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b. With P;. defined as the rf carrier power output delivered to the
transmission line leading to the duplexer (either in the earth terminal or aboard
the satellite) and Py . defined as the carrier power delivered to the receiver amplifier
input at either the earth terminal or satellite receiver, the ratio TC/Pg can be
called the transmission loss (Ly) of a single communications space link.

P P
Ly = J¢ L;(dB) = 10 log,, (-—Tﬁ) (7.11)
Prc Prc

It is convenient to divide Ly into the sum of five losses for further study, thus:
Ly = Lg+ L, +L +L +1L,, (7.12)
where
Ls is an isotropic space loss (dB)

L, is the loss between the output of the transmitter power amplifier
and the antenna (dB)

L, is an absorption loss due to normal (clear) weather (dB)
L,x, iS5 excess atmospheric absorption loss during periods of rain (dB)

L is a loss similar to L, between the receiver antenna input and the
receiver amplifier (dB)

(1) /sotropic free space loss.

(a) For any free space link, the ratio of the power radiated by the transmitter
antenna P, to the power absorbed by the receiving antenna Py (if both antennas
are assumed to be isotropic and in free space) is called the isotropic free space
loss (Lg).
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{b) This isotropic free space loss is related quantitatively to the distance
between the transmitter and receiver and to the frequency, or wavelength, of the
signal. The free space loss formula (para 7-2) has been used to prepare the graph
shown in figure 7-11. It can be seen from this graph that for a distance R of
4-10% km, which is typical of a ground-to-sateilite link, and a frequency of 8 GHz
(shf band), the isotropic free space loss is 203 dB. The isotropic loss Lg increases
as the square of both distance and frequency. Expressed as a formula:

L = (4ﬂfr)?

s

Lg{dB) = +92.45 + 20 log f + 20 log Dr {7.14)
where

f is frequency in GHz

Dr is path length in km

(2) .Atmospheric and rain loss.

1a) The atmosphere has a selective absorption of radiation in the microwave
millimeter portions of the spectrum between 10° and 10'! Hz, as diagramed in
figure 7-12. The right-hand curves represent absorption by oxygen and water vapor
which occurs under even the best of conditions; i.e., clear weather. The left-hand
curves represent excess rain loss in the atmosphere when rain or fog formations
are dominant factors. The curves of figure 7-12 have been theoretically derived
and experimentally verified.

{(b) The amount of absorption due to water vapor and excess rain loss (L,, )
varies considerably depending on the weather. Both excess rain loss and clear
weather atmospheric loss (L,) are dependent to some extent on antenna elevation
pointing angle. This is because, at low elevation angles, the radio signal traverses
a longer path through the earth's atmosphere than at high elevation angles. At
an antenna elevation angle of 5 degrees, the path length through the atmosphere
is approximately 50 km in length. The constituents of atmosphereic absorption
and how they vary with frequency in the case of a 50-km path length are shown
in figure 7-12. Figure 7-13 shows the total one-way clear weather absorption as
a function of frequency for different antenna elevation angles.

{c) Since excess rain loss becomes a factor only during periods of rain or
fog, it is expressed as a percentage of time that it exceeds a certain value. A curve
plotted to show this type of relationship is known as a distribution curve. Figure
7-14 is a typical distribution curve of excess rainfall attenuation for a relatively
dry climate such as San Diego, California.
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CHAPTER 1

INTRODUCTION

1-1. THE GROWING NEED FOR COMMUNICATIONS. Perhaps the most
spectacular evolution in all branches of technology during the last half century
has occurred in the field of communications. Radio has evolved from an
experimental curiosity to a definite necessity. Since World War 1l, advances in
manufacturing techniques and the circuitry design of communications equipment
have led to greater reliability and capability, together with considerable decreases
in size and weight.

a. At the same time the demands made on the techniques and capabilities
of communications have increased enormously. A world population once separated
by weeks, or months, is now only minutes, or at most, hours apart. Peoples and
whole areas that were little more than question marks on maps are now in close
contact with the major population centers of the world. Modern military equipment
and weapons, that permit an army to be moved halfway around the globe in a
matter of hours and strikes to be made against any point on the earth's surface
in minutes, demand an increase in the ability to communicate rapidly and accurately
with such forces, wherever they may be located.

b. The constant need to improve military communications has fong been
recognized. Unfortunately, such improvements often have been hampered by the
crowded frequency spectrum, budget limitations, and the regimented pace of the
military to adopt advances in the state-of-the-art. Although the communications
facilities of the various military departments have been able to support their
communications requirements in the past, the predictable demands of the future
will require large-scale improvements to be made more rapidly than in the past.

c. Experience over the past 20 years has shown that the usage rate of both
commercial and military systems increases by approximately 10 percent per year.
Also, when an improved service is offered, the traffic tends to increase. An example
of the latter is the increase in the number of long-distance telephone calls following
the introduction of direct distance dialing service.

d. New facilities, particularly those for fong haul communications, will be
made available in the near future to areas where they are now either inadequate
or nonexistent. This new fong haul traffic will constitute an increasing percentage
of the total traffic. Also, the increasing use of data processing equipment and
computers will result in an increase of digital machine-to-machine traffic volume.
This will open new areas and requirements and bring additional users into the
Defense Communications System (DCS).
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e. A significant example of digital traffic growth will be the widespread
use of digitized voice to provide secure voice communications and bulk encryption.
At present, digitized voice with speaker recognition cannot be transmitted within
the standard 4-kHz telephone channel. While digital transmission may require wider
bandwidths, it can use trancmission media more efficiently and be multiplexed
more cheaply than comparable analog systems. Digital system performance is more
stable and allows better system design than analog systems.

f.  The requirements tor pictorial and analog voice communications are
expected to increase gradually. The requirements for digital traffic are, however,
forecast to increase at a rapid rate.

g. The growth in communications is not confined to the military and
commercial systems of the United States. The systems of other countries are
experiencing the same growth of traffic and new fields of technology are making
possible additional communication services. These are adding their demands for
frequencies to those of the existing military and the commercial communications
users.

h. These worldwide demands placed against the limited number of usable
frequencies available are rapidly exhausting the potential for new conventional radio
communication systems. When coupled with the need for increased capability in
military communications systems, the need to develop and implement new systems
becomes even more pressing.

1-2. REQUIREMENTS FOR A MILITARY COMMUNICATIONS SYSTEM.
While many of the requirements to be met by future long haul communications
systems are the same for commercial and military use, the military systems must
generally be more flexible. Military systems must provide communications that will
permit early warning of high-speed attacks; that are reliable, flexible, and secure
for transmitting decisions; and that can maintain absolute control of forces and
weapons in nuclear, limited, or conventional war. In order to meet these
requirements, military long haul communications systems must be reliable,
invulnerable, secure, flexible, and of adequate capacity and quality. These
requirements are discussed below,

a.  Reliability. In order for a military communication system to fulfill its
purpose it must be always available. The availability of a system depends on several
interlocking factors; the reliability of the equipment and components employed,
the reliability of the particular communication media employed, and the skill and
knowledge of the personnel operating and maintaining the system. Each of these
availability requirements is important, for reliable equipment is useless without
skilled operating personnel, and skilled operating personnel cannot abtain
dependable performance from poorly designed equipment.

1-2
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(1) The requirements for reliability are much more stringent for a military
system than for a comparable commercial system, for even a brief failure of the
military system might have disastrous political and international consequences.

(2) The military system is often forced to provide this reliability while
operating in a much more difficult environment than would ever be selected for
a commercial system.

b. Invulnerability. A second distinguishing requirement of the military
system as opposed to the purely commercial system is that the military system
must be as invulnerable as possible to overt enemy action. This enemy action may
take various forms, including physical destruction, capture of parts of the system,
or the transmission of high powered jamming signals.

{1) To meet these invulne-ability requirements, the military system must be
designed and installed so that it can be protected from military action and be
as resistant as possible to physical destruction. This is often accomplished through
the hardening of installation sites. This is not economically feasible for commercial
systems, although some commercial systems have been designed with the survival
of enemy attack in mind.

{2) Provisions for combating jamming must also be included in the military
system. These provisions normally take the form of incorporating, within the
system, an ability to tradeoff system capacity during jamming in order to use
techniques that make the system more resistant to jamming signals. Such equipment
generally requires wider bandwidths than those normally used in commercial
practice and is; therefore, usually incompatible with commercial systems.

c. Security. A third requirement placed on the military system is to deny
enemy access to the information being transmitted. To ensure that the enemy is
unable to decipher the information, encryption techniques are necessary. This
imposes additional requirements on the communications system which are not
normally satisfied by commercial communications systems.

d. Flexibility. Commercial communications systems grow in a fairly
predictable pattern with the growth of large population centers. Military
communications systems do not have a directly predictable pattern.

(1) Considering the present world political situation, requirements for
reliable, invulnerable, secure communications for military purposes possibly may
arise tomorrow in areas where there are no existing communication systems. No
commercial system would, nor could, reasonably be expected to supply such
flexibility.
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(2) To meet this requirement, the military system must include not only
fixed sites which will, as with commercial systems, be located in selected politically
stable areas, but also must include transportable equipment which can be moved
rapidly to areas where emergency demand might arise.

e. Capacity. As discussed in paragraph 1-1, the military services require more
and more communications channels. This increase in requirements is especially true
of the channels capable of handling digital traffic.

f.  Quality. The quality of the transmission required in the military system
differs from commercial practice. While the military may relax quality requirements
for tactical circuits, the strategic long haul circuits are comparable to those in
commercial systems.

1-3. LIMITATIONS OF PRESENT TECHNIQUES. The facilities for long haul
trunking in use in present-day systems consist of high frequency (hf), ionospheric
scatter, tropospheric scatter, multiple-hop line of sight (LOS), cable, and satellite.
These methods have inherent limitations that prevent them from entirely meeting
the requirements for which they were designed. These limitations are discussed
below.

a. High Frequency Limitations. The propagation of signais in the hf band
(3 to 30 MHz) over long distances is dependent upon the reflection of hf signals
in the ionosphere. lonization in this layer is due principally to ultraviolet radiation
from the sun; as a result, the height of the ionized layer and the degree of ionization
are subject to pronounced daily and seasonal variations. The degree of ionization
is also influenced by sunspot activity; the effect of increased sunspot activity is
to increase the maximum usable frequency. Since there is an observed cycle of
approximately 11 years in sunspot activity, long distance communications in the
hf band will also vary in an 11-year cycle. The variation in the usable frequency
spectrum is on the order of 2:1.

(1) Figure 1-1 illustrates the important variations in maximum usabie
frequency of the hf band for single-hop transmission. Multiple-hop transmission
is subject to the same variations but the effect is exaggerated with each hop. After
the low point of the sunspot cycle, the maximum usable frequency gradually
increases until the next maximum sunspot activity is reached. At this time the
usable portion of the hf band will be more than twice as great as that at the
sunspot activity minimum. Sunspot cycle peaks, from now until the end of this
century, are predicted to be less active than recent peaks.

(2) Channel capacity in the hf band is limited most directly by the crowded
conditions of the band. This band must be shared by many foreign and domestic
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users and only a small portion is allocated to the DCS. New developments have
permitted more efficient use of the availabie bandwidth slots; however, circuit
requirements have grown coincidentally and the band is more crowded than ever.
Also, only a small portion of this band is useful for point-to-point long-distance
communication at any time.

{3) Reliability of long-distance hf propagation, in terms of military
requirements, is considered poor. In addition to the variations in the usable
spectrum that occur daily, seasonally, and over the 11-year sunspot cycle, there
are occasions where the entire hf band becomes relatively useless due to magnetic
storms caused by solar flares. These latter effects are particuiariy disrupting to
communications to and from the polar areas. In addition, hf transmissions are
subject to fading due to multipath effects and variations in the ionosphere. Service
at hf is also subject to blackout as the result of nuclear detonations in the upper
atmosphere.

b. Frequency Limitations. Point-to-point radio communications in the very
high frequency (vhf} band (30-300 MHz), the ultra high frequency (uhf) band
{300-3000 MHz), and the super high frequency (shf) band (3-30 GHz) may be
accomplished by two basically different techniques.

(1) One technique uses numerous repeaters or radio relays spaced at, or near,
the optical horizon. These systems are referred to as LOS systems. Where vhf is
employed, the relays may be beyond the optical horizon (fringe area) due to
refraction of vhf signals in the atmosphere.

{2} The second technique employs the phenomenon of radio wave scattering.
Scatter propagation is not to be confused with reflection or refraction. The path
loss is great in the scatter modes, and scatter propagation generally requires
high-power transmitters and sophisticated receiving techniques. The principal
characteristics of LOS and scatter systems are compared in table 1-1,

(a) While having numerous advantages over hf, the LOS and scatter systems
do have limitations. Neither LOS, with the exception of satellite communications,
nor scatter propagation will span a large body of water unless sites for repeater
stations are available. In addition, ionospheric scatter is too limited in bandwidth
to provide more than a fraction of the service needed for the DCS.

(b) Terminal and repeater stations are vulnerable to attack and sabotage. The
vulnerability of LOS systems is particularly great because of the large number of
repeaters. Jamming is possible with only moderate effort. Ground-based or airborne
jammers can jam the side lobes of LOS receiving antennas or tropospheric scatter
receiving antennas. Transportable terminals of LOS equipment are easily and quickly
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Table 1-1. LOS versus scatter propagation
LOS lonospheric Tropospheric
Parameter microwave relay scatter scatter

Frequencies

Transmitter power
Distance to next

repeater

Baseband band-
width in terms of
voice channels

Antennas

Manned/unmanned
repeaters

Diversity receivers

Propagation
reliability

Uhf and shf (300
MHz-15 GHz)

Low 1/2-10 W

Average of 30 mi
for uhf, shorter at

high shf frequencies

Typical: 60-1800
voice channels

Horns or dishes on -

tower

Unmanned

Desirable

99.99 percent +

Low vhf (30-50
MHz)

High 1-50 kW

800-1300 mi

Several telegraph
channels plus 1
voice channel
Very large
rhombic corner
reflectors

Manned

Required

99 percent

Uhf and shf (250-
8000 MHz)

High 1-100 kW
60-700 mi
(usually about
100-200 mi)
12-200 voice

channels

Large parabolic
dishes or reflectors
30-120 feet

Manned

Required

99 percent +
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set up. It is possible, but not as easily accomplished, to use them as tropospheric
scatter terminals as well. Such transportable terminals may be very large and require
considerable setup time.

c. Cable Limitations. The use of cables for long-distance communications
is expensive, especially deep sea cables. Cables are ordinarily used when radio
techniques are not feasible or adequate. Long haul cables for wideband (on the
order of several MHz) communications systems are generally coaxial transmission
lines. Coaxial lines exhibit a nonlinear attenuation characteristic with a cutoff
frequency. Other transmission line characteristics that affect the use of cable are
the varying speeds of propagation at different frequencies and the relatively high
attenuation. These characteristics require the use of equalizing repeater-amplifiers
at frequent intervals along the line.

(1) Laying wideband cables over long distances is a long-term project, and
once in place, the cable systems are relatively inflexible. Land cables are generally
buried. Even when property acquisition is not considered, this is a long, involved
operation. The design, manufacture, and laying of an intercontinental undersea cable
may require 5 years or more, as such cables are definitely not off-the-shelf items.

(2) From a military standpoint, the greatest weakness of long hau! cables
is their vulnerability. A cable system offers an infinite number of points at which
it may be attacked or sabotaged. An overland cable may be made fairly survivable
if deeply buried. An undersea cable can easily be cut by either surface ship or
submarine. There have been numerous instances where fishing trawlers have
unintentionally snagged an undersea cable with their nets; and, in an effort to
free the nets, have broken or cut the cable. Such breaks in the cable require
considerable time and skill to repair. Cables, accessible to the enemy, are subject
to interception and jamming, and to the insertion of spurious messages. This renders
the security of the cable questionable.

1-4. SATELLITE COMMUNICATIONS ADVANTAGES. From the preceding
discussion the need for new techniques and equipment is apparent. The military
departments have long recognized the potential advantages inherent in the use of
satellites and have had research and development programs in effect for a number
of years. These programs are designed to result in a practical military satellite
communications system that will incorporate all of the features required by the
military. Additionally, communications systems employing satellite links offer a
unique combination of advantages for long haul trunking. These advantages are
discussed below.

18
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a. Capacity and Reliability.

{1) Satellite systems are capable of handling thousands of voice trequency
(vf) channels, although first-generation sateilite systems were limited to less than
a dozen.

{2) The reliability of active satellite communications systems is limited,
essentially, only by the reliability of the equipment employed and the skill of
the operating and maintenance personnel.

b. Invulnerability. While it is possible to destroy an orbiting vehicle, present
developments in rocketry indicate that this would be quite difficult and expensive,
when balanced against the tactical advantage to be gained. It would be particularly
difficult to destroy an entire multiple-satellite system, primarily because of the
number of vehicles involved. Owing to the relatively small number of ground
stations in a satellite communications system, these offer a more advantageous
target, but hardened ground sites can decrease system vulnerability considerably.
Theoretically, satellite communications ground stations in certain instances are
vulnerable to jamming attacks. However, by judicious planning and systems design,
an enemy can be forced to make such great expenditures in time, effort, and
material in order to jam a communications facility effectively that it would be
unwarranted from his point of view.

{1) A rocket or satellite-based jammer, being power-limited, must be
positioned within the main beam of the ground station to be effective. This implies
that in a multisatellite system, a rocket or satellite jammer must be in approximately
the same position and orbit as each communications satellite to be jammed.
Considerable effort and precision on the part of the enemy would be required
to achieve jamming.

{2) In any event, the bandwidth of satellite receivers is great enough to
accommodate the use of spread spectrum techniques. Such techniques are very
effective, even in the face of heavy jamming.

c.  Flexibility. Van-housed satellite ground station equipment can be flown
to remote areas and placed in operation in a matter of hours. Communications
can be established with other satellite ground stations even though they are
thousands of miles apart.

1-5. APPLICATION OF THE DEFENSE COMMUNICATIONS SYSTEM. The
DCS is a communications network established by order of the Department of
Defense (DOD) and placed under the direction of the Defense Communications
Agency (DCA). The mission of the DCA is to ensure that the DCS will be so
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established, improved, and operated as to meet the long haul, point-to-point
telecommunications requirements of the DOD and other governmental agencies,
as directed.

a. The DCS meets the long haul, point-to-point telecommunications
requirements of the DOD and provides facilities for command, intelligence, weather,
logistics, and administrative purposes. The DCS provides the quality and quantity
of communications capabilities required for these purposes.

b. The DCA network consists of switching centers located in various areas
around the world and the links interconnecting them. Individual service units need
only provide communications to the nearest switching center to become network
subscribers and have access through the network to the entire system. Satellite
communications form a part of the long haul links between the switching centers.
These links employ the satellites in addition to other forms of existing
communications media (hf, tropospheric scatter, ionospheric scatter, LOS
microwave, and cable). The satellite trunks are placed in parallel with the trunks
that use conventional means of communication. This provides added capacity
between various points in the network and allows the various trunks to back up
each other. This also provides the important reliability factor necessary to military
communications.

c. The DCA is presently implementing the Phase Il Defense Communications
Satellite Program to link military headquarters, field commanders, and logistic
centers throughout the world. Previously, the Defense Satellite Communications
System (DSCS) consisted of less than 18 random orbiting satellites in
subsynchronous orbits. Starting in 1972 the Phase Il synchronous satellites were
launched to provide additional channel capacity. Major satellite terminals are located
in the United States, Okinawa, Hawaii, Guam, Australia, Korea, Thailand, West
Germany, Turkey, and Ethiopia.

1-6. PAST EFFORTS IN SPACE COMMUNICATIONS.

a. Background. On 4 QOctober 1957, the USSR successfully launched the
first manmade earth satellite. This demonstrated man's ability to place objects into
an orbit around the earth and brought to fruition a long-nurtured ambition. The
tremendous potential of the specialized field of satellite communications had long
been realized, and many plans had already been offered for such a communications
system. In the October 1945 issue of Wireless World, Arthur C. Clark discussed
the potential of satellite communications. In April 1955, John R. Pierce published
a paper entitled Orbital Radio Relays. The United States has long been interested
in satellites for a variety of reasons, and research in this field has been accelerated
since the conclusion of World War II.
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b. Early Satellite Projects. The first demonstration of the possibility of
reflecting detectable electromagnetic signals from the moon was made by the US
Army Signal Corps on 10 January 1946. A high-power radar set at the Evans Signal
Laboratory, Belmar, New Jersey, was used for the test (fig. 1-2).

(1) The US Navy demonstrated, in 1951, that it was feasible to use the
moon as a reflector of electromagnetic radiation (fig. 1-2). In 1957, the Chief
of Naval Operations directed the establishment of a two-way telegraph and facsimile
communications moon refay (CMR) be.ween Washington and Hawaii. The CMR
system was successfully used until November 1959, when solar disturbances in the
ionosphere disrupted conventional hf circuits.

{2) On 18 December 1958, the Signal Corps Orbiting Relay (SCORE)
communications satellite was successfully launched. As a practical demonstration
of its capability, President Eisenhower recorded a Christmas message which was
rebroadcast to the world via the satellite. SCORE operated for 12 days, during
which time 97 contacts were made. SCORE was designed to receive message traffic
as it passed over one station, record it, and retransmit the traffic as it passed
over another station. This method of recording messages for later transmission is
known as the store-and-forward technique.

(3} The Courier communications satellite was the joint responsibility of the
US Army Signal Corps and the US Air Force. Courier was designed with a dual
capability, permitting it to record and retransmit traff.~ and to function as a direct
relay. The first launch attempt failed because of booster difficuities, but Courier
IB was successfully injected into orbit on 4 October 1960. The experiment
demonstrated many new techniques, provided valuable experience, and proved the
feasibility of high capacity store-and-forward satellite communications.

(4) The Echo satellites (fig. 1-2) were essentially \arge inflated spheres with
highly reflective surfaces. These were termed "passive satellites" as they contained
no active electronic circuits and merely reflected all impinging energy. These were
the largest-diameter satellites ever launched and were casily visible to the naked
eye under favorable viewing conditions.

(5) The primary objective of Project Westford was to place an orbital belt
around the earth consisting of millions of tiny dipoles. The first launch took place
on 21 October 1961, but the experiment failed when the dipoles did not disperse
in orbit. On 21 May 1963, a second Westford experiment package was launched
and dipole dispersal took place as planned (fig. 1.2).

(6) Project Advent was a major effort directed at placing a multichannel
active repeater satellite at synchronous altitude. It was planned to launch Advent,
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which was to have weighed 1,300 pounds, using the Atlas-Centaur booster. Slippage
in the Centaur program combined with other complications caused cancellation
of the entire program, and the effort was reoriented into a medium altitude military
communication satellite program, details of which are classified.

{7) Telstar was a medium altitude communications satellite project funded
by the American Telephone and Telegraph Company. Telstar | was orbited on
10 July 1962, and used to transmit a live television program between North America
and Europe. Teistar |1, orbited on 7 May 1963, was placed in a higher orbit (6,702
miles) and equipped with some evacuated devices in an attempt to reduce ionization
effects experienced with Telstar |.

(8) Relay, a medium altitude (820 to 4,612 miles) National Aeronautics and
Space Administration (NASA) communications satellite weighing 172 pounds, was
launched by a Thor-Deita booster on 13 December 1962. Relay's radio frequency
power (10 watts compared to Telstar's 1.5 watts), its differences in circuitry, and
various differences in construction allowed an evaluation to be made of various
techniques by comparing the Telstar and Relay performance. Relay was used to
transmit televisior from the United States to Europe and established the first link
via satellite between the United States and South America.

(9) The synchronous communications {Syncom) satellites were designed to
have orbits synchronized with the rotation of the earth. This simplifies ground
station tracking equipment and provides a permanent link between ground stations
able to see the satellites.

(10} Because the booster rocket could only place a limite ' amount of weight
in a synchronous orbit, the Syncom satellites were relatively small and lightweight.
This resulted in a lower communications capacity, compared to that of the low-
and medium-orbit nonsynchronous satellites. As the state-of-the-art advanced,
synchronous satellites with higher communications capacities became available.

{11} The Early Bird satellite, a commercial venture of the Communications
Satellite Corporation, was a synchronous satellite stationed over the Atlantic Ocean.
Launched on 4 April 1963, it was used to relay live TV coverage of the Gemini
space vehicle recovery. It was also used in an extensive test program, which has
served to pave the way for future designs.

{12} Since then, satellite performance has constantly improved. The newest
International Telecommunications Satellite Consortium {INTELSAT) satellites can
carry thousands of voice channels, as well as television and data traffic.
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1-7. PRESENT AND FUTURE EFFORT IN SPACE COMMUNICATIONS.

a. Initial Defense Communication Satellite Program. The first seven Initial
Defense Communication Satellite Program (IDCSP) satellites were orbited on 16
June 1966, the next eight on 18 January 1967, and the third launch of three
satellites on 1 July 1967. On 13 June 1968, the DCA orbited the last 8 of 26
IDCSP satellites. Along with a worldwide system of ground stations and a
waterborne terminal (USNS Kingsport), the satellites provide the DCS with a
reliable, fairly high capacity woridwide communications network.

(1) The IDCSP was a triservice program with each of the military services
having specific responsibilities under the direction of the DCA. The Air Force,
as project manager, developed and launched the communications satellites with
the Navy responsible for shipboard terminals. The Army, with the Satellite
Communications Agency (SATCOMA) as project manager, developed the ground
terminals and conducted the communications technical test program.

(2) Paragraphs b through d describe the IDCSP ground terminals and satellites
and explain how the satellites were launched and deployed. A discussion of satellite
orbiting considerations and launch and deployment techniques is contained in
chapter 2.

b. Earth Terminals. The Fort Dix, New Jersey, and Camp Roberts,
California, fixed stations served as the principal entry points for the satellite
communications links from the Pacific and Europe. Originally built for the Advent
program, these earth terminals were modified first for Syncom, then for the IDCSP,
and finally the DSCS Phase |l program.

(1) The surface complex is a mixture of fixed and transportable terminals
with planned future augmentation by a new, smaller, transportable design. Included
are the Satellite Earth Terminal AN/FSC-9 (fig. 1-3) used as fixed stations at Fort
Dix, New Jersey, and Camp Roberts, California, the Air Transportable Satellite
Communication Terminal AN/MSC-46 (fig. 1-4) deployed throughout the globe,
and the lightweight terminal AN/TSC-54 (fig. 1.5).

{2) The AN/MSC-46 is the first terminal to be specifically designed for
operational military satellite communications. The terminal is transportable by
military cargo aircraft and consists of a 40-foot diameter parabolic antenna, three
30-foot vans, and three 100-kVA diesel generators. Semipermanent sites enclose
the antenna with a rigid radome. AN/MSC-46 installations are located in the
Continental United States, Hawaii, Korea, Okinawa, Ethiopia, and West Germany.
A terminal has been assigned to the signal school at Fort Monmouth, New Jersey,
for training personnel. The AN/TSC-54 can be transported along with its six-man
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crew by a C-130 aircraft and can be set up for communications via satellite within
2 hours after unloading.

c. Satellite Description. Each IDCSP satellite {fig. 1-6) is approximately 36
inches in diameter and weighs about 100 pounds. Each satellite consists of a
mechanical structure, power system, communications system, and a telemetry
system,

(1) The orbital periods of the satellites are between 22 and 23 hours, with
an average rate of drift of about 1.3 degrees per hour. The mutual visibility time
for a link terminal pair through a given satellite varies from a minimum of 0.25
days to a maximum of 5 days. Eclipse periods will cause downtime of up to 1.5
hours per day in the spring and fall, for a 45-day period. The orbit injection
technique causes bunching and spreading in 18-month cycles. The satellites now
are functioning operadonally for the DCS with operational control exercised by
the Satellite Communications Control Facility (SCCF).

(2) The satellite structure provides for the housing and passive temperature
control of all vehicle elements, for satellite separation from the dispenser, and for
spin stabilization of the satellite. Solar cell panels cover the outside of the structural
frame. The internal surfaces are thermal coated to maintain the in-orbit operating
temperatures for the communications, telemetry, and power supply subsystems.

(3) The power system, which contains no batteries, consists of a power
control unit, an array of solar cells, and the radio frequency (rf} radiation
termination switch. The solar array provides electrical power while the power
contro! unit regulates and distributes the solar array power.

(4) The satellites operate on the same frequency (8-GHz range) with a
bandwidth of 50 MHz. Beacon signais {modulated with 110- to 130-kHz tones)
generated by each satellite are used by the communications ground stations for
satellite acquisition and tracking, and for individual satellite identification. There
are two traveling-wave tube (TWT) power amplifiers, each providing a maximum
of 3 watts to the communications antenna. Automatic changeover to the second
TWT occurs when the performance of the first TWT deteriorates.

(5) The te'emetry system includes a telemetry generator, transmitter, sun
angle sensor, antenna, and instrumentation sensors that measure critical satellite
parameters. Outputs from the sensors, along with individual satellite identifications,
are processed as 56 analog telemetry signals and 18 binary signals. Each of the
launch groups has its own 400-MHz telemetry frequency. When the power level
deteriorates, the telemetry transmitter is automatically turned off to conserve power
for the communications transponder. The telemetry transmitter is automatically
turned back on when the power level increases above a preset level.
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d.  Launch and Deployment. The IDCSP sateltites were contained in a
dispenser that was launched by a Titan 1IC rocket.

(1) Following lift-off, the Titan (HIC rolled counterclockwise from a
100.2-degree launch azimuth to a flight azimuth of 93 degrees. The solid motors
were jettisoned 2 minutes later and fell into the Atlantic Ocean. After another
2 minutes and 20 seconds, the first-stage engines burned out and were jettisoned.
In another 2 minutes the fairing was jettisoned and after another 3 minutes, the
second stage burned out and was jettisoned.

{2} After 15 seconds, the transtage motors were operated for 17 seconds
to place the transtage and spacecraft dispenser in a parking orbit of 90 nautical
miles {(nmi). After 58 minutes in the parking orbit the transtage motors were ignited
for the second time to place the spacecraft in the transfer orbit.

{3) The spacecraft then coasted for a little less than 5 hours. During this
time it climbed from 90 to 18,200 nmi. In the transfer orbit, the attitude control
system reversed the position of the spacecraft relative to the sun approximately
once every hour in order to distribute the solar radiation heat. These sun orientation
maneuvers were designed to protect the spacecraft and its payload of
communications satellites from the temperature extremes that occur between the
sun and shade sides of a spacecraft.

{4) At 18,200 nmi, the transtage was ignited for the third time for
approximately 2 minutes, to inject the spacecraft into orbit.

(5) The eight satellites were sequentially ejected 2 minutes later. There was
an interval of 17 seconds between the first and second satellite ejections. This
interval gradually ircreased to 26 seconds between the seventh and eighth ejections.
During these times, the vehicle attitude was stabilized and the attitude control
system motors fired to obtain required incremental velocities. The first sateilite
had an orbital velocity of approximately 10,311 feet per second {ft/s). The other
satellites had increasingly larger velocities, which served to gradually disperse the
satellites and placed each one in an orbit with a higher apogee.

(6} The satellites were carried into orbit aboard a satellite dispenser structure
attached to the transtage. Behind each satellite was a dispensing mechanism that
consisted primarily of a base plate and four springs. For separation, a signal from
the guidance system started a sequence that released a clamp restraining the satellite.
The springs forced the satellite laterally away from the dispenser at about 3 ft/s.
The satellites were ejected, either north or south, perpendicular to the eastward
line of flight {orbit plane).

1.20
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(7) On ejection, the nitrogen spin-up system in each satellite tmparted o
rotation of 150 revolutions per minute to the satellite. The satellites spin about
the communications and telemetry antennas axes keeping these antennas always
in sight of the earth. Spinning also continually exposes different sides to the sun,
providing nearly uniform temperatures within the satellite.

(8) A final 6-second burn of the attitude control system motors began 1.5
seconds after the last satellite had been released. This burn removed the transtage
and payload dispenser from the vicinity of thie satellites. The transtage and payload
dispenser will orbit indefinitely at an altitude of 18,200 to 18,500 nm:.

e. Defense Satellite Communications System. Starting in 1972, the IDCSP
satellites were phased out and replaced with the newer synchronous satellites. The
new DSCS Phase || satellites have the potential of carrying up to 1 300 full-duplex
voice channels, which is much jreater than the older IDCSP sateliites.

f.  Earth Terminals. The three types of terminals used in the IDCSP program
were morified to take advantage of the increased capabilities of the newer
synchronous sateflites. The AN/FSC-9, AN/MSC-46, and the AN/TSC 54 terminais
could operate on both the old IDCSP frequencies and the new Phase {! frequencies.
The program will be carried out in four steps as follows:

{1} Stage 1-A. The terminals will be modified to operate on the new satellite
frequencies. Operation through the new satellites will be by frequency division
multiple access (FDMA), with a central controller to cocrdinate channel
assignments.

(2) Stage 1-B. In this phase the new synchronous satellites will be used in
a network configuration employing a multiple carrier capability in the AN/MSC-46
and AN/FSC-9 terminals. Within a network any terminal can communicate with
several others. Spread spectrum techniques will provide an additionai multiple access
means, as well as provide a jam-resistant communicaticns channel. The new heavy
transportable (HT) and medium transportable (MT) terminals will be introduced.

(3) Stage 1-C. This stage commences with the introduction of the
developmental pulse code modulation (pcm), time division multiplex {tdm), and
phase shift key (psk) modulation equipments on the first Phase 1l suteilite
communications link. Since this new digital equipment will be phased into the
Phase |l DSCS over an extended period of time, the initial per:od of Stage 10
will be a "hybrid" FDMA operation; that is, a mixture of analog and digits
operation on separate rf carriers.

(4) Stage /I. In this stage, time division multiple access (TDMA) techniques
will be used. Many stations will use the same frequencics, but will transmit in
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specific time slots. For a network involving only a few large stations, TDMA is
much more efficient than any other multiple access method.

(8) Future terminals. Three new types of terminals are being developed for
future use. One is an HT AN/MSC-60 terminal station which will be used as a
major nodal terminal on long haul circuits (fig. 1-7). The terminal will have a
60-foot parabolic antenna and weigh less than 400,000 pounds. The second station
is the MT AN/MSC-61 terminal similar to the HT but uses a 35-foot diameter
antenna. The electronic equipment is basically identical to that for the HT with
the antenna's weight, complexity, and gain constituting the main differences. The
third is the tightweight (LT} AN/TSC-54 terminal (fig. 1-8) which will be developed
with two antenna subsystems.

g. Satellite Description. The new satellite will be much larger and mare
complex than the |IDCSP satellites. The satellites weigh 1,000 pounds and have
the potential for up to 1,300 full-duplex voice channels (fig. 1-9).

{1) The antennas are mechanically despun. This allows the antennas to remain
pointed towards earth while the other components of the structure rotate to
spin-stabilize the satellite. Two of the antennas are earth coverage horn antennas.
They have a gain of 16.8 decibel/isotropic (dBi) antenna and a beamwidth of 18
degrees. The other two antennas are parabolic dishes for narrow beam coverage
of a particular area on the earth. The gain of the dishes is 33 dBi, and the beamwidth
2.5 degrees.

(2) The communications portion of the electronic equipment contains
redundant components for increased service life and reliabitity. Four TWT amplifiers
are carried. One TWT feeds the horn antenna, another the parabolic antenna, w'th
the remaining two being standby units. The amplifiers are designed to operate as
wideband low-distortion amplifiers with power outputs of 20 watts.

{3) The satellite operates with four different frequency chanrels (table 1-2,
part 4). These channels can be used in various combinations to provide for flexible
operation.

h.  Launch and Deployment,

(1) The new Phase Il satellites will be launched by a Titan {IIC rocket into
a synchronous equatorial orbit. Because of their larger size and weight only two
of the newer satellites can be launcnhed with one booster. The launch sequence
will be similar to that of the IDCSP launches, except that the booster will place
the satellites at a synchronous altitude. The initial positioning is expected to be
within 3 degrees of the desired equatorial subsatellite point.
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Figure 1-7. Heavy transportable terminal, exterior side view.
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Figure 1-8.  Medium transportable terminal, with radome erected.
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Figure 1-9. Phase |l synchronous satellite, exterior view.
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{2) The satellites can reposition themselves once during their operationai life
to another equatorial subsatellite point. This would allow a satellite to replace
one that had become inoperative or to provide communications with a remote
area not normally covered by DSCS sateliites.

i Tactical Satellite Communications. The DOD is currently investigating
the use of satellites to provide tactical communications. The Tactical Satellite
Communications (TACSATCOM) program involves all military departments
(MILDEPS) and is still in the development stage.

(1) The MILDEPS have developed terminals for their needs; the Air Force
is developing airborne terminals; the Navy is developing shipboard terminals, and
the Army and Marines are developing ground based terminals.

{2) The Navy will be the first MILDEP to use the satellites for operational
tactical use. The AN/WSC-2 shipboard terminal will allow the Navy to communicate
directly with its worldwide fleet and eliminate its dependence on low, medium,
and hf radio.

J. Types of Terminals. The MILDEPS have developed a series of terminals
for tactical use to meet three basic needs. One terminal is a broadcast warning
receiver that will have no transmitting equipment. The satellite will be used to
transmit warnings or general information type messages to a large number of units
scattered throughout a large area. A second terminal witl be for netting. The netting
capability will allow a number of units within an area to communicate with each
other. Only single channel communications would be necessary. The third terminal
would be for multichannel links. This use would be limited to higher headquarters
that require a number of communications channels to other headquarters.

k. Frequencies. TACSATCOM plans to use two separate frequency bands.
One is at uht {235-400 MHz) and the other at shf (8 GHz). The frequency selected
will depend on the ultimate use of the equipment. Multichannel equipment wili
use the wider bandwidths available at shf while small field terminals, which require
simple, rugged, and lightweight equipment, will use uhf. The TACSATCOM satellites
themselves will handle both frequency bands and can be commanded to operate
cross band (uhf to shf or shf to uhf), if necessary. At present, plans for
TACSATCCOM are not yet firm. Future development and research work, as well
as the neeris of the MILDEPS, will determine the ultimate course of the program.

I Civilian Satellite Communications. The civilian applications of satellite
technology have kept up with or have been ahead of the military. The latest series
of civilian communications satellites, the INTELSAT Vs, are as advanced as the
NSCS Phase 1} satellites. Besides their use in fixed point-to-point communications,
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some expected civilian use of satellites includes television broadcast and distribution,
aeronautical communications and navigation, maritime communications and
navigation, deep space research and data relaying, satellite-to-satellite relaying, and
air surveillance.

m. Operating Systems. Numerous proposals for systems exist, and many will
be implemented in the near future. At present the uses are restricted to
point-to-point communications. The [INTELSAT that controls satellite
communications has set up an international system using the 4- and 6-GH:z
frequency bands. Canada is starting its own domestic satellite system with the
launching of the Anik satellite. Besides carrying point-to-point communications,
the Anik satellite will be used for distributing television programs tc outlying areas
presently not serviced by TV networks. The Soviet Union is also developing 2
system similar to the Canadian program. Both face similar problems of covering
large land areas that are sparsely populated.

n. Proposed Systems. In the United States, numerous proposals exist for
using satellites. In the area of point-to-point communications the newer systems
will use the higher frequency bands of 11 to 14 GHz and 20 to 30 GHz. The
American Telephone and Telegraph Company.has proposed a system that would
provide 100,000 full-duplex voice channels, or their equivalent, in the 20- to 30-GHz
hands. The television networks have proposed a system that would aliow much
greater flexibility in distributing television programs, as well as picking up remaote
video feeds. The frequencies planned for use would either be 7 or 12 GHz and
would permit the networks to broadcast directly to their affiliate stations

(1) On an international scale, work is being done on the proposed Aerosat
system, This would use a satellite to communicate with aircraft when they are
over ocean areas. The links would also allow route supervision by air controllers
and more precise navigation by aircraft. A final Aerosat system has not been selected
yet, although propagation tests at various frquencies have been performed to
evaluate equipment.

{2) As equipment and technology improve, higher frequencies wiil be used
for satellite communications. The higher frequencies in the extreme high frequency
(ehf) range will provide the wide bandwidths necessary for the communications
needs of the future. Table 1-2 shows the frequencies allocated for the various
applications of satellite communications.
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Table 1-2. Allocated satellite communications frequencies

1.  Point-to-point fixed communications:
4/6 GHz bands
3.7 - 4.2 GHz downlink
5925 - 6.425 GHz uplink
11/14 GHz bands
1095 - 11.70 GHz downlink
14.0 - 14.5 GHz uplink
20/30 GHz bands
17.7 - 21.2 GHz downlink
27.5 - 31.0 GHz uplink
11.7 - 12.2 GHz downlink or broadcast Region 2
40 - 41 GHz downlink
50 - 51 GHz uplink
92 - 95 GHz uplink
102 - 105 GHz downlink
140 - 142 GHz uplink
150 - 162 GHz downlink
220 - 230 GHz no direction specified
265 - 275 GHz no direction specified
2. Television broadcast and distribution:
620 - 790 MHz broadcast service (limited)
2500 - 2690 MHz distribution

6625 - 71256 MHz TV network distribution {only in the US, Canada, and
Brazil)
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Table 1-2. Allocated satellite communications frequencies--continued

11.7 - 12.5 GHz broadcast Region 1

11.7 - 12.2 GHz broadcast Region 3

Aeronautical services:

1643.5 - 1558.5 MHz communications

1558.5 - 1636.5 MHz navigation

1645 - 1660 MHz communications

43 - 48 GHz aircraft/maritime, communications/navigation

66 - 71 GHz aircraft/maritime, communications/navigation

65 - 101 GHz aircraft/maritime, communications/navigation

142 - 150 GHz aircraft/maritime, communications/navigation

190 - 200 GHz aircraft/maritime, communications/navigation

250 - 265 GHz aircraft/maritime, communications/navigation

Defense Communications System:

235 - 328.6 MHz communications tactical/nautical

335.4 - 399.9 MHz communications tactical/nautical

DSCS Phase Ii:

Channel 1: 7975 - 8100 MHz uplink earth coverage

7250 - 7375 MHz downlink earth coverage
7250.1 - beacon, earth coverage

Channel 2: 8125 - 8175 MHz uplink narrow beam
7400 - 7450 MHz downlink earth coverage
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Table 1-2. Allocated satellite communications frequencies--continued

Channel 3: 8215 - 8400 MHz uplink narrow beam
7490 - 7675 MHz downlink narrow beam
7675.1 - beacon, narrow beam

Channel 4: 7900 - 7950 MHz uplink earth coverage
7700 - 7750 MHz downlink narrow beam

5. NASA deep space research and data relay:

13.25 - 142 GHz

144 - 156356 GHz

6. Satellite-to-satellite relay:

54.26 - 58.2 GHz

59 - 64 GHz

105 - 130 GHz
170 - 182 GHz
185 - 190 GHz
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CHAPTER 2

ORBITAL MECHANICS

2L INTRODUCTION. A manmade satellite, regardless of its tasks and functions,
nas oibital characteristics the same as those of other astronomical bodies. Orbital
vharacteristics are dictated by physical principles which govern the choice of an
orbit and the weight of equipment that can be incorporated in the manmade
satellite. 1 order t¢ understand how orbits are chosen and what limitations exist,
« background in the basic mechanics of orbiting bodies is provided in this chapter.
Orbitai 1nechanics are also involved in the launch of satellites and the placing of
a satellite 0 orbit.

2. PHYSICAL LAWS AND FORCES GOVERNING SATELLITES. The basic
physical laws governing satellites (natural or manmade) were formulated from
=bservations of celestial bodies made over many centuries. Launching and orbiting
a rnanmade satellite requires a knowledge of these laws since they govern the shape,
aititude, and location of orbits. The booster rocket size and the type of orbit
desired limits the payload weight and the amount of equipment a satellite can
9551 LA

4 Astronomers and other scientists, working from observations of natural
enotena postulated laws describing these observations and provided the
roundation on which the science of celestial mechanics is built.

b.  The most prominent of these men were Sir Isaac Newton, Johannes
wepler, and Galileo Galilel. These principles are basic to all physical phenomenon
aond were not formulated specifically for the study of sateliites. These principles
are stated briefly in the following paragraphs and are followed by specific
:pplications to the problems of launching and orbiting a satellite.

(1) Newrcis Jaws. Newton's first law was stated as, "Every body persists
< :ts state of rest, or of uniform motion in a straight line, unless it is compelled
«» change that state by forces impressed on it."

() The second law was stated as, "The change of motion is proportional
(o the motive force impressed, and is made in the same direction as that of the
wpressed force.” Stated simply in equation form the law becomes:

3 d > d - -»

PG finv) = m dt = ma (2.1)

« indicates vectar Guantities)
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where
F’ is foree
(it 1S mass
v s velocity i
& is acceieration

{h) Newton stated his third law of motion as, "To every action there is
always an equal and opposite reaction; o, the mutual actions of two bodies upon
vach cther are always equal, and oppositely dirccted.”

{c} These laws ot motun, action, and reaction apply to any object whether
or not it is an astronomical body.

(2) Keoler's faws. Kesler's laws are the result of astronomical observations
reduced toe sthomatical tormulas. They apply directly to the mechanics of the
solar system and the celculation of satellite orbits.

fa)  Kepier's first taw s that the orbit of every planet is an ellipse with the
sun at one focus. This may also be read that the orbit of any satellite is an ellipse
with the parent at one focus.

(i) Kepler's second L stales that o line joining any planet to the sun sweeps
out equal areas ir equol time {the law of areas).

{c) Kepler's third low states that the cube of the mean distance of a planet
from the sun is propurtional to the square of its period (the law of periods).

id) The term, mean distance, refers to the aveiuge distance from the center
of the sun. I the .ase of a near-earth satellite there is a big difference between
its altitude and its distance hom the center of the earth. The average distance
from center to center is the same as one half the length of the major axis. The i
long axis of an ellipse is callei it major axis, while the short axis is called the {
minor axis.

(3) Law of wiverssl gravitatron. This law vias derived by Newton and is ;
stated, "Each particle of tuatte alfracls every ot e particle of matter with a force
which is directiy prop ntioral to the product of their mases and inversely J
proportional  to the squere  of the  distance between them." Expressed
mathematicall the low states that the attractive foice between two bodies is

22
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Gm, m.
Fo- — 2 (2.2)
r2
where

F is force (Newtons)

m, and m, are the masses of the bodies {kilograrms)

r is the distance between the bodies {meters)

G is the gravitational constant (6.67 X 10! Nm</kg<}

(4) Centrifugal force. For an understanding of orbital motion, it is heipful
to introduce the foliowing principle: The rate of change of radial speed of a satellite
with respect to its parent is proportional to the difference between the gravitational
force and centrifugal force. This principie is concerned strictly with changes in
the distance from parent to satellite. it says that when centrifugai force is greater
than gravitational pull, the radiai velocity of the satellite tends to increase in
magnitude. This principle can be derived from Newton's second law.

(s} Centrifugal torce can best pe illustrated Ly the foilowing exampie: Hf
an object is tied to a string and whirled in a circular path, then (excluding the
presence of gravity) the pull, or force, felt against the string 1s the centrifugal
force. In short, it is the outward force from the center, exerted as a result of
the velocity of the object. The velocity I1s transverse, or perpendicular to the string.
To maintain the circular orbit, the inward pull, or force, by the string must exactly
equal the centrifugal force. This outward torce (centrifugal force) can be shown
to be:

mv<
F - - (2.3)

F is force (Newtons)
r is radius of circle (meters)

v is velocity af the ohiect in the direction perpendicular tc its radius
vector (meters/second)

m is mass of the obiect latourams)
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(b)  The tass of d body s alvays constait, even i "weightless” space. |he
weight of a body changes, depending oo the gravitational held. The result is that
y man weighs less wiile on the moon even though his actual ridss las ot changed.

(¢)  A. long as circulal ootion s athtaingd, ceididugal force will cqual the
mward force but wili be exerted i the opposile direction. Equation (2.3) tor
centrifugal torce holds for noncirealar orbits as well, ds long as.one is caretul 1c
cogard voas the coraponent of elocity perpendicular 1o the radius vector. This
velocity component is Called the tansvese velocity. Foi circutar notion it s the
same ds thie total velucity.

(50 Aewddr agronr o8 cireeioad favs. From the preous paragiaphis a vela'1onship
Lo e the veoelte tadss, wod Wil radiss necessary 10 maintain g satelliie
in orbit can bLe derived From equatiot (2 2) it can be seen that gravity, o imwadrd
torce, is proportional to the product of the tnasses Jivided by the square of the
distance between the parent and tie sateibie. Also, from eguation {2.3) the outward
or centrifugal force is equdl tu the product of the wass of the satellite and the
square of 1is transversy et divided Dy the distance betveen the bodies. 1t
is concluded 1t 1 order Lo maintain st oibit these two forces must be equal.
Upon equating these two forces.

m., v< Gy,

T T {2.4)
where

My is mass ol satiiiie cifogianis

v 15 ransvers codooity {oeies/vandd

r is dislance belween bodies {0 ons]

G 0s giaviteleondr Coibldit (0G0 1 [ PR NYES

My, 15 tiass of parent {fas: ol earlh bud o [FVERRNTY

{a)  Cancelhing terins, we tind (he ecsssdry, Udtlstelse velouity Lo malsidin
an orint 1s:

(2.5
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(b) 1t can be seen that v o w0 . : Lo

the satellite toward thie parent ante o oo obe o .

if v s oo tagh the satettite will ove 0 b : wa ’
at a highet altitnde. 1o all caces, the ateloe b S : T !
and centrifugsl forces bataoee b e e o 0

the velocity chenges during the ortat, Ao L N AR
therefore, a constant volue T v Waiir cdiie o0 8 wiare IS N
bodies s always rhanging, sty s, b L, e . Ct

Alwayes be clianging

(o} Fepler's second Do aren sy T
center of the parent plaret 1o the are e it 0 o
in equal times. In figure 2 1 area COD) ancdoden the pger M o the ot
at which the satellitn is imost distans Goee the oo Aeap sny e eabas ot
satellite 20 minutes to tronsyercs the dictorce roc et oo poae c 1) " snnying

to the other end of the orbir  bich chistos v oo “op the o 0 which
the satellite most closely approschies the pater), v cor constroct onoarea O0OR
which will exactly equal that of COD. Kepler' iavw states that the satellite must
transverse the portion of the orhit between O =t R o the same tength of time
that it took to cross frtom € 1o DIt is abyious that the satetiite must move
at considerabiy greater speed <ince ihe nevinbiersl distapes alony the path from
() to R is ransiderably greate,

{d} By applving this sarme relationshin, o othe;r segiments of the orbit, a
generalization may be raade about sateliite:  That 15, the greater the altitude the
less the velocity of tha catellite [This can he related 10 the opposition of gravity
and centrifugal force. The farther fron the sun the plinet s, as it approaches

.~
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apogee, for example, the less inward force is exerted on it in terms of gravity
trom the sun. At the same time, when the velocity and particularly the transverse
velocity of the planet is less, it requires fess inward force to hold it on its path.

(e) As the earth approaches the sun at perigee the gravitational attraction
between the earth and the sun increases, but so does the transverse velocity of
the planet; as a consequence, a balance is established that prevents the earth from
either being drawn into the sun by the increased inward force, or from shooting
off into space because of its increased velocity.

{(f) The question may arise that if gravi