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I INTRODUCTION

- P W RO - N F NS ok

The usefulness of satellites for both communication and navigation

¢ use are active in the sense that they either amplify signals delivered

to them from an earth station or independently generate signal power,

communication link using a satellite of this kind., Signals transmitted
vi; toward the satellite from Europe are returned to a receiving station in

ii the United States.

The basic principles that underlie this work are due to Joseph C.

the return signal. The principles that govern the array operation are

presented in Figure 2, The signal returned to earth is concentrated in

*
Mr, Yater is supporting this project as a consultant to SRI.

*References are listed at the end of this report.

applications is now established beyond doubt. A great variety of satel-
lites are in current use, and additional satellites for a variety of pur-

poses are being prepared and launched. All of the satellites in current

Passive satellites that provide a communication channel by reflecting
earth-originated signals have been investigated in the past--for example ‘ ?
through the Echo and West Ford experiments., However, no operational system
has resulted from this work, The present project is concerned with a new
form of satellite that shows promise for meeting certain special communi-

cation requirements, Figure 1 is an artist's conception of a transatlantic

; Yater™ and were presented in a 1972 technical paperlf and his U,S. Patent
§ of 1969.2 This satellite differs from previous passive satellites in that

‘]i it consists of a large number of scattering elements, arranged in an or-
14

derly array that results in coherent addition of scattered energy to form

a




thin, walled hollow cone that inersects the earth in a limited circular
pattern centered on the subsatellite point., Varying the wavelength of the
signal changes the radius of this circle. Only one lobe is returned to

earth if the array spacing lies in the range between )/2 and ),

It is emphasized that the coverage and orbital properties of this
satellite are essentially the same as those of the synchronous satellites.
The principle difference is the absence of active elements in the array,
with the resulting implications of simplicity, economy, survivability,
jam resistance, reliability, and long life. The orbital characteristics
are governed by the fact that the mass-to-projected-surface area of the

array is smaller than is typical of active satellites.

Aluminum spheres have been chosen as the basic element of the array
becavse they meet several independent criteria, Of all shapes, the sphere
has the smallest surface area for a given volume and hence mass. This is
desirable for orbital reasons., From the electrical viewpoint the sphere
is desirable for several reasons. A resonant sphere is a broadband scat-
tering element. Therefore, the behavior of each individual sphere is quite
insensitive to frequency. Also, the scattering properties are completely
independent of the direction from which the signal arrives, so the scat-
tered signal is returned almost equally in all directions. Aluminum is
the preferred metal because it resists vaporization by x-rays, is durable,

easy to work, and has an appropriate density.

Gravity-gradient forces are used to hold the array straight and
aligned with the local vertical, as required for the desired electrical
operation, Unfortunately, gravity-gradient forces are very weak. The
greatest tension in the array, which occurs at the center, is about 0.5
mg--i,e., about 1/50,000 oz, and about one hundred times smaller than the
weight of an ordinary paper-fastening staple. It is therefore necessary

to take great care to preserve straightness and orbital stability. Also,
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the deployment of such a structure presents problems that differ from

those that have been solved in connection with existing satellites,

The overall objective of the present project is to demonstrate the
feasibility of long-distance, survivable, jam-resistant communication by
means of a passive communication satellite. Before the launch it has been
necessary to perform a thorough analysis of the electrical properties and
orbital dynamics of the array. It is also necessary to design and fabri-
cate the array in combination with a suitable deployment mechanism. Fur-
thermore, ground stations must be selected and prepared, a launch
assignment must be secured, and the payload must be integrated with the

launch vehicle,

Subsequent to a successful launch the electrical properties of the
array must be verified by measurement of path loss, beamwidth, bandwidth,
and sidelnbes. In combination, these measurements will confirm the de-
sired frequency-steering property. The orbital properties of the array
will also be verified by direct observations of position and inferred

observations of attitude.

The feasibility test, at a frequency near 10 GHz, and using the Hay-
stack facility near Boston, Mass. is planned for 1977. The Haystack
facility was selected because it has a very powerful, fully tunable
transmitter in conjunction with a large and excellent antenna and a very
sensitive receiver. To obtain additional information about the character-
istics of the array we intend to make use of a 30-ft antenna as a receive-
only site at Stanford University near the SRI facility at Menlo Park,
California.

The present report is a summary of work that has been done in a
period exceeding two years. Much additional detail is availat'e in

the individual reports cited in the list of references at the end.
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IT ELECTRICAL PROPERTIES OF THE ARRAY

As indicated in Figure 2, the demonstration array consists of 10,000
spherical conductive scattering elements arranged in a straight line, The
diameter of each sphere is one centimeter, corresponding to resonance at
frequencies near 10 GHz--i.e., wavelengths near 3 cm. The center-to-center
spacing, s, is 1,51 cm, slightly larger than one-half wavelength. The fol-
lowing paragraphs develop the equations that describe the scattering be-
havior of such an array and derive equations for signal strength, beam

%
pattern, and frequency-steering properties.

A, Grating Equation

An array of isotropic scattering elements uniformly spaced in a single
column is shown in Figure 2, To produce maximum signal strength, the
energy scattered by each element must add in phase at the receiving site;
or, equivalently, the raypaths shown must differ in length from each other
by an integral number of wavelengths. Expressed mathematically, this re-
quirement becomes

(1)

s coso+ s cosfB =n =n

= lo

*The remainder of this section is abstracted from an earlier report on
this project,® which contains more detailed information. In particular,
it derives path-loss values and develops tradeoffs between array length,
bandwidth and signal-processing techniques that are related to pulse com-
pression radar,

——— T e reore T ——
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where

=
L}

An integer

f = Frequency

o]
"

Speed of light
A\ = Wavelength
and the symbols s, o, and B are identified in Figure 2.

To provide private communication it is desirable that only one trans-
mission (grating) lobe return to earth, This condition is met if
A\/2 < 8 <), so that n = 1 is the only positive integer for which the above

equation is satisfied.

B. Frequency Steering

In normal situations the transmitting site and hence the incidence
angle, o, as well as the interelement spacing, s, of the array must be
chosen a priori. It is still possible to vary the signal return angle,
8, by changing the frequency of transmission, as can be seen by solving

for this angle in Eq. (1):

-1 -3 ]
B cos [fs cos o . (2)
This equation shows that the returned signal can be '"steered" by varying
f, thus allowing the transmitter to communicate with receiving sites lo-

cated on different circles about the subsatellite point [see Figure 2(b)].

For a small change in frequency (or wavelength), the change in out-
going angle of the signal is obtained by differentiating Eq. (1) with re-

spect to f, which gives




a8 o Cos o + cos B (3)
af f sin B *

This is the rate of steering vs frequency change.

C. Beamwidth and Earth Footprint

For any fixed value of o, the beamwidth or angular spread, 68, in
the outgoing beam in Figure 2(b) is obtained as follows. Assume that the
contribution from each isotropic reflector is in phase at the center of
the grating lobe. The first null in the diffraction pattern describing
the lobe arises when an additional wavelength of phase shift accumulates

across the total length of the array. That is,
(L+ s8) cosa+ (L+ s) cos (R * 680) =N\ * A (4)

where N is the number of elements in the column, Making use of a trigono-
metric identity and saving the leading term of a trigonometric expansion

with argument 680 (for 680 << 1 radian) gives

A
o (L + s) sin B

58 (radians) (5)

as the half-beamwidth to the first null in the beam pattern. The full

beamwidth to the half-power points is 88.6% of 590;* hence,

- 0, 886 )\
(L + 8) sin R

&8 (radians) ¥ (6)

*
This is a result of the (sin x)/(x) radiation pattern of the array.




Similarly, the half-power beamwidth of the undesired upgoing beam, which

is due to '"specular" scattering from the column, is given by

_ __0.886)
(L + s) sin«

Sor (radians) > (7)

D. Bandwidth

The effects of beamwidth and dispersion determine the bandwidth capa-
bility of the linear columnar array. Combining Eqs. (3) and (6) with the
identity ¢ = f) gives the half-power bandwidth, 5f:

f sin B B-e 0,886 f 2 0.886 c
cos @ + cos B N (L + s)(cos o + cos B)

6f = . (8)

In all cases of present interest this result is closely approximated by

the simpler expression
8f = 0,886 c/L . (8a)

E. Gain

To calculate the gain of the array, we use a standard expression from
antenna theory.‘ In words, this formula states that the gain of an antenna
is 4m steradians divided by the total solid angle subtended by the antenna

half-power radiation pattern, That is,

N 4t
(pattern solid angle)

G 9

The gain of the columnar array is given, to an accuracy of better than one

percent, by the expression

4
2™ sin @ S + 2m sin B &8 ’

(10)

G
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which neglects sidelobes in the array pattern, because they are at least
13 dB weaker than the two main lobes., Assuming @ ~ B and substituting

Eqs. (5) and (6) into Eq. (10) gives:

- (L + s8) e Ns o L
0.886 A 0.886 X 0.886 X :

G (11)

F. Array Radar Cross Section

If a receiving antenna remains resonant over the operating frequency
range (i.e., if the impedance seen at the antenna terminals is purely re-
sistive at those frequencies), the effective area of the antenna is given

by the formula®
A =g . (12)

If the terminals of such a resonant receiving antenna are short-circuited
in order to create a reflecting or scattering structure (as is done in

the space array), the resulting scattering area (As) of the antenna is:*

XZ
As = 4Aé = :: G % (13)

The radar cross section (o) of the shorted antenna is now obtained by

using
osh € . (14)

For the case of the columnar array of isotropes, the ''resonant' constraint
is always satisfied and the expressions for As and G may be substituted in

Eq. (14) to give

11
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2
g 3; ['oLz:Ts{] = (OMANML + 8 = (0.4 52 (15)

where the approximation is valid for L >>s,

The formulas derived above are exact for a column of isotropic ele-
ments. They apply with little error to a column of spheres because the

scattering properties of a resonant sphere are nearly isotropic.

G. Measurements

The values of bandwidth, beamwidth, and radar cross section derived
in the preceding sections of this chapter have been confirmed by experi-
ments. For arrays consisting of less than about one hundred spheres it
was practical to make measurements in our anechoic chamber,3 which has
dimensions of approximately 7 by 10 by 18 ft. For an array of 1,000 ele-
ments this approach was impractical, and measurements were made by sus-
pending the array from a manned hot-air balloon? at an elevation of

approximately 1500 ft,

By careful choice of a time when the air was very calm and by careful
attention to the instrumentation, it was possible to obtain accurate mea-
surements, which are in good agreement with theory. Figure 3, reproduced
from Ref, 5, summarizes the results obtained. In anticipation of the fol-
lowing section it is noted that although differing in detail, the measured

sidelobes are not substantially stronger than those predicted.

The measurement of 1,000 elements, though possible, was difficult.
No plausible experiment on or near the surface of the earth will measure
the signal return, bandwidth, beamwidth, frequency steering, and sidelobes
characteristics of an array of 10,000 elements. Experimental verification
of these parameters is therefore an important goal of the feasibility

demonstration experiment.

12
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ITI PRIVACY AND RESISTANCE TO JAMMING

An important feature of the space array is that it provides a con-
siderable degree of privacy against interception by an undesired listener
and also gives a comparable degree of resistance to jamming injected by
an opponent who wishes to interfere with the communication path. These
advantages result from the fact that the array itself is electrically

linear and that the earth footprint contains a relatively small area.

Jammers carried by balloons, aircraft, drones, rockets, or low-orbit
satellites operate by injecting their signals directly into the main beam
of the receiving antenna. This jamming mode would be effective, but would
face serious operational difficulties., A jammer carried by a synchronous
satellite located near the space array could be marginally effective as
indicated by the following calculation. Suppose that the jammer radiates
10 watts., It must cover a considerable frequency band (e.g., 50 MHz) to
deny use of the satellite over the geometric paths that are likely to be
used, It must have a total beamwidth of about 8° to cover credible ground
stations., The latter figure limits the gain to about 27 dB, Therefore
the power density at the earth is +10 + 27 - 163 - 77 dBW/Hz where the
four terms (in dB notation) represent the power generated, the antenna
gain, the geometrical speeding factor, and the spectrum spreading factors,
respectively. The net result is =203 dBW/Hz--only one dB above thermal
noise at 300° K. Such a jammer would be considerably more complicated
and expensive than the array, and is therefore not regarded as cost-

effective,

Because of earth curvature no earth-based jammer can inject its sig-

nal directly into the receiving antenna. Therefore, the jammer must




radiate the same frequency as that used for communicating, and the jammer

is forced to work through the array.

Because the array is passive and linear it cannot be caused to satu-
rate and thereby produce harmonics or intermodulation. Consequently, a
jammer can be effective only by transmitting at a frequency within the
pass band of the receiving station. Practical receivers provide a very
high degree of rejection to signals outside the intended pass band. There-
fore, the frequency chosen for communicating, and hence the frequency that
must be adopted by the jammer, is controlled by the spacing, location, and
attitude of the array, and by the location of the intended receiver. The
situation may be visualized by reference to Figure 4, Unless the jammer
is located upon the annulus that passes through the transmitter, the jam-
ming signal returned by the array will form an annulus that does not inter-
sect the receiver. Therefore the jammer is forced to work through a
sidelobe of the array. It is for this reason that the sidelobe behavior

of the array is of great importance.

With the 10,000-element array to be used in the feasibility demonstra-
tion, the transmitting (or receiving) annulus has a 3-dB width of approxi-~
mately 100 km. However, with the longer array contemplated for future

systems, the width of this annulus will shrink to approximately 10 km,

For a perfectly uniform array the distribution of the electric field
of the signal returned to the earth has a sin x/x distribution along any
radial through the subsatellite point that crosses the favored annulus.

The convergence of this function is illustrated in Figure 5.

Because the array is located at a great distance from the earth, it
follows that all path lengths are nearly equal. Therefore the field
strength of the received signal is virtually independent of the location
of the transmitting and receiving antennas, and can be controlled by the

power radiated by the transmitter., By the use of error-correcting codes

16
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it is possible to obtain very low error rates with signal-to-noise ratios

(SNRs) in the neighborhood of 10 dB. When error-correcting codes are used,
the jamming power must come within about 5 dB of the normal received power
in order to produce serious interference. On this basis we can estimate

the power and antenna requirements of the jammer.

Consider the situation in which an earth-based jammer is working
against an airborne transmitter. Consistent with Section IV, we assume
that the airborne system radiates 10 kW through a 5-ft parabclic antenna,
and that the earth-based jammer radiates 1 MW through a 50-ft antenna.
These assumptions are quite favorable to the jammer in that they pit a
powerful earth-based transmitter with a large antenna against a modest
airborne transmitter with a much smaller antenna. In this situation the
jammer has an advantage of 20 dB in power, plus 20 dB in antenna gain,
plus 5 dB in signal power requirement, for a total of 45 dB. To defeat
such a jammer the array must provide a sidelobe discrimination of at least
45 dB. Inspection of Figure 5 indicates that this condition is met if the
jammer is more than 1000 km from the annulus that passes through the trans-

mitter (Figure 4).

The margin against the jammer can be increased by making use of
spread-spectrum signals. However, difficulties of initiating communica-
tion and maintaining synchronization reduce this advantage in practical

systems,

The jamming and interception problems are both affected in a way
favorable to the intended user and unfavorable to the opponent by either
libration or east~west drift of the satellite. This is true because the
transmitting frequency can be adjusted by the intended user to maintain
favorable transmission properties in the face of either of these distur-
bances. 1In contrast, the opponent is faced with time-variable conditions
that require movement of the transmitting apparatus through substantial

distances-~a requirement difficult to meet,
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In practical antennas, the sidelobe pattern is strongly affected by

mechanical imperfections. It seems probable that the same statement will
apply to practical arrays. The sidelobe pattern is the dominant parameter
in determining system resistance to jamming. Therefore an important ob-

jective of the feasibility demonstration experiment is to measure the

sidelobe levels actually achieved.
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IV SYSTEM APPLICATIONS AND TRADEOFFS

A, The Signal-to-Noise Ratio

The rate ar which information can be relayed by means of a passive
satellite array depends on the construction of the array, the operating
frequency, the size of the transmitting and receiving antennas, the trans-

mitter power, and the receiver noise figure.

The distance R from a geostationary satellite to an earth station is
nearly the same for all points visible from the satellite. Therefore, a
single value of R can be used in the standard radar equation to calculate’

the power Pr received by a ground station, For free-space conditions this

equation may be written:

; _PthL
B, R A (16)
4mR 4R
where
Pt = Transmitter power
Gt = Transmitter antenna gain
o = Radar cross section (RCS) of the satellite
Ar = Effective aperture of the receiver antenna
Gr = Receiver antenna gain

R = Altitude = 36,000 km.

The receiver noise power is given by

Pn = kT &f (17)
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where

o
[}

Noise power at receiver input

kX = Boltzmann's constant

T System noise temperature

]

&6f Receiver bandwidth.

Substitution of numerical values in Eq. (15) of Section II (o =
0.41 L2) yields g &~ 104 for the 150 meter array to be used initially
and o ~ 106 for the 1500 meter array planned for operation systems.
If we substitute o = 106, and select 7.5 GHz as a suitable operating
frequency, we may design a two-way teletype system having the parameters
shown in Table 1. Although identified with an air-to-ground link,
these parameters may also be applied with little change to a ship-to-

shore or ship-to-ship communication system.

B. Frequency Tradeoffs

As noted in Eq. (15), the radar cross section of our satellite is
independent of wavelength and is proportional to the square of the array
length, For a given diameter of the transmitting antenna the gain is pro-
portional to the frequency squared. These are the two dominant consider-
ations in selection of the operating frequency and array length, The other
important fact is that the bandwidth limitation of the array varies in-

versely with the array length,

Use of the highest practical microwave frequency is indicated by the
facts that the size of the scattering elements and hence the weight of the
array tend to decrease with increasing frequency, and that the gain of a
particular transmitting antenna tends to increase with frequency. On the
other hand, a lower frequency is indicated by the surface tolerance re-

quirements on antennas, the ease and convenience with which power can be
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Table 1

TENTATIVE CONFIGURATION FOR A TWO-WAY TELETYPE SYSTEM

Airborne-to-ground and vice versa (via space-array satellite)
Array length--1500 m

Operating frequency--7.5 GHz

Airborne-antenna aperture--5 ft

Ground-antenna aperture--30 ft

Proliferated, hidden, transportable, and/or hardened ground
antennas for MEECN (limited antenna steering required)

Transmitter power--1,5 kW for 100 Hz bandwidth

Array bandwidth--100 kHz (spread-spectrum potential--30 dB
processing gain)

Receiver noise temperature-~150° K
Viterbi decoder
Error rate--10" 10

SNR--6.7 ~ 8.2 dB

generated, and the ease of realizing low values of receiver noise figure.
Moreover, reliability of transmission is seriously reduced by attenuation
caused by rain and other atmospheric disturbances if the frequency is in-
creased much above 10 GHz. Frequencies between about 6 and 12 GHz are

attractive as a practical compromise between these various considerations.

A frequency of 7.5 GHz has already been suggested as a suitable value.

C. Array-Length Tradeoffs

The effect of varying the array length is shown in Figure 6. For an
array of fixed length the SNR can be ihproved simply by narrowing the band-
width of the receiver and reducing the information bandwidth, Alternatively,

the array length can be increased and the receiving bandwidth correspondingly

23
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reduced. This procedure increases the radar cross section of the array

while reducing receiver noise power. As a result, the system SNR improves

at the rate of 30 dB per decade of bandwidth., Finally, it is possible to
increase the received SNR without reducing the bandwidth, by increasing
the array length, modifying the array configuration, and using correspond-
ing signal processing such as that used in pulse-compressién radars.
Additional information on tradeoffs is provided in Figure 7.

D. Two-Way Communication

Active satellites employ different frequencies in the uplinks and
downlinks to simplify the problem of multiplexing the signals to provide
two-way communication, In a single, passive array this procedure is im-
possible because the return signal is necessarily at the same frequency

as the transmitter signal,

To provide full-duplex two-way communication,
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the designer of a space-array system has several options available. First,
he may use simple time-division multiplexing--i.e., delay the reply until
reception of an incoming message is complete. This procedure is appropriate
for emergency action messages and allows the use of a single array in com-

bination with a single antenna at each terminal.

Second, in situations where many arrays are available through prolif-
eration, it is possible to achieve two-way communication because the oper-
ating frequency depends on the geometry and location of the arrays (even
if the arrays are identical). The disadvantage of this arrangement is
that each terminal requires separate antennas for transmission and recep-

tion. The situation is shown in Figure 8(a).

A third possibility involves the use of a duplex array consisting of
two sections with different array spacings as shown in Figure 8(b). This
tends to double the array length but permits use of the same antenna for
transmission and reception as with conventional earth stations. Finally,
it is possible to achieve great operational flexibility by combining space
and frequency diversity by proliferating arrays with different element

spacings.

E. Network Operation

The preceding sections have shown how two stations can communicate
in a full-duplex mode, and have discussed tradeoffs between various
gsystem parameters. It remains to show how several stations can operate
together as a practical network. To demonstrate that this can be
accomplished we refer to Figure 9, which shows five earth stations in
combination with two duplex space arrays, as shown in Figure 8. It is
clear that any particular earth station can direct its antenna to either
satellite and can select a frequency that steers power to any one of

the four remaining stations. It is unlikely that the illuminated
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annulus passing through the intended receiver station will also pass
through any of the other three stations. This unlikely situation could
be accommodated by time-division multiplexing, or could be avoided by
shifting operation to the other satellite with an appropriate change

>f frequency.

Consideration of the geometrical and frequency choices available,
together with the fact that the operating annulus has a width of only
10 km shows that each of the five stations will be able to communicate
separately with any of the other four. In no reasonably probable
situation will a station find that his transmissions simultaneously
reach two of the other stations and that he cannot obtain relief by

switching to the other satellite.
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V VULNERABILITY

Preliminary calculations have been made to estimate the vulnerability
of an aluminum sphere array to nuclear attack. They show that an array of
aluminum spheres is most vulnerable to vaporization recoil due to x-rays,
whereas active satellites are usually most vulnerable to neutrons. For
this reason the most effective way of comparing the vulnerability of such
dissimilar satellites is by a graph of range against weapon yield. A
graph of that type appears as Figure 10. The principal conclusion that
may be drawn from this graph is that any opponent will be forced into a

one-on-one attack on the array, which is quite costly because passive
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FIGURE 10 VULNERABILITY TO NUCLEAR ATTACK OF 1500 m ARRAY OF ALUMINUM
SPHERES




arrays are relatively cheap and easy to proliferate, whereas high-yield

nuclear weapons delivered at synchronous altitude are inevitably expensive.

The principal outputs of a nuclear weapon detonated in space are x-rays,
high-velocity debris, gamma rays, beta rays, and neutrons., The dominant
effect against the passive array are x-rays with energies of several kilo-
volts. At relatively large distances the only effect is a slight‘recoil
due to their quantum momentum. At closer ranges or higher x-rays intensi-
ties, the surface temperature of the metal is raised sufficiently to pro-
duce vaporization., The forces due to recoil from vaporization are about
four orders of magnitude larger than those produced by photon recoil.
Therefore, boundary between photon recoil and recoil due to vaporization
is the dominant feature of Figure 10. This criterion is independent of
the array form but differs somewhat for different materials. Aluminum
has favorable properties because x-rays penetrate it easily so that their

energy does not concentrate at the surface.

Our analysis leads to this conclusion: If the blast is too weak and
too distant to cause vaporization it will not affect the operation of the
array because the photon recoil is too weak to disturb its shape or posi-
tion. Conversely, if the blast is strong enough to cause vaporization,
the resulting recoil will disturb the geometry of the array enough so that

it is inoperative, at least temporarily.

Only in an extreme case will the loss of mass due to vaporization be
sufficiently great to cause long-term damage. Otherwise the disruption
of the signal-relaying property of the array will be temporary rather than

permanent,
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VI ORBITAL DYNAMICS

The orbital characteristics of the space arrar do not differ in any
essential way from those of other satellites in synchronous orbit.* How-
ever, several topics differ in detail because of the unique configuration
and relatively low mass-to~area ratio of the array. A synchronous orbit
with little or no inclination is favored because it places minimum require-
ments on frequency steering and ground-station tracking. A very circular
orbit is desired because eccentricity tends to cause libration of the

array, which is difficult to control.

A, Gravity Gradient

Consider a satellite in the form of a long, slender rigid bar that
is aligned with the local vertical so that it rotates around the earth
(and with respect to space) once every 24 hours. The outer end of such
a bar has a higher velocity and a greater centrifugal force than the inner
end, Conversely, the inner end experiences a slightly stronger gravita-
tional force because it is closer to the center of the earth, The combi-
nation of these influences causes the bar to have internal tension and to

tend to 2lign itself with the local vertical.

If perturbed from the vertical position the bar will oscillate or
librate about it., The period of the libration perpendicvlar to the or-

bital plane is exactly half the orbital period. For a synchronous

*
The material in this section is taken from a recent report on this proj-
ect,6 which should be consulted by anyone seeking more information on
this topic.
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satellite this period is 12 hours.

Libration in the plane of the orbit
has a slightly longer period--i.e., 24 hrs/JG, or approximately 14 hours,

If the rigid bar is replaced by a flexible member such as a cable or
a chain the dynamic properties become considerabl

In
plane.

more complicated.
addition to librating as a straight member, the cuble is capable of oscil-
lating in various flexural modes, which are not restricted to a single

A few of these planar normal modes are illustrated in Figure 11,
Fortunately, such flexural modes are subject to fairly rapid damping by
the internal viscosity of the material, or by friction in physical joints.

This property is exploited in the present satellite design, which damps
the librational mode by coupling it to flexural modes.

\ TN mODE FREQUENCY
in plane out of plane
1 173 n 20 n
2 3.00 n 3.16 n
3 424 n 436 n
MODE 1 2 3 4 5
E 4 548 n 557 n
()
E)
2
(]
2z
g 5 6.71 n 6.78 n
nJrgi“ +1) nJﬁ *%iu + 1)
n — ORBITAL RATE
\ i — MODE NUMBER
FIGURE 11
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The basic damping concept is illustrated in Figure 12, which shows

a rigid bar, hinged through ball joints to a pair of tip devices that con-

sist of a circular disk and a short shaft, The essential fact is that the

DISC

VISCOUS
RIGID BAR HINGES

LA-3323-86

FIGURE 12 CONCEPTUAL DAMPING MODEL

libration properties of the tip devices differ from the libration proper-
ties of the straight bar. If such a system is released with arbitrary
initial conditions, it will librate about the local vertical in a compli-
cated three-dimensional pattern that includes substantial relative motion
in both joints., The oscillation will be damped, and the equilibrium posi-

tion will be approached as a result of friction in the joints.
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The actual array is not rigid, but for purposes cf analysis can be

approximated by a flexible cable. Through analysis and modeling we have

determined that tip inertia units of the type shown in Figure 12 are also

effective when applied to a flexible cable. Figure 13 shows the shape

that the cable will take when the tip proportions are chosen to tune the

tip oscillation either lower or higher than the main libration period.

Greatest flexure and strongest damping is produced in the tuned condition.

LOCAL
VERTICAL

LOCAL
VERTICAL
i

ARRAY SHAPE WITHOUT
TIP INERTIA

(a) (b)

LA-3323-65

FIGURE 13 FIRST MODE SHAPES WITH TIP INERTIA

The actual array differs from this conceptual model in several de-

tails. First, to facilitate deployment, each tip-inertia unit consists

of a single coil or pigtail of the same type as the general array, rather

than being a separate disk as illustrated in Figure 13, Second, the main

body of the array is not a rigid bar, but consists of a large number of
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Friction in these joints pro-

units connected by limited-motion joints.

duces additional damping of any flexural modes that may result from cou-

pling between main-body libration and tip oscillation. The construction

is shown in Figure 14,

ee0000e,
® *e,

ARRAY WITH INERTIAL TIPS

®eq (] *
®%ceccccove’
LA-3323-87

FIGURE 14 ARRAY WITH INERTIAL TIPS

B. Perturbing Influences

The orbit and attitude of any satellite is subject to perturbations

or disturbances from a large number of influences. Of these, the most

important one to our satellite is solar radiation pressure.
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Solar radiation pressure affects the space-array satellite in two
different ways, First, it tends to change an initially circular orbit
intc an elliptic orbit, The degree of ellipticity increases over a period
of six months, then decreases through the next six months so that the or-
bit resumes its original form at the end of one year. Second, the solar
radiation pressure tends to affect the shape of the array. A very light
array would be collapsed by the effects of solar radiation pressure if
the sun were in a nearly end-on position and if the array initially was

distorted from a perfectly straight geometry.

Perhaps the most important phenomenon is the tendency of solar radia-
tion pressure to distort the array, from the condition of nearly perfect
straightness required for proper electromagnetic functioning, unless all
the elements of the array are equally massive and respond equally to solar
radiation forces. Our calculations show that solar radiation pressure
will not distort the array of metal spheres beyond acceptable tolerance

limits,
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VII LAUNCH AND DEPLCYMENT
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Before the array can serve as a communication satellite it must first
be successfully launched and deployed. These topics are discussed in the

following paragraphs,

A.  Launch

For a piggyback launch to synchronous altitude, the best opportunity
that has been found is a Titan III-C rocket dedicated to the launch of a
pair of 777 satellites during the latter half of 1977. As it approaches
synchronous altitude this vehicle cousists of a power transport stage
(transtage) and the two satellites, which are stacked one above the other

and have their own station-keeping capability.

A substantial amount of space exists between the lower 777 and the

——

transtage. We propose to store the space-array deployment package in
this space, which has the boundaries shown in Figure 15. The general
configuration of the transtage with payloads and the contemplated deploy-
ment sequence are shown in Figure 16. The sequence shown differs from
the conventional sequence only by the presence of the passive array pay-

load and by one additional reorientation to deploy it.

B. Deployment

Ideally, the array should be deployed in such a way that it would
be straight, aligned with the local vertical, and rotating once a day so
as to remain earth pointing. It should also be tranquil--i,e., free from
internal velocities or motions, Such an ideal deployment is unlikely in

practice, but should be approximated as closely as possible, The
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FIGURE 15 TITAN I1I-C AVAILABLE VOLUME FOR PIGGYBACK

deployment mechanism that has been chosen to achieve these requirements

is shown in Figure 17, The array is stored in a circular canister or
chain locker and is suitably constrained so that the vibrations encoun-
tered during the launch will not injure the array or its associated mech-
anisms, Between launch and deployment the constraint is released and the
array is tranquil within the container, When the launch command is re-
ceived the pair of sprockets is accelerated to a surface velocity of a

few meters per second and the array is ejected toward the nadir. The de-
ployment process ends when the array leaves the deployment sprockets, The
deployment process causes the orbit of the array to differ somewhat from
that of the launch vehicle at the time of launch. However, the difference
is smaller than the orbit uncertainty of the parent vehicle, so the effect

is unimportant.

The deployment process is complicated by the stabilization dynamics
of the transtage of the Titan I1I-C rocket, The transtage is subject to
three-axis stabilization, which holds the axes accurate to within approxi-

mately +1/2°, However, the motor impulses that produce this stabilization
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FIGURE 16 REPRESENTATIVE DEPLOYMENT SEQUENCE

are not under precise control, Therefore the process includes a consid-
erable degree of randomness. Such disturbances tend to cause the array
to be ejected in a sinuous rather than the desired straight-line manner.
The oscillation energy imparted to the array might cause it to collapse
if suitable measures were not taken. The principal measure that has been
taken to overcome this difficulty is to make the array of sections that
are inherently stiff and to connect them by limited-motion joints. 1In
this way the tendency to collapse is overcome, and the energy imparted

by the transtage cycling is transformed into bending potential energy in
the array. The latter energy is subsequently dissipated by viscous fric-

tion in the array joints. Figure 18 shows the attitude-control system,
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FIGURE 17 DEPLOYMENT MECHANISM
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and Figure 19 shows how the deployment tends to be affected. This ten-

dency can be overcome by adding gyroscopic or servo control to the exit

tube (shown in Figure 17) that guides the array as it leaves the deploy-

ment mechanism,

EFFECT OF
TRANSVERSE
VELOCITY

LA-3323-91

FIGURE 19 EFFECT OF TRANSVERSE VELOCITY

The deployment sequences discussed in the preceding paragraphs tend
to align the array with the local vertical but do not impart the needed

angular velocity of one rotation per day. The desired rotation can be

secured in either of two ways, One way is to accelerate the launch ve-
hicle in eastward translation as the array is deployed toward the nadir.
This will generate the needed difference in velocity between the upper i

and lower tips of the array. The other option is to rotate the transtage
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during deployment in the direction opposite to that desired for the array.
The changing angle of ejection during deployment produces the necessary

changes of velocity, thereby inducing the desired rotation,

The first option requires a velocity difference of about one cm/s
between the two ends of the array. The second option requires a (negative)
rotation rate of one turn per day with respect to the fixed stars or a
negative and twice the orbital rate with respect to a rotating frame of

reference.

The attitude control mechanism cannot provide accuracies of this de~
gree on a short-term basis, However, the attitude sensors are highly ac-
curate. Therefore, we can obtain the needed precision by programming and

averaging the controls over the many cycles that occur during the deploy-

ment interval,

S —
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VIII ARRAY CONSTRUCTION

Figure 20 shows the manner in which the array is to be fabricated.
The working portion of the array will consist of 100 sections that are
individually straight, and 1.5 m long. Adjacent sections are joined by
limited-motion ball-joint connectors that are very free for motions below
approximately 3° but are stiff for larger motions. Each joint is filled
with a viscous damping fluid that provides freedom to very slow motions
but absorbs energy associated with oscillatory motion. Perchlorinated
poly-ether is one of several materials being considered for use as the

damping fluid.

The end sections are made in the same way as the rest of the array
but do not contain joints, They are prestressed so that they will assume
the desired circular pigtail configuration after deployment, when they
are subject to the very weak gravity-gradient forces, In each transition
region where the straight section of the array joins the tip-inertia sec-
tions there are several special joints having a higher degree of motion
so that the tip-inertia section can rock to total angles of approximately
70° with respect to the straight portion of the array. Large angular
motion is contemplated because the deliberately introduced tuning of the
tip inertia will enhance or magnify the motion of the tip compared to the

libration of the overall array.
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IX STATUS AND CONCLUSIONS

The electromagnetic properties of the array have been determined by
analysis and computer modeling, and have been confirmed by a series of
experiments on arrays including as many as one thousand beads., Tests of
longer arrays near the surface of the earth is infeasible because of dif-

ficulties in maintaining straightness and because it requires considerably

more than a mile to reach the far-field region of a full-length array.

Measurement of the far~-field electrical scattering properties of an array

of 10,000 beads is thus one important objective of a space experiment.

Jam resistance is one of the most important properties of the array.

This property is strongly dependent on the high-order sidelobes of the

array, which tend to be controlled by small departures of the array from
its ideal configuration. Measurements to confirm that the array has the

predicted jam resistance are another important objective of the feasi-

bility demonstration experiment,

The orbital and attitude behavior of the array has been studied
through analysis and computer simulation. This work indicates that the

array will be stable in orbit, and will maintain the desired attitude.

Libration has been identified as the principal form of motion that is

likely to cause difficulty., Analysis and modeling indicate that the

chosen array configuration (straight center section with pigtail tips)

will be able to damp out such librations. However, the forces involved
are too small to measure on earth, and a space environment test is nec~

essary to confirm these results,

A mechanism for deploying the array from the transtage of a Titan

I1I-C vehicle has been designed, and preliminary tests indicate that the
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mechanism will meet the requirements of the system. Attitude cycling of
the depleted transtage is the principal obstacle to a successful deploy-
ment, The array has been stiffened and other steps are being taken to
mitigate such disturbances. The status of the program and the work that
has been done have been reviewed with personnel of numerous agencies, in-
cluding SAMSO, Aerospace, Martin Marietta, Applied Physics Laboratory,
University of California, Lincoln Laboratory, DCA, ARPA, and DTAACS. These
reviews have disclosed no fundamental flaw in the proposed experiment.
However, the feasibility of the method can ultimately be demonstrated only
by a space experiment., For these reasons it appears that the next step

is to build and launch an array.

Figure 21 shows the time schedule proposed for accomplishment of the
spacecraft coordination and related tasks., Figure 22 shows the schedule
for all of the activities that must be accomplished within the overall

time framework of the project.
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