be achieved with room to
spare,! so that an additional experiment can be incorporated,

! Few satellite-design histories show such good fortune.
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thereby raising the overall scientific value of the mission. Or,
possibly, the available weight would be put to better use by paral-
leling critical components (redundancy) to increase overall reli-
ability. In chapter 9, this subject of engineering tradeoffs will be
discussed further.

A measure of performance, such as reliability, is meaningful
only when the satellite’s external environment is fully defined. In
other words, reliability is the probability that a given piece of
equipment will operate at design levels, for a specified time period,
under certain environmental conditions. During the launch, the
external environment includes wind gusts, but not self-created
vibrations. In orbit, space radiation, hard vacuum, insolation,
and micrometeoroids constitute external environmental factors,
but internal heat sources would be excluded. The external environ-
ment has been described briefly in the graphs and tables of chap-
ter 1. Conceptually, the external environment may be thought of
as an extra subsystem, which applies forces through the thermal,
mechanical, and other interfaces that have already been defined
(fig. 3-1). The role of the external environment in molding sub-
system design will be covered in chapter 9.

The satellite-optimization process focuses attention on the
n{n—1)/2 interfaces introduced in the preceding section. Each
interface will be crossed by several interlocking parameters that
physically and mathematically tie the system together. A thermal
interface will involve parameters such as temperature and rate of
heat flow. An electrical interface is bridged by voltage and current
parameters. Finally, all subsystems are tied together at a still
higher level of integration by weight, cost, and reliability. Thus,
each parameter helps to bind the system into a well-performing
whole. Each component and each experiment must work well
when immersed in the welter of wires, solar cells, magnetometers,
transistors, and thousands of other parts that make up the typical
scientific satellite.

The age of the blackbox is long past Every pound in orbit
costs tens of thousands of dollars, and every hour of reliable oper-
ation is wrung from perverse equipment by painstaking design,
development, and test. The subject of integration, or interface

matching, pervades all chapters of this book. The purpose of this
chapter is to set the stage.

3-3. Integration Techniques

Satellite integration occupies a critical position in the develop-
ment cycle of a scientific satellite (fig. 3-3). The successful inte-
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gration of subsystems into a high-performance satellite transcends
the disciplines of science and engineering. Components or experi-
ments, no matter how well they work in unintegrated isolation,
may be less than useless when mounted in the completed satellite.
Spacecraft integration is achieved more through proper manage-
ment of people and information than through mathematical analy-
sis or sophisticated design. The essentials of program manage-
ment for integration are:

(1) Education.—Make everyone concerned with the project
aware of the nature of the integration problem and why its solu-
tion is essential to success. Experimenters, in particular, must
be convinced of the necessity of the paperwork, meetings, and
other coordinating that inevitably arise during the integration
process.

(2) Definition of the System.—First, a model of the system must
be established. Not only must each subsystem be defined, but all
impressed forces (internal and external), the interfaces, and
component specifications must be spelled out in detail. The formal
specifications, interface documents, and compatibility documents
may be voluminous and oppressive.

(3) Organization.—Some one person must be put in charge and
held responsible for satellite program management, including the
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Ficure 3-3.—A typical scientific-satellite development cycle (adapted
from ref. 2).
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enforcement of interface specifications. Specific liaison, coordina-
tion, and review functions must be defined and manned (fig. 34).

(4) Communication.—All definitions of subsystems and inter-
faces must be widely promulgated. The same is true for the
inevitable design changes that plague complex engineering enter-
prises. There must be regular meetings of all participants to
insure that subsystem interfaces are being properly matched.

(5) Testing.—The best and most foresighted management and
engineering staffs cannot anticipate all interface problems. Exten-
sive testing under simulated operating conditions is mandatory.
Tests sometimes uncover unexpected interactions and crosstalk
between experiments and subsystems that must be eliminated.
Retesting is then required before final acceptance,

The effectiveness of the spacecraft integration process is meas-
ured by the success of the launch, the quality of the scientific data
radioed back, and the attainment of design lifetime. Once orbit
has been attained, the satellite designer moves on to the next
satellite in the program, but, for the experimenter, the job is far
from finished, because data must be assembled, reduced, inter-
preted, and the results made available to the scientific community.
These extra dimensions of the experimenter’s job are described
in chapter 10, ‘‘Satellite Science—An Overall View.”’
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Chapter 4

SATELLITE DYNAMICS

4-1. Prolog

Scientific satellites, like weather balloons, oceanographic buoys,
and other unmanned instrument carriers, are launched upon a
somewhat fickle sea of perturbing forces. The major force shap-
ing the satellite orbit is, of course, gravity; but air drag, the
pressure of sunlight, and irregularities in the shape of the Earth
continuously distort an orbit, so that no two successive rotations
about the Earth are precisely the same. Since a main function of
the scientific satellite is the mapping of the fields and fluxes in
nearby space, scientists must know the positions of their instru-
ments and the directions in which they point at all times, regard-
less of orbital vicissitudes.

The role of satellite dynamics is several faceted, though mainly
concerned with prediction:

(1) The prediction of the propulsive forces needed to launch a
given satellite into a specified orbit at a certain point in time
(sec. 4-3)

(2) The prediction of the effects of perturbing forces on satel-
lite position and attitude (secs. 4-5 and 4-7)

(3) The prediction of the propulsive forces necessary to: (a)
maintain a specified orbit (station keeping), () modify or trim
an orbit, and (¢) maintain or alter the attitude of a satellite (sec.
4-5)

(4) The prediction of the impulse vector required to deorbit a
satellite and deposit it in a specified recovery area (sec. 4—6)

(5) The analysis of observed orbit perturbations in order to
estimate the perturbing forces of importance to geodesy (sec.
11-7). This application of space dynamics assumes that our cur-
rent inheritanc > of physical laws is correct.
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(6) The analysis of observed orbit perturbations in order to
confirm or deny present physical laws; i.e., the testing of the
hypothesis of general relativity (ch. 13).

Over an idealized, flat Earth, any ballistic (or free-falling) pro-
jectile describes a parabola; but the Earth is spherical, and real
projectiles follow elliptical paths, providing no forces, other than
gravity, act upon them. If the elliptical trajectory does not inter-
sect the solid Earth or the dense portions of the atmosphere, the
projectile will make more than one planetary revolution and thus,
by definition, become a satellite. Eventually, perhaps in hours or
thousands of years, drag forces will slow down the satellite, its
orbit will decay, and the mission will end in a fiery plunge into the
upper atmosphere (fig. 4-1).

In principle, satellites can be launched by a single impulse
applied at the Earth’s surface—say, with a large cannon, a la Jules
Verne (sec. 8-3). In practice, of course, almost all satellites are
orbited by large, staged rockets that apply accelerating forces over
a period of several minutes. A typical launch sequence is shown
in figure 4-2. First, there is booster liftoff. After a minute or
so of vertical ascent through the lower layers of the atmosphere,
the launch vehicle is commanded to ‘‘pitch over’’ and carry the
satellite downrange toward waiting tracking stations, strung along
thousands of miles of islands and ships. There are usually several
thrust-and-coast periods, sometimes alternating with discards of

Powered faunch trajectory

Poaint of orbital
injection

Impact in
recovery area

Trajectory
of deorbited
recoverable
satellite

Point of

deorbiting impulse Elliptical trajectory

of ballistic missile

Ficure 4-1.—Some features of satellite launch, deorbit,
and reentry.
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F1GURE 4-2.—0GO launch sequence, illustrating the
ascent, coast, injection, and appendage-deployment
phases.

spent rocket stages. When the desired altitude has been reached,
the final launch-vehicle stage will inject the satellite into orbit
with the proper velocity and angle. When an orbit is confirmed by
the worldwide tracking networks, the satellite goes through an
insectlike metamorphosis, during which instrument booms, solar-
cell panels, and telemetry antennas are erected on the satellite
surface. The satellite now orbits the Earth, pushed and pulled
slightly this way and that by electric fields, magnetic fields, radia-
tion pressure, micrometeoroid impacts, the attractions of the Sun
and the Moon, and the inhomogeneities in the Earth’s gravita-
tional field.

This chapter presents short primarily nonmathematical descrip-
tions of launch trajectories, perturbed and unperturbed orbits,
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satellite reentry paths, and satellite-attitude dynamics. These
descriptions tie in closely with the later subjects of guidance, atti-
tude control, onboard propulsion, and the overall optimization of
system performance. Table 4-1 is introduced here to summarize
the more important interactions between the descriptive discipline
of satellite dynamics and the hardware of the satellite subsystems.

TABLE 4-1.—Relationships Between Satellite Subsystems and
Satellite Dynamics

Systems and subsystems Implications and constraints involving
satellite dynamics s

Launch-vehicle system____________ Propulsion requirements should be mini-
mized to increase payload on a given
launch vehicle (ch. 8).

Earth-based facility system.__.__ Orbits should pass over established track-
ing and data-reception stations (sec.
7-4). Recoverable satellites should de-
scend into designated recovery areas.
Spacecraft system:

Communication subsystem_...| Directional antennas must be aimed at
the Earth (ch. §).
Power-supply subsystem__.___ Solar-cell panels must be aimed at Sun.

Orbits should minimize time in shadow
zone. Nuclear power supplies require
restricted launch trajectories for safety
reasons.

Onboard propulsion subsystem| Orbit corrections and station keeping
should be minimized to save fuel. De-
orbiting impulse should be minimized
within constraints of aerodynamic
heating and deceleration forces (sec.

4-6).
Attitude-control subsystem.___| Minimize power and fuel used in stabili-
zation and satellite attitude changes.
Environment-control Avoid lengthy shadow periods and, where
subsystem. the mission permits, fixed orientation

with respect to the Sun (sec. 9-6).
Minimize atmospheric heating and de-
celeration forces.

Guidance-and-control Maneuvers and pointing changes should
subsystem. be simple and few (ch. 6).
Computer subsystem__.__.____ Minimize onboard navigation, guidance,

and control computations to keep
weight and power requirements low.

Structural subsystem.______.__ Avoid high accelerations during launch
and reentry (sec. 9-10).
Engineering-instrument None.

subsystem.
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TABLE 4-1.—Relationships Between Satellite Subsystems and
Satellite Dynamics—Continued

Systems and subsystems Implications and constraints involving
satellite dynamics a

Spacecraft system—Continued . L .
Scientific-instrument Some typical mission requirements for

subsystem. various satellites follow:

Intersect atmosphere for drag meas-
urements and sample collection.
Avoid atmosphere to prolong satel-

lite lifetime.

Point satellite at the Sun, a specific
star, or the Earth, or scan envi-
ronment over large solid angle.

Anchor orbit around Moon.

Intersect Earth’s magnetopause.

Intersect Earth’s “wake.”

Pass through Earth’s auroral zones.

Cause orbit plane to rotate once a
year to keep perpendicular to Sun.

Cause orbit to penetrate selected
regions of Earth’s radiation zones.

a Note the abundance of “maximize” and “minimize” functions associated
with satellite dynamics.

4-2. Mission Descriptions

Scientific-satellite missions are generally simple when compared
to those of military spacecraft and planetary probes, which often
include midcourse, terminal, and rendezvous maneuvers to worry
the orbit analyst. On some scientific-satellite studies, the orbit
must be made to dip into the fringes of the atmosphere; on others,
the orbit should take instruments beyond the magnetopause that
shields the Earth from much of the interplanetary ‘‘weather.”
Relatively speaking, though, little maneuvering is done beyond
establishing the orbit’s initial conditions and letting nature take
its course thereafter (table 4-2).

The attitude-control and stabilization of scientific satellites, on
the other hand, may be an extremely challenging task; particularly
when one undertakes a stellar survey, where thousands of stars
must be found and focused in satellite instruments, despite the
presence of many perturbing torques.

In other words, scientific-satellite orbits are usually not actively
controlled, but instrument-pointing requirements frequently turn
satellite attitude control into an engineering task of high order.
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In table 4-2, representative scientific-satellite missions are cate-
gorized by discipline. Most missions destined to be performed
before A.D. 2000 are included. In general, one discerns no urgent
need for synchronous orbits and station-keeping functions in satel-
lite science, though some missions would undeniably benefit from

Fe

Ficure 4-3.—Applied force: for an ascending launch
vehicle and a satellite in orbit. F,=engine thrust,
F,=drag force, F,=lift, F,=force due to gravity.
F .= centrifugal force, and V,=satellite velocity.
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them. The close relationship between table 4-2 and table 1-2,
which lists typical satellite research areas, follows naturally from
the four fundamental advantages of satellite orbits (sec. 1-1):
(1) The capability of making direct measurements in outer
space
(2) The removal of the atmospheric and magnetospheric shields
(3) The positional advantage
(4) The unique biological environment in a satellite

4-3. Launch Dynamics

Hale’s fictitious ‘‘brick moon,’’ described in chapter 2, was flung
into orbit by a huge, water-powered flywheel; today, rockets are
the accepted launch technique. The intent of this section is a
review of the dynamics of the rocket-launch process, which begins
at liftoff and ends with the final-stage engine cutoff and the separa-
tion of the satellite from the launch vehicle.

Satellite Launch Requirements.—First, what must a launch vehi-
cle do to create a satellite?

According to convention, a spacecraft becomes a satellite when
it makes more than one circuit of the Earth without using thrust
to counteract the pull of gravity. Thus, for a satellite in circular
orbit, gravitational force counterbalances centrifugal force (fig.
4-3):

F,=F,
GmM _mV.;?
R R
So that
V=v/GM/R 41
where

F,=the force due to gravity (newtons)
F.=the centrifugal force (newtons)
m=the satellite mass (kg)
R=the distance of the satellite from the center of the Earth
(not altitude) (m)
Vs=the satellite velocity (m/sec)
M =the mass of the Earth (5.98 X102 kg)
G=the universal constant of gravitation (6.67X10-* newton-
m*/kg?)
The curves plotted in figure 44 are generated from equation
(4-1) and the additional fact that the satellite period, T, is just
distance divided by velocity, therefore:
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2Ry, B
=V. " *YXou (4-2)

From figure 4-4, it appears, at least in theory, that even a sea-
level satellite is possible if an engine were used to overcome the
immense drag forces at 7910 m/sec (Mach 6.5). No wings would
be needed for lift. At higher altitudes, the horizontal velocity
necessary to sustain a satellite becomes smaller as the force of
gravity weakens. At an altitude of 85 800 kilometers (R =42 100
kilometers), the satellite rotates with the same period as the
Earth itself, and we have a 24-hour, or synchronous, satellite. If
it is in an equatorial orbit, the satellite will appear fixed above
some point on the Equator. It is then termed ‘‘stationary.”
Above the synchronous altitude, satellites appear to have a retro-
grade motion to an observer on the Earth, because the Earth
rotates faster than the satellites do.

Although horizontal injection velocities are lower at higher
altitudes, disproportionately more fuel is used in doing work
against the Earth’s gravitational field during the ascent to higher
satellite injection altitudes. Therefore, high-altitude orbits are
more difficult to attain. At the limit, where the spacecraft escapes
the Earth altogether, the altitude is infinite in our simple model,
and the work done by tle launch vehicle can be found by substitut-
ing the Earth’s escape velocity of 11200 m/sec in the kinetic-
energy equation; the result is 6.25X07 joules/kg.

12 60

11 71 55

10 50
9 A s
§ 8 \ Period / a0
© N e
E — ¥ g
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F1GUuRre 4-4.—Satellite velocity and period versus
altitude for circular Earth orbits.
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Returning to the satellite injection problem, if the horizontal
injection velocity is less than v/GM /R, the spacecraft will descend
back to Earth along an ellipse with its apogee at the point of in-
jection (fig. 4-5). If the horizontal injection velocity is greater
than v/GM /R, the orbit will again be elliptical, but with the peri-
gee now at the injection point. Misalinement of the injection
velocity vector will result in other ellipses, some of which will in-
tersect the Earth and end the mission. Logic indicates that each
orbital mission possesses ranges of acceptable injection velocities
and angles—in other words, a velocity-injection-angle corridor.

The launch-dynamics problem, however, is considerably more
difficult than the above presentation indicates. There are three
categories of complications: (1) launch constraints, (2) depar-
tures from ideality (viz, a rotating Earth), and (8) data require-
ments of the scientists (users). In addition to these problems
(elaborated upon below), efficiency insists that the launch process
be optimized. That is, all pertinent parameters must be adjusted
to maximize the payload in orbit or maximize some other figure of
merit. (See sec. 3-2.)

fnjection point

Low projection angle
High projection angle

Velocity too
low for
circular
orbit

Velocity too high for
circular orbit

Ficure 4-5.—Elliptical orbits resulting from the
misalinement of injection ancle and injection
velocities above and below v/GM/R required for
circular orbits.
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Launch Constraints.—Launch trajectories are always constrained
by safety regulations, the azimuths of downrange tracking sta-
tions, weather conditions, the time of day best suited for optical
tracking, and the direction of the Earth’s rotation. Launch vehi-
cles are not propelled into space at random. To borrow a nautical
term, there are ‘‘rules of the road.”” Launch-site rules of the road
closely resemble those of an airport—only they are more narrow
and, if overstepped, the consequences are generally catastrophic to
the mission; e.g., the mission is aborted by destruction. At every

Horizontal Ficure 4-6.—Dia-
gram of the forces
acting upon a

launch vehicle.

Point where engine
thrust is applied
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moment during launch, the range safety officer monitors the posi-
tion, velocity, and predicted path of the launch vehicle and its pay-
load. Departures from a previously specified corridor of accept-
able flight parameters will cause him to demolish the aberrant
machine. Corridors vary from mission to mission. They might,
for example, be more narrow for the launch of a nuclear-powered
satellite because of danger from accidentally released radio-
activity.

Departures From Ideality.—~The four important forces acting
upon an ascending space vehicle are:

F.(h,t) =the engine thrust, which varies with altitude (k)
and time (¢). (Figs. 4-6 and 4-7 define the vari-
ables.)

F,(h) =the force due to gravity
Fa(hv,a) =the aerodynamic-drag force, which varies with alti-
tude (k), vehicle velocity (v), and the angle of
attack (@)
Fi(hyv,) =the lift force, which also varies with vehicle alti-
tude, velocity, and angle of attack.

Launch
trajectory

Center of
Earth

F1Gure 4-7.—Variables for a launch trajectory over a
spherical Earth.
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The lift and drag forces are given by:
Fiy(hv,a) =4p(h)v2AC:  Fu(h,v,a) =3p(h)v?ACq
where p(h) =air density.

In two-dimensional rectangular coordinates x and y, the differen-
tial equations describing the motion of the launch vehicle in local
or topocentric coordinates are

g Falbt) cos [8()+3(0)
m(t)

—Fy(h) sin g
F.g(h,v,a) F;(h,v,a)
_W cos ¥(t) -—;m)—

_ Fo(h,t) sin [6(2)1-8()]
- m(t)

__Fd(h,v.a)
m(t)

sin ¥(f)
4-3)
/]

—Fy(h) cos u

sin 'y(t)+F—"—-$E~:’)’g—) cos (1)

where the variable p is defined in figures 4-3 and 4-7, and m(t)=
the launch-vehicle mass, which diminishes with time as fuel and
oxidizer are consumed by the engine.

Equations (4-3) must be integrated once to obtain the velocities,
£ and 7, and once more to describe the launch-vehicle trajectory in
terms of z and y. With staged launch vehicles, the altitude, k. is
a rather smooth function of time (fig. 4-8), but the total accelera-

tion and velocity curves show sharp breaks at stage separation
points.

First- Second-

2 ~ Launch . stage  ; stage
s ot tburnout i burnout
% § - m - ! H /l’
Twrg 81 L Altitude 477
3 a2 o 300 + ' o2 .
] > 6}3 \’,/éVeloaty
] e =200 + ’ Accel-
£ > §a 4= ~ eration
=
=) 2 100 - //
§ 0 o W WO N N B |

0 50 100 150 200 250 300 350

Time(sec)

F1GURE 4-8.—Representative launch-vehicle tra-
ectory parameters as functions of time after
unch.
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Equations (4-2) and (4-3) are intended to be instructive only.
In actual trajectory calculations, the motion of the launch vehicle
is described in three dimensions, taking into account the rotation
of the Earth. More equations are introduced to describe the atti-
tude changes of the launch vehicle as the applied torques vary.
Vehicle pitching, rolling, and yawing motions are coupled to the
foregoing differential equations through the angles in the argu-
ments.

While feasibility studies of launch trajectories are sometimes
done by hand, sophisticated computer programs are readily avail-
able that numerically integrate the differential equations of mo-
tion, including all the significant perturbation terms.

The differential equations themselves do not signal the fact that
an orbit is achieved at injection. In fact, if properly formulated,
the differential equations could be integrated to follow the satellite
around in orbit after the last launch-vehicle stage has been jetti-
soned. The equations are that general. Usually, however, the
computer shifts to a new set of differential equations, designed to
take into account perturbation forces, such as solar pressure, that
were unimportant in the launch-trajectory description. The final
computation made using the launch-trajectory differential equa-
tions determines whether the satellite was injected within the
acceptable orbit corridor, bounded by the velocity and injection-
angle constraints.

User-Data Requirements.—After the differential equations of
motion are set down and integrated, the graphs plotted, and other
analytical tools sharpened, the results are still much too general,
say, for a downrange tracking station that needs to know when
and where to point its antennas. Computers must grind out
launch-vehicle coordinates in local reference frames for all ob-
servers associated with a given launch. Indeed, target prediction
in terms of local instrument-pointing coordinates is the computer’s
main task. Much as the differential equations help to summarize
the physics involved, the data user still wants to know azimuth,
elevation, slant range, and radial velocity as functions of time for
his location, rather than gravitational force. Such information is
not explicit in the integrated equations of motion. Coordinate-
system origins and variables must be written down in terms of
parameters that can be directly measured with ground-based in-
struments.

Another type of desired information is related to the difficulty
of attaining different satellite orbits, as measured by the overall
velocity that must be added to the satellite by the launch vehicle.
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F1Gure 4-9.—Net velocity requirements versus orbital altitude, assuming
a Hohmann (minimum-energy) ellipse during ascent. This figure
shows general trends only and does not include drag effects, lift, etc.
(Adapted from ref. 1.  Used by permission of McGraw-Hill Book Co.)

Velocity-increment (Av) graphs are customarily used by mission
planners and rocket designers (fig, 4-9).

Launch Windows.—Launch windows are timespans during which
it is relatively easy, in terms of existing launch-vehicle capabilities,
to place a specific space vehicle in a specific trajectory. The width
of a launch window is broadened when a more powerful booster
becomes available for a satellite of fixed weight. The window is
narrowed, however, when the required payload increases without
concurrent increases in propulsion capabilities.
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Launch windows obviously exist when a spacecraft is aimed at
other planets in the solar system or intended to rendezvous with
another satellite already in orbit. Whenever you shoot at a mov-
ing target, the trigger must be pulled at exactly the right instant.
One satellite discussed in this book faces this kind of synchroniza-
tion problem; it is the Anchored IMP spacecraft (IMP’s D and E).
(See fig. 4-10.) Lunar launch windows occur daily, in contrast to
those of Mars, which open up about 2 years apart.

Initial velocity
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/ \ \%
/ 22 \ \&%
/ - \
4 % \
/ o
1
\)
[
l/|7
/ Anchored IMP Lounch Sequence
18 /
/ Sequence No. Time (sec) Event
/ 1 o Stage | liftoft
2 148 Main engine cutaff Moon at T=0 sec
3 152 Stage !l ignition signal
4 153 Stage 1/1l separation
5 218 Jettison fairing
é 542 Stage H cutoff
7 562 Stars coast phase pitch program
8 1099 End coast phose pitch program
9 1104 Fire spin rockets (spinup)
10 1106 Jettison stage tl-active retro system
11 1mo Stage 11| ignition
12 132 Stage 1t burnout
13 179 De-spin stage 111/spacecraft
14 1227 Solar coll paddle releass (4)
15 1229 Fluxgate boom releare (2)
16 1234 Spacecraft/stoge tit separetion-yo stage IH
77 Spin stobilized coast
18 DBC Command timer
19 DBC+T Direct command stage IV ignition
20 DBC+T+22 Srage IV burnaut
21 DB8CHT+22+1200+ Separate stage IV
22 In orbit
T = timer

DBC = determined by computer

Ficure 4-10.—A flight plan for Anchored IMP (IMP’s D and E). The
spacecraft must intercept the moving Moon and inject itself into a
lunar orbit at precisely the right moment with an onboard, solid-fuel
rocket engine.
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A second kind of launch window exists when a satellite must be
placed in a specific plane ! for scientific purposes—say, for simul-
taneously obtaining geophysical data from conjugate points in
orbit. Injecting a satellite in a specific plane is accomplished most
easily at the moment when the target plane passes through the
satellite injection point. If a hold during the launch-vehicle count-
down delays the launch, an additional velocity increment will be
needed to nudge the satellite into the target plane, which has since
swept past the injection point; the longer the launch delay, the
larger the additional velocity increment. Eventually, the propul-
sion penalty becomes intolerable, and the edge of the launch win-
dow is reached (fig.4-11) (ref. 2).
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Ficurg 4-11,—Launch windows for orbital missions
aimed at a specific plane. As the target plane sweeps
past the plane of the launch site. more an1 more
velocity must be added to the satellite to shift it out
of the plane of the launch site into the desired plane,
which draws steadily away as the Earth turns. The
length of the window is determined by drawing a
horizontal line through the curves at a level equal to
the maximum extra velocity increment available. i=
tartget )plane inclination, launch-site latitude, 28.34° N
(ref. 2).

A third type of launch window occurs when eccentric, long-
lived orbits are desired. When apogees are measured in hundreds
of thousands of kilometers, as for Explorers VI and XVIII, per-

1 Not merely a plane with the same inclination, but in a unique plane
among the infinity of planes with the same inclination.




SATELLITE DYNAMICS 103

turbations by the Sun and Moon may depress the orbit perigee
into the dense atmosphere and prematurely end the mission (ref.
3). By launching the satellite during a window in time, the per-
turbing forces can be lessened, perhaps even put to advantage, and
the mission extended (fg. 4-12) (ref. 4).
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Ficure 4-12.—Launch-window map for Explorer XXVIII (IMP C).
To achieve a lifetime of 1 year, the perigee of this satellite could not
drop below approximately 180 km. The peculiar shape of the map
contours is due to the combination of several perturbing forces (ref. 4).

4-4. Orbital Dynamics of Unperturbed Satellites

When a command from the guidance equipment cuts off the
thrust of the launch vehicle’s final stage, and satellite separation
has occurred, the path of the injected satellite is described by the
equations of orbital dynamics, a subfield of astrodynamics and a
major subject of this chapter.

The presentation first examines only idealized, stable orbits
about an Earth represented by a point mass. Ideal orbits, like
ideal launch trajectories, are educational, but many natural and
artificial forces act upon a real satellite to upset ideality. The
more practical, perturbed orbits are described in section 4-5.

Satellite Orbit Parameters.—The simple circular orbit associated
with balancing of gravitational and centrifugal forces must now
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be replaced by a second, more general conic section, the ellipse.
The equation for the ellipse in polar coordinates is

a(i—e?)
"1+ cos ¢ (4-4)
where the variables are defined in figure 4-13.

The velocity of a satellite in an elliptical orbit is always greatest
at perigee, where the gravitational and compensating centrifugal
forces are the strongest. At apogee, the velocity is least. The
general equation for velocity is

V.= yGM (%-i) (4-5)

The orbital period, T, is given by

T =27€% (4-6)

Equations (4-4) through (4-6) apply to circuiar orbits when
a=R.

Equation (4-4) is expressed in variables that simplify the phys-
ical picture, but it does not involve coordinates tied either to a
geocentric reference frame located at the Earth’s center or to a
topocentric reference frame with an origin at some tracking sta-
tion on the Earth’s surface. This deficiency will be corrected in
a few pages.

Six variables, or orbital elements, are needed to specify a satel-
lite orbit completely: three to define the position of the orbital
plane relative to the Earth; the other three to describe the orbit
itself. (Note that the position of the satellite in the orbit is not
specified by orbital elements.) The ‘‘classical’” set * of orbital ele-
ments is presented below:

Q=the longitude of the node, measured in the plane of the equa-
tor from the direction of the vernal equinox to the direction
of the ascending node, or intersection of the orbit with the
equator (fig. 4-14)

i =the inclination, or angle between the plane of the orbit and
the plane of the equator ' _

w =the argument of perigee, or angle between the direction of
the ascending node and the direction of perigee

a=the semimajor axis

¢ =the eccentricity

T =the time of perigee passage

? Actuall_y, any six independent orbital parameters suffice.
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These orbital elements are geocentric in the sense that they are
measured from the center of the Earth. Their frame of reference,
however, does not rotate with the Earth, but is referred to the
fixed stars. Consequently, a satellite’s orbit seems to change as
the Earth rotates,

e tp—f

20

Semiminor axie b

fe—Semimajor axis,q ~——=1

Semimajor axis a as noted on the dia- Semilatus rectum ! = a(l — &%)
gram Eccentricity ¢ = cfa
Aphelion or apogee distance r, =

Semiminor axis b.= g V1 — ¢t a+c=a(l +6)

Semifocal distance 6 = Va® — b3 Perihelion or perigee distance r, =
a—¢=ua{l —-¢)
Radial distance r = a(l —e) Position angie 8 as noted on the dia-
1l +e6cosd gram

F1GuRE 4-13.—Definitions of ellipse parameters. The shaded areas in
the bottom diagram illustrate one of Kepler's laws. which asserts that
equal areas are swept out by radius vectors in equal times.
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Ficure 4-14.—The “classical” set of geocentric orbital parameters.

In astronautical parlance, especially satellite listings (see appen-
dix), satellite orbits are described by an incomplete set of four,
easily comprehended parameters: viz, perigee altitude and apogee
altitude (both measured from the Earth’s surface), orbital period,
and orbital inclination. These four parameters give a ‘‘feel’’ for
the orbit, but they say nothing about the orientation of the orbital
axis, They are also redundant, because the orbital period can be
computed if the apogee and perigee altitudes are known (eq. 4-6).

In summary, three sets of orbital parameters have been intro-
duced so far: polar coordinates (for physical understanding); the
classical, geocentric orbital elements (for the sake of complete-
ness) ; and the common, ¢‘ journalistic’’ parameters. Beyond these
is a host of other possible sets of possible variables and coordinate
systems, each possessing some special advantage for some special
purpose (ref. 5).

In practical trajectory and orbit calculations, where data must
be generated by computers for many ground stations and many
satellites, mathematicians adopt rectangular coordinates with the
point of origin fixed at the point of observation on the Earth’s
surface; i.e.,, a topocentric set., One would suppose that polar
coordinates would be more ‘“natural’’ for orbital deseription, but
rectangular coordinates make the computation task much easier.

To illustrate the computational difficulty of going from one set
of coordinates to another, a few pertinent equations are intro-
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duced. Following Baker, the position of the observing station is
first established in rectangular coordinates:

X=—r,cos ¢’ cos 8=—(C+H) cos ¢ cos 8
R{Y=—r cos ¢’ sin §=—(C+H) cos ¢ sin § 47
=—r,8in ¢'=—(S+H) sin ¢
where

r.=the geocentric distance of the station
¢’ =the geocentric latitude
H =the height above a reference spheroid expressed in equa-
torial radii
¢ =the geodetic latitude of the station
6 =the angle between the station and the direction of the vernal
equinox measured at the Earth’s center
C =[1—(2f—J?) sin® ¢|
S=¢C(1—-f)?
f =the flattening of the reference spheroid.

The rates of change of the station coordinates are:

X=w(C+H) cos ¢ sin 8
R{V= —w(C+H) cospcos (4-8)
Z=0

where « is the Earth’s angular velocity. The vector R in figure
4-15 extends from the point X, Y, Z to the Earth’s center.

The position of the satellite in terms of the same geocentric
coordinate system is given by the point z, y, z, which is also the
terminus of the vector r. The topocentric coordinates of the satel-
lite are defined as ¢, %, and {, which, in turn, define the vector p.

The relationships are:
oty s f,:jﬁ' A
t=z+3 ¢=24+2
The range from the tracking station to the satellite is now
p=(E+n*+s%) (4-9)
and the range rate, 3, is

o= (Eb+m+1f)/p
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To express the satellite altitude and azimuth in these terms, a
topocentric unit vector, L, is first defined

LSA = EA/ P Ly=m/p, L,=¢ »p
where:

E =£ cos 0 sin ¢+n sin ¢ sin 8—¢ cos ¢
m=n cos 8—¢ sin @
Ev=¢§ cos 8 cos ¢+n cos ¢ sin 8+ sin ¢

Then the elevation of the satellite, ¢, is

e=tan~" [L,,/(Ls*+ L, )Y =sin"! L,, (4-10)

and the azimuth, 4, is
A=tan"'[L,, /L] (4-11)

The above equations are often used to generate local ephemerides
for various stations and satellites. The Goddard Space Flight
Center of NASA, for example, publishes the Goddard Orbit Bul-
letin, which describes the orbits of many sat~"ites. In addition,
NASA furnishes local ephemerides and view .g predictions for
many scientific sites and several cities.

Orbit Determination.—The task of orbit determination from
tracking data is the inverse of ephemeris generation. Tracking
units often give the satellite elevation, azimuth, and range as a
function of time (sec. 7—4). In terms of these particular param-
eters, the position of the satellite in terms of the unit vector L is:

L.=— cos 0sin ¢ cos e cos A+ cos 8 cos ¢ sin e— sin 8§ cos e sin A
L,=— sin 6 sin ¢ cos € cos A+ sin 6 cos ¢ sin €4 cos 0 cos e sin A
L,= cos 6 cos ¢ cos A+ sin ¢ sin ¢ (4-12)
and
z=£—X) y=”—Y1 2=§"'Z (4_13)

Equation (4-12), however, determines only the three coordinates
of a single point in space and not the six measurements (called a
minimal data set) needed to determine the orbit completely. At
least two three-dimensional fixes from a single station are needed.
Baker and Deutsch list several possible data sets that will com-
pletely determine an orbit (refs. 5, 6). Some possibilities are:
three ranges from each of three different stations; three ranges
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F1GURE 4-15.—Diagram defining a set of topocentric
coordinates. Such coordinates can be measured
directly from tracking-station instruments.

and three range rates from a single station; six ranges; six range
rates; and so on. The variables employed depend upon the instru-
ments installed at the tracking site. Radars, for example, can
measure range and range rate quite accurately. Optical instru-
ments have more precision when angles are being measured, but
cannot measure range or range rate directly at all.

A single orbital determination from a minimal data set usually
does not have the precision needed for scientific and long-term
prediction requirements, Precision orbits are computed from
many fixes made at many tracking stations over many satellite
revolutions. Data from tracking sites (STADAN, sec. 7-4) are
usually fed into a central computing facility, where they are proc-
essed to generate the local ephemerides and other predictions that
are the practical results of orbit determination.
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4-5. Orbital Perturbation Forces and Their Effects

Once launched into an elliptical path, with the Earth’s center of
gravity at one of the foci, a satellite immediately begins to stray
from that hypothetical, ideal, stable orbit fixed in the inertial
reference frame of the stars. Such departures from perfection
are termed ‘‘perturbations.”’ Table 4-3 indicates that perturba-
tions have several sources.

TABLE 4-3.—Sources of Real and Apparent Orbital Perturbations

Source of perturbation Implications »

Earth’s rotation_ .- ________. |

Relativity e
Earth’s bulge___ o __/

Earth’s pear shape. - ____..____.
Gravitational forces of Sun and
Moon.

Atmospheric drag .~ e

Magneticdrag____..____-._____
Radiation pressure_____________.

Propulsion system_-. . _-._____

Satellite orbit plane rotates 15° west
every hour. As a result a satellite
scans much of the Earth’s surface,

Negligible advance of orbit’s perigee.

Recession of nodes and advance of orbit's
perigee.

Long-term changes in orbit eccentricity.

May raise or depress perigee and shorten
or extend mission. Orbits can be
“anchored” to Moon; i.e., lunar orbits,

Varies with satellite cross section. Even-
tually causes reentry.

Negligible, except for huge satellites.

May raise or depress perigee for very
large satellites.

Under control of designer. Can overcome
perturbating forces or maneuver satel-
lite.

a See discussions in text.

Perturbations may be undesirable, say, when atmospheric drag
prematurely ends the life of a satellite. On the other side of the
coin, analysis of the same drag perturbations can yield estimates
of the density of the upper atmosphere as a function of time. In
other words, the orbits of Earth satellites need not drift aimlessly
or uselessly in response to perturbating forces. Natural as well
as artificial forces can be put to practical use.

Effects of the Earth’s Rotation.—The Earth rotates on its axis
approximately 15° each hour, a fact that causes the satellite orbit
to shift continually in the eyes of a terrestrial observer. This
might be called an ‘‘apparent’’ perturbation, since it is caused by
the motion of the observer and not by ‘‘real’’ forces. Each equa-
torial pass of the satellite will show it shifted farther to the west
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Ficure 4-16.—Ground traces for an orbit of moderate inclination
launched along the Eastern Test Range (ETR). The satellite crosses
the equator approximately 15° farther west on each pass.

by about 15°. The result is the familiar pattern of satellite ground
traces shown in figure 4-16.

Relativistic Effects.—Eccentric artificial-satellite orbits will
show very small deviations from the orbital motion predicted by
Newtonian mechanics. A more accurate description of nature, the
general theory of relativity, predicts that there will be a small,
continuous rotation of the satellite line of apsides (fig. 4-13). As
a result, there is an advance of the perigee over and above that
caused by the Earth’s bulge and axial rotation. The advance of
perigee, P, in seconds of arc per revolution is

1.73x10¢
P= a(l—e?)

where
e=eccentricity
a=semimajor axis (cm)

Calculations using the above equation predict perigee advances of
only a few seconds per year for very eccentric satellites (ref. 5).
This is a negligible effect. In fact, it is so small that an Earth
satellite cannot be used effectively to test the hypothesis of the
general theory of relativity, as has been done with the orbit of
Mercury.

Note that Earth-satellite velocities are so small compared with
that of light that the -special theory of relativity predicts only
negligible effects.
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Asymmetry of the Earth.—The Earth’s equatorial bulge and
slight pear shape have been well publicized. There are also im-
portant anomalies in the gravitational fields in the western Pacific,
the Indian Ocean, and Antarctica. As a result, the orbit of a real
satellite is pulled away from the orbital path calculated under the
assumption that the Earth can be represented by a point mass.

The asymmetry problem is attacked mathematically by expand-
ing the gravitational potential function in a series of harmonics.
In section 11-7, where the use of satellites in geodesy is discussed,
this expansion is discussed in more detail. Here, it is sufficient to
point out that various terms in the expansion can be identified
with certain deformations of the figure of the Earth.

The major effect of the Earth’s bulge is the regression of the
nodes; that is, the orbital plane rotates slightly more westward on
each revolution than would be expected from the rotation of the
Earth alone, Physically speaking, as the satellite nears the equa-
tor on, for example, a southeast trace, the extra gravitational pull
of the bulge deflects the satellite farther southward (fig. 4-17).

Perturbing
forces of
Earth's bulge
- Equator
* Unperturbed

trace

Ficurg 4-17.—The perturbing gravitational force of
the Earth’s bulge causes the orbital plane to regress
westward.

After passing the equator, the satellite is pulled northward, back
into its original direction of motion, but the ground trace has been
offset slightly, and the satellite has crossed the equator slightly
west of where it would if the Earth had no bulge. Riley and
Sailor present the following equation (attributed to King-Hele)
for the regression rate (ref. 7):
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k cos i
M=y (4-14)

where

AQ=the regression rate (1/sec)
k=a constant based on the second harmonic of the Earth’s field
1=the orbit inclination to the equator

A second effect of the bulge’s perturbing force is the deflection
of the satellite as it nears a perigee point near the equator. Tak-
ing a southeast-orbit trace again, with a perigee point near Cape
Kennedy, there will be a slight overshoot of the previous perigee
point as the satellite swings down toward perigee and, at the
same time, is pulled toward the equator. The orientation of the
whole orbit is thus rotated. In orbital terminology, there is a
rotation of the line of apsides. The rotation rate is much higher
than that due to relativistic effects:

(2§ sints
AQ=%§) (4-15)

where Aw=the rotation rate in radians/sec.

Gravitational Effects of the Sun and Moon.—The gravitational
fields of the Sua and Moon are overwhelmed by that of the Earth
for close satellite orbite. In fact, the perturbation of the Earth’s
bulge is more importan.. At the apogee of a very eccentric ellip-
tical orbit, however, when the satellite is hundreds of thousands of
kilometers from Earth, the Sun and Moon may significantly affect
the orbit. The classical .nstance is that of Explorer VI, where the
Moon’s attraction depressed the perigee so much that the satellite
life was shortened. Conversely, proper positioning of the orbit
can reverse the effect and prolong orbital lifetime,

Orbital perturbations involving three bodies—the satellite, the
Earth, and the Moon or Sun—are difficult to generalize. Each case
must be attacked separately. Several of the mathematical schemes
described later in this section are applicable. A common approach
involves calculating the forces on the satellite from all bodies, as
obtained from Newton’s law of gravitation and ephemerides, and
integrating the differential equations of motion step by step in
time.

A very special satellite depending upon the Moon’s gravitational
field to shape its orbit is the selenoid, or synodic, satellite. Klem-
perer has shown that there are five spots in the Earth-Moon plane
where a small artificial sateliite would be in dynamic equilibrium
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Ficure 4-18.—Locations of the five dynamically
stable points in the Earth-Moon system. Only the
two sextile points are stable under small perturbations
(ref. 8).

(fig. 4-18). The so-called sextile points, located at the corners of
equilateral triangles formed by the Earth, Moon, and satellite, are
the only ones that are stable under small perturbations. Similar
stable points exist in the Sun-Jupiter system; these are called
Trojan points. A number of small asteroids or planetoids have
actually been observed at these points, preceding and following
Jupiter around the Sun. Conceivably, an artificial satellite could
be placed at the sextile points in the Earth-Moon system and
rotate around the Earth once a month. At the moment, such a
satellite would appear to offer no advantages over the Anchored
IMP. From the standpoint of scientifically mapping the Earth-
Moon plane, satellites physically fixed in the same relative posi-
tions would contribute little.

Atmospheric Drag.—The effects of atmospheric drag on satellite
lifetime were greatly underestimated in the early days of astro-
nautics. First, the atmosphere above 150 kilometers was denser
than expected, by more than an order of magnitude. Second, the
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Sun not only significantly expanded the sunlit side of the atmos-
phere with its heat but also injected large quantities of matter into
the upper atmosphere. Lifetimes of satellite orbits were therefore
much shorter than predicted, and orbital drag perturbations were
stronger and more variable. Four major variations in drag—all
Sun-caused—are now recognized:

(1) The diurnal effect due to the Sun-heated atmospheric bulge

(2) The 11-year cycle caused by the varying rate of particle
injection by the Sun

(8) Erratic drag increases due to particle injection during solar
storms

(4) The semiannual plasma effect that causes drag to peak
around April and June (ref. 9)

Atmospheric drag decelerates a satellite, causing some of its
kinetic energy to be converted into atmospheric heat. As the
satellite slows down, its centrifugal force decreases and gravity
pulls it farther into the atmosphere. The orbit is made more
nearly circular in the process. The drag force is given by

Fy;=3%pAV2Cp

where the variables have already been defined in section 4-3.
Assuming an exponential static atmosphere (for insight rather
than precise estimates of lifetime) and integrating over a com-

plete satellite orbit
AE=—¢FsRdb
o — xCpAGpe BB (4-16)

where

AE =the satellite kinetic-energy loss
p =the average density of the atmosphere
B=the constant in the exponential representation of the atmos-
phere, p=pe—#®-B», sometimes called the scale height.

The orbital-energy equation is

GM
E=3x

Taking finite differences and using equation (4-16)

AR _ _21rR’pC’pA (4-17)
An m

where n=the satellite lifetime measured in revolutions.
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Equation (4-17) is only as accurate as the exponential, static
atmosphere that is assumed. Ladner and Ragsdale, at the Mar-
shall Space Flight Center, and Bruce have published curves that
include the effects of solar atmospheric perturbations. The data
of the former authors are suitable for planning purposes and are
reproduced in part in figures 4-19 through 4-21 (ref. 10). Figure

20

” /

Maximum percent lifetime loss
°
i

100 200 300 400 500
Initial altitude (km)

FiGuRrE 4-19.—Loss in satellite lifetime due to the
Earth’s diurnal atmospheric bulge (ref. 10).

4-19 takes into account the diurnal bulge effect. Figure 4-20
presents an estimate of the effects of the ll-year solar cycle.
The timing and magnitude of solar storms are difficuit to predict
and are not included.

Magnetic Drag.—When a large satellite moves through the
Earth’s magnetic field, an electromotive force of about 10-° HV,
volt/cm (H =the magnetic field strength in gauss) is established at
right angles to the field and direction of satellite motion (ref. 11).
This emf tends to drive the electrons to one end of the satellite
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F1GuRg 4-20.—Estimated satellite lifetime change due
to density changes in the Earth’s atmosphere
resulting from the 11-year solar cycle (ref. 10).

and, in effect, polarizes the spacecraft. The electrostatic fields
built up between the ends of the charged satellite will have negli-
gible effect on the paths of the heavy ions intercepted by the satel-
lite in its swath through the upper atmosphere, but the lighter
electrons will be diverted toward the positively charged end of
the satellite. This asymmetry of charge flow creates a current
flow across the satellite body. The motorlike interaction of the
current-carrying conductor with the magnetic field slows the satel-
lite down. Beard and Johnson calculate that the magnetic drag is
proportional to the cube of the satellite dimensions. For a satellite
over 50 meters in diameter and above 1200 kilometers in altitude,
where the density of charged particles is high, the magnetic drag
can exceed aerodynamic drag.

The Effects of Solar-Radiation Pressure.—When a solar photon
strikes a satellite surface and is reflected or absorbed, a tiny bit of
momentum is transferred to the satellite. A pressure is produced
that is proportional to the power in the Sun’s rays. For normal
incidence and complete reflection, the solar pressure at the Earth’s
orbit is 9.2X10-° newtons/m?. Small though this pressure is, it
has caused the perigee of large, low-density satellites, such as
those in the Echo series, to vary by hundreds of kilometers. De-
pending upon the shape and orientation of the orbit, the solar
pressure may depress or elevate perigee. The perigee of Echo I,
for example, has oscillated as the perigee point has rotated relative
to the Sun under the influence of the equatorial bulge.
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Frcure 4-21.—Orbital lifetimes for various orbits (ref. 10).

Solar-pressure effects can be computed for simple, spherical
satellites, but most scientific satellites are faceted, with surfaces
possessing different reflectivities, and rotate at varying rates and
inclinations. Earth shadowing and self-shadowing, say, by solar-
cell paddles, make the analytical problem still less tractable.
Fortunately, the effects are usually important only for balloon-
type satellites in eccentric orbits. As a point of interest, Buck-
ingham, Lim, and Miller have shown that a group of balloon-type
satellites, initially placed in the same orbit together, can be angu-
larly spaced and maintained at the desired spacing by solar
pressure (ref. 12).

Active Orbit Control.—Scientific satellites, as they are presently
conceived, orbit the Earth more or less at the mercy of perturbing
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forces. Onboard propulsion equipment—an electrical engine, for
example—might generate compensating thrusts to keep the satel-
lite in the desired orbit. This is called station keeping. The
important question here is: Why bother? Drag compensation
would extend satellite lifetime, but the necessary propulsion equip-
ment would displace scientific instruments when orbits of adequate
lifetime are already easily achieved. The rotation of perigee could
also be offset, but there seems to be no overwhelming need to do
this, particularly when one wishes to secan as much space as pos-
sible. In other words, natural perturbations present no critical
problems for most scientific satellites. In fact, they have positive
value in geodesy and in missions that map fields and particles.

If, in some application, active compensation of perturbations
seems desirable, the artificial force can be considered mathe-
matically as ancther perturbing force and treated accordingly.

Military and applications satellites often demand intentional
orbit modifications over and above those caused by natural forces—
for satellite rendezvous, for example, or the nudging of a com-
munication satellite into a stable, stationary orbit over the equa-
tor. Here again, active propulsion has not been justified for the
great bulk of scientific satellites. If a scientist desires to explore
space at a different altitude or orbit inclination, it is simpler and
cheaper to launch a new satellite than to propel an old one to the
new orbit.

Propulsion requirements for active orbit control have been
worked out by many authors (refs. 13, 14), but there seems no
need to reproduce their results here,

Perturbation-Computation Technigues.—Once a perturbing force
has been estimated (the pressure of sunlight, for example), how
is its influence on a specific orbit calculated? Two classes of tech-
niques are recognized : special perturbations and general perturba-
tions. The first class involves the numerical integration of the
differential equations of motion, which are written to include all
important perturbing forces. In the general-perturbations ap-
proach, the analytical statement of the perturbed orbit is expanded
in a series, which is then integrated. The term ‘‘general’’ applies
because different initial conditions can be substituted in the result-
ing integrated equations. In special perturbations, there is a
unique ‘‘special’’ starting point for each case.

There are three principal procedures used in the area of special
perturbations (ref. 5):

(1) Cowell’s Method.—A step-by-step integration of the total
acceleration, including that caused by the central force field (fig.
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FIcure 4-22.—Schematic diagram showing inputs and
perturbations affecting satellite orbits.

4-22). The force vectors from all sources are added to that due
to gravity, and the resulting motion of the satellite is computed
over a short time interval. A new position is calculated at the
end of the interval. Forces at the new position are again com-
puted and another segment of the orbit worked out. Cowell’s
method is simple, flexible, and sometimes used in computi: g space-
probe trajectories. It is rarely used in satellite work because the
perturbing forces are very small compared with the central force
field, and errors increase quickly as the number of revolutions
increases.

(2) Encke’s Method.—This is also a step-by-step method, but
here a reference orbit is established and the perturbations are
computed relative to it. Accuracy and calculational efficiency are
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usually much improved over Cowell’s method in orbital studies.
When the perturbed orbit diverges too far from the reference
orbit, however, errors and inefficiency become serious, and a new,
or rectified, reference orbit must be constructed. The Encke
method is well adapted to guidance studies.

(3) The Variation-of-Parameters Method.—This technique is
similar to the Encke method, except that the reference orbit is
continuously rectified. (The varying reference orbit is called os-
culating.) The results from the variation-of-parameters method
are very accurate, but the need for constantly updating the refer-
ence orbit makes the mathematics cumbersome. With modern
computers, though, the computing costs are not exorbitant.

When orbits must be followed over hundreds and thousands of
revolutions, general perturbations are very useful; i.e., efficient
and accurate. Since the technique involves analytically integrat-
ing * the series expansion of the pertinent accelerations, changes
in the orbit can be easily related to the perturbing force that
causes it (ref. 5). In contrast, when only tables of computer-
printed data appear, cause and effect are difficult to discern. The
pear shape of the Earth, for example, was discovered by the meth-
ods of general perturbations, when J. A. 0O’Keefe and A. Eckels
related long-term changes in orbital eccentricity to terms originat-
ing in differences in the Northern and Southern Hemispheres.
The reader should refer to basic astrodynamic texts for more
details (refs. 5, 6).

4-6. Intentional Reentry

Most scientific satellites are eventually slowed k7 irag forces
and reenter the Earth’s atmosphere in an uncontrolled manner.
Aerodynamic heating completely consumes most of them. The
only reentry trajectories important enough to describe here are
those that escape the above fate—the recoverable scientific satel-
lites, carrying dosimeters, biological specimens, and similar cargo
back from orbit along a carefully controlled trajectory.

The physical parameters involved in the reentry of a scientific
satellite are illustrated in figure 4-23. The sequence of events is
this:

(1) The satellite (or capsule from a parent satellite) is deflected
out of its orbit into an ellipse that intersects the dense portion of
the Earth’s atmosphere.

(2) The atmosphere is encountered and the kinetic energy of
the satellite, which is several times the amount needed to melt the

* As opposed to numerical integration.
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Ficure 4-23.—Parameters describing the controlled
deorbiting and reentry of a recoverable satellite.

satellite, is turned into heat. An ablating thermal shield protects
the satellite from the high temperatures. Most of the reentry heat
is carried away by the air and the gases released during shield
ablation.

(3) A parachute is deployed to reduce the satellite velocity still
further.

(4) The satellite is recovered in midair by aircraft or retrieved
on land or sea.

The important things to know are the timing, magnitude, and
direction of the retrothrust needed for recovery in a designated
area.

The reentering satellite, like the ascending launch vehicle, is
subjected to five forces: gravity, centrifugal force, lift, drag, and
applied thrust. Not only is the trajectory shaped by these forces,
but they will also determine the magnitudes of the deceleration
and thermal heating. If the deceleration is too high, destruction
of the payload may result. Too much lift might cause the satellite
to skip out of the atmosphere like a flat stone on water. The accept-
able reentry conditions for the ‘‘corridor’’ are shown in figure
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Ficure 4-24.—A typical satellite reentry corridor (ref. 15).

4-24, The trajectories of ‘‘dumped’’ satellites, or capsules under-
going controlled reentry, are generally steeper than drag-induced
reentries.

Two kinds of reentry calculations are common. In the first,
an atmospheric model is selected and the deceleration is derived
analytically. Such an approach, plus the assumption of an ex-
ponential atmosphere, leads to the interesting fact that peak

deceleration occurs when the satellite velocity equals L times the
[

original velocity before deceleration (ref. 15). The information
obtained from the above kind of analysis does not predict the actual
trajectory, although it does provide design data of value. A sec-
ond kind of analysis remedies this defect. It is similar in spirit
and philosophy to the methods described in section 4-3 for launch
trajectories. The equations must be the same as equation (4-3),
because the same forces are involved. The only difference is that
the launch vehicle is ascending under thrust, while the reentering
satellite is descending under atmospheric braking. With these
minor adjustments made, the differential equations of motion are
integrated step by step, with the correct lift-and-drag forces
inserted at each point.

Some results from such computations are presented in figures
4-25 and 4-26 (ref. 16). The particular parameters shown are
those of interest to someone controlling the descent and recovery
of a scientific satellite. Some obvious trends are:

(1) The steeper the descent, corresponding to a shorter range,
the greater the deorbiting impulse needed—a fairly obvious point

(2) The direction of the deorbiting thrust, defined in figure
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for a 320-kilometer recoverable satellite as functions
of the deorbiting thrust vector (ref. 16).

4-23, is about 120° for minimum range; that is, down and opposed
to the direction of motion. Pure retrothrust in opposition to the
velocity vector is not the most efficient.

(8) The higher the orbit, the greater the range for a given
impulse—again, a physically obvious observation.

4-7. Satellite-Attitude Dynamics

The bulk of this chapter has been devoted to the description of
the position of the satellite center of mass, as a function of time,
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under the influence of natural and artificial forces. Scientific
satellites, though, are far from isotropic, so that satellite orienta-
tion, or attitude, must also be specified for the purposes of control
and the interpretation of the scientific information telemetered

back to Earth. Consider some of the anisotropies of scientific
satellites:
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(1) Many scientific instruments are directional and must be
pointed at a target, or at least have their orientations telemetered

to experimenters

(2) Most solar-cell power-supply subsystems rely upon some
degree of attitude control for maximum power production
(3) Many satellite telemetry antennas have directional prop-

erties

TABLE 4-4.—Satellite Torques

Torque source

Particulars a

Unbalanced aerodynamic forces_..

Unbalanced radiation pressure. ..

Gravity gradients___ ____ ..

Magnetic fields.__________ ..

Propulsion units__ . _____________

Micrometeoroid impacts_ ...

Ejected mass._ .. ____________

Emitted radiation- . ___________

Internal motion. .o e oo ___

Important below 500 km. Dominant be-
low 300 km for many satellites (ref.
17).

Pressure depends upon reflectivity and
inclination of satellite surfaces. Sur-
face characteristics change with time
in space environment. Pressure is
9.2X10-* newton/m* for perfect reflec-
tivity and normal incidence.

Depends upon the radial dependence of
gravitational and centrifugal forces.
See equation (4-18).

If satellite has a permanent or induced
magnetic field, interaction with Earth’s
field will create torques (ref. 18).

Any thrust not directed through satellite
center of mass will cause angular ac-
celeration. Under control of designer.

Impacts with a non-zero moment arm to
the center of mass can cause significant
accelerations. Average effect should be
small (ref. 19).

Ejection of an instrument capsule, pod,
or subsatellite (OV-4) can create a
large change in angular momentum.

Antisotropic radiation of photons, say,
from a power supply, can create a net
torque. Under control of designer.
Negligible.

Torques are created by gyros, motors,
and other rotating equipment. Motion
of instrument scanning platforms, ex-
tendable booms, and relays can cause
attitude disturbances. Under control
of designer.

s See fig. 4-27 for approximate magnitudes of torques for a specific satellite.
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(4) Recoverable satellites must be properly oriented for retro-
thrust

(6) Cylinders, polyhedrons, and other complex configurations
are common satellite shapes, Therefore, the three satellite mo-
ments of inertia are not equal. Some satehites, such as the 0SO’s,
are jointed, or articulated, instead of being rigid structures.

(6) If the satellite structure is anisotropic, there will be ex-
ternal, disturbing torques. (See table 44.)

10"
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l=-Magnetic (1 amp-turn, pole)
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F1GURE 4-27.—Relative magnitudes of environmental torques on a
satellite. _ Satellite used in calculations was a Discoverer, a 1.5 x 9-
meter cylinder (ref. 20).
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Anisotropy thus requires a reference frame in which to measure
satellite attitude and a mathematical formulation of satellite
motion in that frame. The purpose of this section is a simplified
description of attitude dynamics that will be useful in treating the
subject of attitude control (sec. 6-5) and the design of attitude-
control subsystem hardware (sec. 9-8).

Sources of Disturbing Torques.—In the near-frictionless realm
of outer space, the least internal motion or external torque accel-
erates a satellite into unwanted and undamped rotation. The list
of offending but sometimes useful torques is lengthy and best pre-
sented in tabular form (table 4—4).

The satellite designer can control most of the torques, even those
originating with the external environment. Satellite magnetic
moments and mass asymmetries can be reduced. External sur-
faces can be adjusted to control or even usefully employ radiation
pressure. In a similar vein, the extension of booms and antennas
can be used to reduce unwanted satellite spin (ch. 9).

Figure 4-27 indicates that gravity-gradient and magnetic
torques usually dominate above 400 kilometers. They are followed
in importance by radiation-pressure torques. The weakness of the
data presented in figure 4-27 is the lack of generality—the per-
turbing torques are all vehicle dependent—but the trends are still
significant.

The derivation of the gravity-gradient-torque equation is perti-
nent because it illustrates how the variation of gravitational and
centrifugal forces over the dimensions of the satellite, a seemingly
negligible effect, can create important torques. Consider an
idealized dumbbell satellite of length 2e¢, like that portrayed in
figure 4-28. The forces due to gravity on each end are

The centrifugal forces
Fc‘ =mw’R[ Fc, =M’R’

actually balance each other out because their moment arms are
inversely proportional to their radii. The net torque, L, is then

. 1 1
= 2 —
L =mgoR*Re sin ¢(R;’ R’:) (4-18)
where all of the variables are defined in figure 4-28. Further

analysis shows that for small excursions, the undamped dumb-.
bell satellite will swing, or librate, pendulumlike, with a period /3
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Ficure 4-28.—Force
diagram for deriving
the gravity-gradient
torque on a dumbbell
satellite of mass 2m
and length 2e (ref.
21).

Ro

times its orbital period. Our natural Moon librates in a similar
fashion. In practice, gravity-gradient torques are strong enough
to be used in stabilizing Earth-pointing satellites.

Coordinate Systems for Attitude Description.—Before writing
down the equations of motion for a satellite, two coordinate sys-
tems must be defined. One set of coordinates will be embedded in
the satellite itself, and will spin, tumble, and librate with it. The
second, or reference, set of coordinates is usually fixed in inertial
space, or associated with some mission function (fig. 4-29). In
choosing the reference frame, the analyst is influenced by the
factors of analytical simplicity, computational simplicity, the co-
ordinates naturally associated with the attitude-determining sen-
sors, and those coordinates that are most convenient in describing
the satellite attitude during the mission; e.g., the reference frame
of the fixed stars for astronomical satellites. The desired attitude
of the satellite is described relative to the reference set of axes as
a function of time. It is the task of the guidance-and-control sub-
system to measure the actual satellite attitude, compare it with
the desired attitude, establish corrective measures, and command
the attitude-control subsystem to make the needed changes (refs.
22, 23).

Satellite Equations of Motion.—If q is the angular velocity of
the satellite relative to the reference axes and « is the angular
velocity of the reference coordinate in inertial space,* the angular
momentum, H, of the satellite is: '

H=Ix(Qx+wx)ex+Ir(Qr+owr)er+1z(Qz+wz)ez (4~19)

‘ Many reference frames are possible (refs. 22, 28). If an inertial frame
is selected, =0,
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where Ix, I'y, Iz =the satellite moments of inertia and ey, ey,and e;
are unit vectors.

If L is the external applied torque
L=H+wXH (4-20)

in which H is the time rate of change of H as seen by an observer
inthe X, Y, Z set of axes. The components of equation (4-20)
are:

Ix(?x-i’d»x) +Iz—Iv)(Qr+owr)(Qz4+wz) =Ly
Iy(Qv+aor) +(Ix—12)(R2+wz)(Q+wx) =Ly (4-21)
I2(Qr+aoz)+Tr—Ix)(Qx+wx) Qv +wy)=Lz

Since many satellites are spin-stabilized in the reference frame of
the fixed stars, where «=0, a typical set of equations of motion is:

Ixf}x+(Iz—IY)QzQY=Lx
IyQy+(Ix—12)QQz=Ly (4-22)
I1:9z4+Iy—Ix)QyQx =Lz

Fi1Gure 4-29.—Coordinate systems used in attitude
dynamics. Frame z, y, z is the reference set of axes.
and the attitude of the satellite, specified by frame
X, Y, Z is measured relative to it.
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These are the Euler equations for a body freely suspended at its
center of mass.

Similar specialized cases can be worked out from the general
equation of motion, equation (4-20).
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Chapter 5

SATELLITE COMMUNICATION AND
DATA HANDLING

5-1. Prolog

Passive, noncommunicating, ‘‘dark’’ satellites may be useful in
geodetics and aeronomy, but a satellite’s scientific utility is in-
creased manyfold by adding telemetering equipment. Conse-
quently, most scientific satellites are active. Like their predeces-
sors, the sounding rockets, scientific satellites tie the experimenter
to his experiment with electromagnetic waves.

The typicai scientific satellite circles the Earth at an altitude of
only a few hundred kilometers. Rarely do eccentric orbits swing
out beyond the Moon. Over such short distances, communication
is relatively easy. Communication problems still exist, but satel-
lites do not operate at the threshold of communication feasibility,
like the deep-space probes. Satellite-to-Earth communication is,
in fact, so successful that one major task lies in coping with the
flood of data that converges on the Earth from nearby space. An
Observatory-class satellite, for example, may transmit bursts of
data at a rate of 100 000 bits/sec, or, in more vivid terms, a book
or two a minute. Recording, manipulating, storing, and somehow
reducing this inundation to scientific meaning now pose a far
larger problem than satellite communication per se. Many design
choices and tradeoffs are strongly influenced by the data-handling
problem.

Scientific satellites are basically information gatherers. Their
instruments are extrapolations of man’s senses. Information is
the common currency involved here. The bulk of satellite-garnered
information travels via electromagnetic waves, but, to be com-
pletely general, a second space-to-Earth information channel is
created by the recoverable satellite and the data capsule deorbited
from a parent satellite (fig. 5-1).
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Ficure 5-1.—Information-flow diagram for a scientific-satellite system.
(Sensors may be experimental, status-indicating, or altitude-indicating.)
(Adapted from ref. 1.)

Information in four distinct categories is transmitted from and
to a scientific satellite:

(1) Scientific data, which often, but not always, make up the
greatest part of the information exchanged

(2) Data conveying the ‘‘health,”” or status, of the satellite;
i.e,, temperatures and voltages. (Also called housekeeping or
engineering data.)

(8) Commands sent from the Earth to the satellite

(4) Navigational information, including attitude and (rarely,
for satellites) positional data. Often, navigational data will con-
sist only of the output from solar-aspect sensors or magnetometers.
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The flow of information between experiment and experimenter is
far from direct and not all one-way. Interposed between the
experimenter and his instrument are analog-to-digital (AD) con-
verters, rf links, data-storage devices, data compressors, data-
display equipment, and the like—all conversing among themselves
by means of electrical signals as they modify and mold the raw
sensor readings. The necessity for and extent of data handling
support the basic contention of this chapter: Data handling is
becoming a major determinant of satellite communication-sub-
system design.

The satellite’s communication subsystem is manifestly essential
to mission success. It is, however, but one of 10 satellite sub-
systems and cannot be surgically excised from the system as a
whole, The most sensitive interfaces are portrayed schematically
in figure 5-2. Satellite subsystems also converse among them-
selves, usually with the communication subsystem serving as a
hub. But these dialogs sometimes circulate in closed loops (feed-
back) and never reach Earth, especially where spacecraft-status
information is involved.

What makes good communication? Low cost, high reliability,
and system capaciousness, measured in bits/sec, are obviously
important considerations, but only when considered in a systems
context (ch. 83). This observation leads to the subject of design
tradeoffs. One could, for example, increase the rate of informa-
tion transfer by increasing the satellite transmitter power level.
But a larger power supply means reducing the number of scientific
experiments carried. The overall scientific value of the mission
might be decreased rather than increased. The gist is that strict
adherence to the bit-rate and transmitter-power equations (secs.
5-2 and 5-5) does not necessarily lead to the best design. The
tradeoffs involve more subtle, equationless factors, such as the
compatibility of the satellite communication subsystem with exist-
ing ground-based equipment.

Finally, this chapter deals only with the transmission and han-
dling of satellite information. Equipment design is treated in
chapter 9.

5-~2. Information and Languages

The basic commodity of communication is information. To
evaluate the performance of communication equipment, informa-
tion must be quantified and made measurable. The unit of cur-
rency is the bit: represented by a 1 or a 0, a yes or no, a pulse or
a no-pulse, or any other two-valued phenomenon. A bit is a digit
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Figure 5-2.—Interface diagram showing the more important relation-
ships between the communication subsystem and the rest of the space-
craft. The dotted line shows one of the many other information links
that bypass the communication subsystem.

in the binary number system. Numbers in any system of counting
may be reduced to binary, which is based on the number 2 instead
of the usual 10. For example, the binary number 101 is a three-bit
number equivalent to 5 in the decimal system. Continuously vary-
ing analog data may also be approximated by a series of binary
numbers (fig. 5-3). The binary system of numbers is particularly
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—

N\

AN

Sensor output (volts)
(=] Pt N W LW (- -4 0

0 1 2 3 4 5

Digital word number

Data Decimal Three-bit Four-bit

word sensor data data
no. reading word word
1 6.3 110 1101
2 4.1 100 1000
3 1.8 010- 0100
4 L6 010 0011
5 L7 010 0011

Fi1cure 5-3.—Analog signal represented by 3-bit and
4-bit data words. In the 3-bit word, each bit cor-
responds to 1 volt. When the scale is expanded,
usilng 4-bit words, each bit then corresponds to 0.5
voit.

convenient to mechanize in terms of electronic components, mainly
because nature has provided us with so many two-valued devices,
such as relays and electronic switches. Much satellite communi-
cation relies on the binary language.! It is the lingua franca of
machine communication.

Information is much like heat energy, in that it cannot be trans-
ferred from one place to another without being degraded to some
extent. In fact, the laws describing information transfer have
many of the trappings of thermodynamics. Information, for in-
stance, possesses entropy. An important equation relates the rate

* Pulse code modulation (PCM), in particular, employs the binary system

of counting. Other modulation schemes, such as pulse frequency modulation
(PFM), do not necessarily use the binary language.
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of information transfer, H, measured in bits/sec, to the bandwidth
of the communication channel, B, measured in cycles/sec:

H=Blog: (14+8/N)
where S/N=the signal-to-noise ratio (table 5-1)

Nature introduces noise into all communications, making the com-
prehension of the transmitted information more difficult. The
larger the signal-to-noise ratio, the more information one can
receive and correctly decipher on a given channel. For threshold
reception, S/N=1, but in practice S/N=10 or 15 for fair read-
ability.

(5-1)

TaBLE 5-1.—Typical Information Rates

[From ref. 3]}
Straight With
Type of message transmission | compression

(bits/sec) (bits/sec)
Color TV (commereial) - . ... ..o, 7X107 106
Black-and-white TV (commercial)__ ... _._ ... _....._. 4X107 105 to 108
Speech. _ . __ - 7X104 102
Facsimile. __ ... 24Xx108 102
Coded English text (20 words/min)____._________.___. 10 2

P;'r'ny Parity
10 o 0 1

{a)
Carrier

b4 mand \
First %mand n Commands Last command
4 Y., .
First First Second Second Same Endl
Command word verification word command word verification word format Su'lllo nl‘oml
30 bits of 30-bit complement 30 bits of 30-bit complement | | bod
11l command of command command of commans  jatjfirst command | yy
signal information information information information command -
[ ] #
t_ ,\ R‘la:;lhﬂ ) J

F1cure 5-4.—Types of word structure: (a) two seven-bit words, 1101001
and 1101011, each followed by a parity bit; (b)) the OAO command-
l(ne?sage structure, showing command words and their complements

ref. 2).
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Assume for the moment that all satellite conversation is trans-
lated into binary numbers represented by a string of bits (fig.
5-4(a). An ordered group of bits—representing a data point, a
command, or a measurement of satellite attitude—is called a word.
A data word may be of almost any length. One-bit words might
represent the position of a switch. Four bits might be needed, as
in figure 5-3, to represent an analog measurement to the accuracy
desired. The OAO command word illustrated in figure 54 (b)
requires 32 bits. A word must be long enough to accommodate the
probable dynamic range and the desired accuracy of the experi-
ment. Word length may be variable, say, upon command from the
ground, or by direction of a data-compression circuit that chops
off useless leading zeros.

Three important features of digital telemetry illustrated in
figure 5-4 are:

(1) The need to append an address to a command word so that
the coded instruction * will be delivered to the proper satellite sub-
system by the command decoder in the guidance-and-control sub-
system

(2) The use of the complement of the command word for
checking purposes. In a complement, each 1 or 0 in the command
word is replaced by 0 or 1, respectively. Upon receipt of a critical
command, the satellite guidance-and-control subsystem adds the
command word and its complement together; if the result is not a
string of 1’s, the transmission has been garbled and must be re-
transmitted.

(3) The use of a parity bit at the end of a data word. A parity
bit is 1 if there is an odd number of 1’s in the data word; 0, other-
wise. Incorrect parity bits indicate the loss of an odd number of
bits during transmission; the loss of a single bit being the most
likely occurrence.

The use of parity bits and word complements represents re-
dundancy, an attractive, easily mechanized feature of digital
operations. Redundancy occurs whenever data are repeated or its
information content partially reiterated. Spoken languages al-
ways contain some redundancy. A missing word, for example, can
often be inferred from context. An incorrect parity bit, like a
missing spoken word, indicates an error in communication. No
finite amount of redundancy can ever guarantee perfect data
transmisgion. Fortunately, satellite instrument readings usually
vary so slowly that the spurious data points are easy to spot

* Instructions may involve merely execution (switch throwing) or quantita-
tive execution (roll 10°),
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visually or by machine. The discarding and interpolation of sup-
posedly bad data points are equivalent to correcting a message by
context. Where erroneous data points are not obvious from con-
text, error-correcting codes, such as those using parity bits, must
be relied upon.

Scientific and engineering instruments on a satellite are usually
scanned sequentially; that is, a magnetometer will be read, then a
thermocouple, then a solar-aspect sensor, and so on, in an orderly,
recurring fashion. This procedure is called commutation, or
time-division multiplexing.* A commutator may be thought of as
a rotating switch, on which each position corresponds to a telem-
etry channel. The resulting sequence of words is arrayed sche-
matically in table 5-2 to illustrate a data frame. On large satel-
lites, there may be more than one commutator, each with its own
set of channels. Furthermore, subcommutators may sequentially
change the data points inserted at various word positions in the
frame, as indicated for OSO II in tables 5-2 and 5-3. Table 5-3,
in fact, also illustrates the great variety of data points telem-
etered from a medium-sized satellite,

The telemetry format shown in table 5-2 is generally rigid;
that is, each word has so many bits assigned to it. In this way,
many zeros may be transmitted before the first significant bit is
reached in each word. Such wasted space can be reduced by:

(1) Judiciously changing the word length upon command.
(2) Designing a data compressor that automatically eliminates
leading zeros from the word.

Telemetry capacity may also be conserved by changing the sam-
pling rate for experiments that are yielding data that vary slowly
with time.

Data selection is different from data compression, which merely
discards bits that are not significant. In automatic data selection,
some judgment is exerted. Data points might be sent at a rate
depending upon how fast they change in time. If, for example,
magnetic-field sensors indicated a sudden change in field strength,
the satellite circuits would recognize the situation and send mag-
netometer readings more frequently. In the inverse case, the
data-transmission rate would be reduced. In automatic data selec-
tion, a degree of judgment is built into the spacecraft so that less,
but more important, information is transmitted. In data com-

! Frequency-division multiplexing, where each channel is identified with a
subcarrier of different frequency, is employed where there are relatively few
data points to telemeter.
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TABLE 5-2.—The 32-Word OSO-II Data Frame. The Sail and Wheel
Subcommutators Sequentially Insert the Channels Listed in Table 5~3

o)) 2) @) 4)
NRL Wheel subcom- Harvard Harvard
experiment mutator experiment experiment
6)] (6) Y] )
NRL NRL Univ. of Sail subcom-
experiment experiment New Mexico mutator
experiment
9) (10) 1) (12}
NRL NRL Harvard Harvard
experiment experiment experiment experiment
(13) (14) (15) (16)
NRL Univ. of Univ. of Sail subcom-
experiment Minnesota Minnesota mutator
experiment experiment
an (18) (19) (20)
NRL Wheel subcom- Harvard Harvard
experiment mutator experiment experiment
(21) (22) (23) (24)
NRL GSFC Univ. of Sail subeom-
experiment experiment New Mexico mutator
No. 1 experiment
(25) (28) 27 (28)
NRL GSFC Harvard Harvard
experiment experiment experiment _experiment
No. 2
(29) (30) 31) (32)
NRL Univ. of Frame Frame
experiment Minnesota synchronization synchronization
experiment
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pression, the same amount of information is sent, but in a more
compact form; that is, fewer bits. Take a string of 50 constant
8-bit data points. The same information could be sent in just two
eight-bit words—a 50, plus the constant reading—leaving 48 words
available for other information. In data compression and selec-
tion, the additional circuit complexity and its effect on overall
reliability must be weighed against the increased amount of infor-
mation received on Earth.

5-3. Data Transmission Media

Until now, conventional radio waves have been assumed to carry
information from satellite to Earth, and vice versa. Radio telem-
etry is attractive because we have a half century of experience in
implementing radio links. The radio spectrum, though, occupies
only a few decades in the total electromagnetic spectrum, which
stretches from radiofrequencies to gamma rays. In addition,
commercial and military traffic always threatens to dispossess the
scientific-research channels. The search for more bandwidth
forces engineers to examine the rest of the electromagnetic spec-
trum and even beams of atomic particles for use as potential
communication carriers. Looking is not finding, however, and
radio waves are well entrenched as the basic information carrier
for satellite science.

TABLE 5—4.—Frequencies Available for Space Research (Mc) *

10. 003~ 10.005 183.1 -184.1 5670-5725
19.990~ 20.010 400. 05— 401 8400-8500
15.762- 15.768 900 - 960

18.030- 18.036 1427 -1429 Ge
30.005- 30.010 1700 -1710 15.25-15.35
39.986— 40.002 2110 -2120 31.0 -31.3
136  -137 2290 -2300 31.5 -31.8
137 -138 5250 -5255 31.8 -32.3
143.6 -143.65 34.2 -35.2

a Extraordinary Administrative Radio Conference, International Telecom-
munication Union, Geneva, 1963 (ref. 5).

Satellite communication presently employs frequencies between
10 and 10 000 megacycles, although the frequencies allotted to
space research by international agreement extend up to 35.2 giga-
cycles (table 5-4). Frequencies lower than 10-16 Mc are reflected
by the ionosphere and have to compete with terrestrial communi-
cations and severe radio noise (sec. 5-5), so that the low-frequency
restrictions of table 5-4 are not significant. Besides, there is less
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room for wide-bandwidth channels at low frequencies. Moving
to higher frequencies, an opaque edge to the atmospheric radio
window begins at the 50 gigacycles, beyond which satellite com-
munication is difficult.

Another major communication window opens in the visible por-
tion of the spectrum. Here, engineering interest has focused on
the laser as a source of highly directional, extremely coherent
electromagnetic radiation (ref. 4). A few megacycles of band-
width are easy to find at optical frequencies of 105 cycles/sec.
Lasers can also generate intense, narrow beams that are suitable
for tracking as well as communication.! Communication lasers
are still in the development stage. Better modulation and detec-
tion schemes need to be perfected before the optical range is
opened to satellite communication. Finally, the tremendous mass
of data already flooding experimenters signifies no pressing need
to expand our ability to transmit data from satellites.

Moving beyond the visible portion of the spectrum, ultraviolet
radiation, X-rays, and gamma rays are strongly absorbed and dis-
torted by the atmosphere. Directional, coherent, easily modulated
radiation sources are not available at the very short wavelengths.
Physical particles, such as protons and neutrons, are subject to
the same criticisms, and, for the present, are ruled out for satellite
communication.

In summary, widespread research-and-development efforts are
opening up the optical frequencies for communication, but there
seems little need for more information-carrying capacity in satel-
lite research.

5-4. Carrier Modulation

Once an information carrier has been selected—in all probabil-
ity, a train of electromagnetic waves—some way of impressing
information on it must be found. Primitive radiotelegraphy
merely switched the carrier itself on and off in Morse code fashion.
Later, the telemetry carrier was modulated in a more sophisticated
fashion. To illustrate, the amplitude could be sequentially modu-
lated at different frequencies, each frequency representing an out-
put of a sensor. Frequency modulation and phase modulation
quickly followed amplitude modulation (fig. 5-5). The rapidly ex-
panding requirements of industrial and military telemetry gave
birth to a host of modulation and coding schemes described by a
maze of letter abbreviations. A pause to explain these abbrevia-
tions will save dozens of footnotes in this chapter.

There are three important carrier-modulation techniques: am-

* Laser signals have been reflected from Explorer XXII and detected at
NASA’s Wallops Island facility.
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Amplitude modulation (AM)

Frequency modulation (FM)
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Pulse-amplitude modulation (PAM)
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Puise-position modulation (Pi'M)

Ficure 5-5.—Comparison of several kinds of telemetry
modulation.

plitude modulation (AM), frequency modulation (FM), and phase
modulation (PM). Such abbreviations are strung together like
this: AM/AM, FM/AM, FM/FM, etc. The right-hand side refers
to the method of carrier modulation; the left-hand side, to the
modulation of subcarriers impressed upon the carrier. If only one
term is used—i.e., AM or FM—it refers to the main carrier. With
the advent of pulsed telemetry, the abbreviations explained in
figures 5-5 and 5-6 appeared. Sometimes three abbreviations are
merged. For example, PAM/FM/FM describes a telemetry system
sampling AM pulses and frequency modulating the subcarriers of
a frequency-modulated carrier. The conventions are summarized
by the following arrangement: data encoding approach/subcarrier
modulation/carrier modulation.

When no subcarriers are present, the middle term is dropped.




SATELLITE COMMUNICATION AND DATA HANDLING 147

5
msec
10 .3 10 10_¢ 10 10 _J
“msec muec | msec  msel T msed msec‘]
‘ | . '

‘ fz

e o ‘
-~-—-fhd’nl’h"'&” -

DATA DATA
CHANNEL 15 CHANNEL 1 DATA

SYNC,PULSE CHANNEL 2

Ficure 5-6.—Pulse-frequency modulation (PFM). The
frequency of the pulses in each group carries the infor-
mation (ref. 6).

When encoding methods are discussed, the left-hand abbreviations,
such as PCM, are used alone.®* To make matters worse, the con-
ventions are not always followed.

Many telemetry schemes have been tried in space telemetry, but
the most popular have been FM/FM, PFM, and PCM/FM. The
first Explorer adopted FM/PM and FM/AM telemetry. Pulse-
code modulation (PCM) appeared as early as 1959 on Explorer
VI. The term ¢‘Telebit’’ was applied to the uncoded, binary PCM
telemetry on Explorer VI. PCM techniques are rapidly gaining
dominance, particularly on large satellites, a fact implying that
figures of merit must exist for the intercomparison of the various
modulation techniques.

Quantitative comparison of telemetry codes usually involves
power, bandwidth, and information efficiency. Table 5-5 shows
that the three PCM schemes all appear to—

(1) Use relatively little power. A valuable property on a
power-limited satellite

(2) Use relatively little bandwidth, which is desirable when the
spectrum is crowded

(3) Have relatively good information efficiencies

True, PCM is not the absolute best in any category, but it is a good
compromise. Theoretical studies also show the PCM telemetry
transmits information with less chance of error under conditions
found in satellite telemetry. In other words, PCM provides good
signal-to-noise ratios.

Beyond all these numerical measures of performance is a fact
emphasized earlier: Only digital computers can effectively cope
with the flood of satellite data. PCM is more nearly compatible
with computers than other common modulation schemes. Other
factors favoring PCM are:

* The Inter-Range Instrumentation Group (IRIG) sets the telemetry stand-
ards for space-research work in the United States.
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TABLE 5-5.—Comparison of Telemetry Systems

Rf power
Telemetry scheme required * Information | Rf bandwidth
(relative to efficiency © (kc) ¢
PPM/AM) b
PPM/AM _ ... 1 0.17 76
PCM/FM.__ ... 1.7 .24 18
PCM/PM .. ... 2 .21 20
PCM/AM ... .___. 3.4 .21 18
PAM/FM .____ ... 8.3 .050 85
AM/FM.___ ... 9.3 .045 93
PDM/FM -~ _ . .___ 9.3 .045 92
PODM/PM . ... 11 .036 110
FM/FM__ .. 14 .030 140
AM/PM__ e 15 .028 150
PAM/PM _ .. 15 .028 150
PDM/AM._ ... 16 .035 94
FM/AM.___ ... 17 .055 50
FM/PM___ .. 18 .023 185
PAM/AM ______ ... 250 .073 18
AM/AM ... 2300 .24 9.4

s Based on a signal-to-noise power ratio at threshold of 100 and a total information
bandwidth of 1000 cycles/sec (ref. 7).

b Pulse-position modulation.

¢ A measure of the system’s capability to transmit information at a given power level.

d For a given power level and signal-to-noise power ratio.

© Pulse-duration modulation.

(1) PCM circuitry can draw upon the computer industry’s ad-
vances in miniaturization, redundancy techniques, and improve-
ments in component reliability

(2) PCM telemetry can incorporate the parity and word-com-
plement checks described earlier

(3) All kinds of information—data, commands, etc.—can be
easily encoded

(4) PCM possesses unlimited accuracy; that is, words can be
made any length, using as many significant bits as desired. In
contrast, analog information is limited, with an accuracy of about
one part in a thousand.

The case for PCM is very convincing, but there will always be
special applications that can justify the selection of a different
type of telemetry. PCM is complex. PCM equipment possesses
significantly more components when compared with other kinds of
modulation equipment. Status telemetry for the smaller launch
vehicles, for example, finds FM/FM and other types of modulation



B e e —

SATELLITE COMMUNICATION AND DATA HANDLING 149

simpler and perfectly adequate. PFM is very common on Ex-
plorer-class satellites. In the case of space research, however, the
standardization of data-reduction equipment and archiving sys-
tems accelerates the trend to digital codes.

5-5. Constraints and Tradeoffs in Satellite Communication

Information, like electrical power, penetrates every nook and
cranny of the scientific-satellite system, including those portions
that remain behind on Earth. Major communication parameters—
for instance, carrier frequency, word format, or reliability—can-
not be selected without affecting other parts of the svstem. To
prepare a foundation for thapter 9, the satellite ‘‘hardware’”’
chapter, some important communication constraints and tradeoffs
will now be explored.

The Choice of Carrier Frequency.—In section 5-3, the narrow
electromagnetic windows in the atmosphere, radio noise, and the
crammed radio spectrum were mentioned as constraints affecting
the choice of the carrier frequency in satellite telemetry. The
major factors involved are listed in table 5-6.

TABLE 5-6.—Factors A ffecting the Choice of Carrier Frequency *

Factor Troublesome Table or figure
frequency region reference
Atmosphericnoise.__________________________ <50 Mc Figure 5-7.
Manmade noise._ ___ .. ________ . . ________.___ <1Ge None.
Cosmicnoise. ... ... _____. <4 Ge Figure 5-7.
Terrestrial noise___.________________________. <10 Ge Figure 5-7.
Oxygen and water-vapor noise. .._______.__.___. >10 Ge Figure 5-7.
Solar noise . . _ e eaoa. <30 Ge Figure 5-7.
Electron attenuation. ... ____________________ <1 Ge Figure 5-8.
Condensed water-vapor attenuation_ __________ >3 Ge Figure 5-8.
Oxygen and water-vapor attenuation. _.________ >10 Ge Figure 5-8.
Ionospherie refraction_._.__ .. .. ___________ <1Ge Figure 5-9.
Tropospheric refraction_ . . ... .. ... _._._.. <30 Ge Figure 5-9.
Faraday rotation.__ .. _____________.___ ... ... <10 Ge Figure 5-10.
Scintillation_ . . _______ . _______ ... <1 Ge None.
International agreements___________.____._.._ ... (table 5-4) Table 54.
Stateof theart .. ____________.__.__.____. <10 ke, >100 Ge | None.

* Adapted from ref. 8, used by permission of MeGraw-Hill Book Co.

No regions of the electromagnetic spectrum are free and clear
of impediments to satellite communication. Noise and attenuation
can always be overcome by pumping more power into the satellite
transmitter, but this obviously incurs a weight penalty. Atmos-
pheric signal-path distortions imply tracking-antenna corrections.
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Ficure 5-7.—Composite external-noise profile (ref 8. Used by permis-
sion of McGraw-Hill Book Co.).

State of the art—a very real constraint—can be advanced with the
application of money.

Taking noise first: noise is received from every object seen by
the ground station’s antenna pattern. Most of the noise plaguing
satellite communication originates in the random motion of elec-
trons in the noise source. It is not surprising to find the hot Sun a
major noise producer (fig. 5-7). Happily, the Sun and the satel-
lite will not be in the antenna pattern at the same time very often.
Other, but much weaker, celestial-noise sources dot the sky, espe-
cially along the Milky Way. Communication will be degraded
when these sources are intercepted by the antenna. Even the
Earth generates noise. At low elevation angles, antennas pick up
this low-temperature radiation.

Noise is conveniently described by assigning an effective black-
body temperature to the objects intercepted by the receiving an-
tenna. The noise intensity is given as a function of frequency by
the Stefan-Boltzmann law. The Earth’s radio-noise spectrum
peaks at about 254° K, while the Sun’s corona has a radio temper-
ature of millions of degrees. The composite external-noise profile,
which excludes the Sun, shows a relatively transparent electro-
magnetic window between 1 and 10 gigacycles (fig. 5-7).

Electromagnetic waves are attenuated when carrier energy is
extracted from them by molecules that are resonant near the car-
rier frequency. Attenuation is a function of the total mass of the
atmosphere along the transmission path. Figure 5-8 illustrates
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Ficure 5-8.—Composite atmospheric attentuation

profile for temperate-zone ground stations, with no

recipitation (ref. 8; used by permission of the
IcGraw-Hill Book Co.).

the differences in attenuation for short vertical and long horizontal
paths. High, arid spots make good telemetry-receiving stations,
because there is less atmosphere above them and the air contains
less water vapor. Electromagnetic waves are also attenuated
when they cause ionosphere electrons to oscillate. The resonant,
or ‘“‘plasma,’’ frequencies lie between 5 and 15 Mc. Ionospheric
attenuation depends upon the total electron population along the
transmission path, a property dependent upon solar activity. At-
tenuation leaves an open communications window between 1