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Gravity-gradient torque effects on an
Intelsat IV spacecraft
in transfer orbit

V. J. SLABINSKI

(Manuscript received August 1, 1973)

Abstract

This paper derives the gravity-gradient torque on a dual-spin spacecraft in
terms of the mass properties of each section. Elementary functions yield the
resulting spin-axis motion in terms of the spacecraft position in its elliptical
orbit, along with the spin-axis change per orbit period. Graphs illustrate the
spin-axis motion of the INTELSAT Iv r-a spacecraft while in its highly elliptical
transfer orbit and in synchronous orbit. The net spin-axis motion in synchronous
orbit is a negligible 10 degree/day.

INTELSAT IV F4 sun sensor data show the spin-axis direction in space shifted
by 0.05° during each perigee passage while in transfer orbit. This agrees with
the theoretical value within a measurement precision of 0.01°.

Introduction

The apogee rocket motor of a spin-stabilized INTELSAT communications
satellite has its thrust direction fixed along the spacecraft spin axis. Thus,

This paper is based upon work performed at COMSAT under the sponsorship
of the International Telecommunications Satellite Organization (INTELSAT).
Views expressed in this paper are not necessarily those of INTELSAT.
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the spacecraft spin axis must have the proper attitude in space at the time
of apogee motor firing so that the rocket thrust can change the elliptical
transfer orbit to the desired circular, equatorial, synchronous orbit. Sun
and earth sensors are used to determine whether the spacecraft has been
maneuvered into the proper attitude for firing. Data must be collected
and analyzed during an apogee pass preceding the pass for apogee motor
firing to allow time for any additional attitude maneuvers that may be
required. Thus, the analysis must allow for any torques that might sig-
nificantly change the attitude during the time remaining until apogee
motor firing. Gravity gradient can produce torques of this kind.

Gravity-gradient torques occur because the end of the spacecraft which
is nearer to the earth feels a slightly stronger gravitational pull than the
opposite end. Because this torque varies as the inverse cube of the space-
craft distance from the earth's center, its greatest effects occur when the
spacecraft passes through the perigee of the transfer orbit. Although the
torque near this perigee is small, attitude data from the INTELSAT Iv sun
sensors are sufficiently precise (0.01°) to show the resulting change in the
spin-axis direction for each perigee passage in the transfer orbit.

Theory

Basic torque equation

A derivation similar to that given by Nidey [1] will be used with the
following notation: P is the position vector of a spacecraft mass element
from the earth's center of mass, P. is the position vector of this element
from the spacecraft center of mass, and r, is the position vector of the
spacecraft center of mass from the earth's center of mass. Hence,

r = rc + r, . (1)

The gravitational force dF due to the earth's attracting the mass in an
element of spacecraft volume dV at P is

d1('r) = p(i) dV grad P(r) (2)

where p is the spacecraft mass density, and 15 is the earth's gravitational
potential (defined as the negative of the potential energy per unit mass of
spacecraft). The torque about the spacecraft center of mass due to this
force element is i. X dF. Integrating the torque over all the spacecraft
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volume elements gives the gravitational torque T about the spacecraft
center of mass:

p(r,) Y, X grad 4t('r) dV
v

The gravitational potential for points above the earth's surface is
usually expressed in a series of spherical harmonics:

GMa C
- V2 1)^('r)= r 1 -Jx r sinxS-2 ... (4)

(3)

where G is the universal constant of gravitation, M, is the earth's mass,
a, is the earth's equatorial radius, and S is the geocentric latitude of 'r.
Only the (second harmonic) term with coefficient Jx has been explicitly
displayed in this equation, since its value is about 10"" larger than the
neglected harmonic terms. A Taylor series expansion of the vector grad
ci, about P. = 0 is used to evaluate the integral in equation (3) for this
potential.

Terms from the kth derivative of grad 4) in the Taylor series expansion
will be of the order (GM, /ro) (r, /r,)I' or smaller, and since (r,/r,) < 10-5,
even for spacecraft 63 in long, terms corresponding to large values of k
are negligible, and only the lower order terms need to be considered in
the expansion. The k = 0 term is [grad 'h];_;,, which is independent of id;
hence, it contributes nothing to the integral in equation (3) since by the
definition of center of mass,

-Iv
p(P,) r, dl/ = 0 (5)

Thus, it is also necessary to consider the k = 1 terms in the expansion.
Computation of these terms indicates that the contribution of the J2 and
other harmonic terms is less than the contribution of the leading term in 'D
by a factor of about J2- Since Jx = 1.0827 X 10-1 for the earth , omission of
the harmonic term contribution results in an accuracy of about 0 . 1 percent
in the calculated torque. Thus,

GMPgrad 4, = [grad fi [ i ] (6)
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where a caret over a symbol denotes a unit vector. The use of equations

(6) and (5) in equation (3) yields

3GMe

V

which is the basic result obtained by Nidey.

Instantaneous torque on a dual -spin spacecraft

A multispin spacecraft consists of several rigid sections free to rotate
relative to each other about a common bearing axis, which will be desig-
nated the Z, axis. The spacecraft is so constructed that each section's
center of mass lies on this bearing axis, which is also a principal moment-
of-inertia axis for each section. A dual-spin spacecraft is a special case

consisting of only two such sections.
An expression for the gravity-gradient torque on a multispin space-

craft will now be developed in terms of the mass properties of each section.
First, the position of a volume element in the jth section is expressed in
terms of r;, the position vector from the section's center of mass. For

volume elements in thejth section,

F. = r; + z.i z, (8)

where z,,; is the displacement of the section's center of mass along the
Z, axis from the mass center of the complete spacecraft. The integral
in equation (7) can be replaced by the sum of the integrals from each
section and equation (8) can be used to eliminate r,. From the definition

of the center of mass,

Jvr;pdV =0 (9)

and since

fv p dV = m; (10)

where m , is the mass of the jth section, the result is

z =
3GM, [(Fe . z,) (r, X "z,) m; z,, ,) z

[

r3

+ f (i, • r;) (P X r;) p dV] . (11)
v; J
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To evaluate the integral in this equation, the principal moment-of-
inertia axes at each section's center of mass are used to define a right-
hand Cartesian coordinate system X;, Y;, Z; for that section. Each Z; axis
is taken along the bearing axis, with the positive direction given by +Z,.
In the jth section, with respect to the axes for that section,

and

0
0
1

(12)

(13)

(14)

The moments of inertia of the jth section about its coordinate axes are

Iz,; = J p (y + z;) dV (15a)

p

vi

Iv,; = J p (x; + z;) dV (15b)

p

vi

he = J p(xi +Y") dV . (15c)
v;

Since the products of inertia fv; p x;y; dV etc. are zero for these axes, use
of equations ( 12)-(15) in equation ( 11) yields

3GMe
* = r3 (I=.i - ID (?, • zz",) (+', • Yi) xi

+ (Jr,; - I .J) (F, • X;) (P, -

+ (Iv,; - I=.,) (F , • Yi) (r, - X;) z,I

where h; = Is,; + m; (z,,;)'

(16)

(17)
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and

b,.; = w.i + m1 (z=,') 2 (18)

are the moments of inertia of the ith section about axes through the space-

craft center of mass and parallel to the X, and Y, axes, respectively. For a

spacecraft consisting of a single section, z,,, = 0 and equation (16) re-

duces to a result given by Roberson [2].
The orientation of the jth spacecraft section with respect to the vertical

may be specified in terms of the polar angle 0 between the z„ and i, direc-
tions, and the azimuth 0; of F, about the Z, axis measured from the +X,
direction positive toward the +Y; direction so that, in the coordinate

system for this section,

sin 0 cos 0,
sin 0 sin 0,

cos B

Equation (16) may then be put in the form

(19)

3GM,
+ i 24 ,); t1

2L) 1
.,,.=.

+ I,.,,) cos 20,] sin 0 cos 0

+ C(Iv,; - lr ,;) sin 0 sin 2&, ] (2., sin 0 - p cos 0) f (20)

where 6 and p are unit vectors, common to all sections and orthogonal

to 2, and each other:

O sin 0 = Y8 X (21)

p = z, X B . (22)

Application to INTELSAT IV

An INTELSAT Iv is a dual-spin spacecraft consisting of a spinning sec-

tion (a solar-cell-covered cylinder spinning about the cylinder axis) and a

despun section. A bearing and power transfer assembly constitutes the

interface between the two sections whereby the cylinder and bearing axes

are coincident. This axis is designated the Z,, axis and its positive direction

points toward the antenna platform end of the spacecraft. This direction
is also the (positive) direction of the angular velocity vector for each
spacecraft section. Nutation dampers are mounted on the spacecraft to
remove any angular velocity component perpendicular to this axis.

A despin motor spins the antenna platform relative to the rotor section
to keep the antennas pointing toward the earth. The spacecraft rotational
angular momentum A is

A = [I,,, w, + (t - L.,) wn] 2, (23)

where the r subscripts refer to the rotor and the p subscript refers to the
antenna platform. /_ is the total spacecraft moment of inertia about the
spin axis:

(24)

and w is the angular velocity in inertial space. A change in the despin
motor speed (w, - wi,) will affect both w, and it-, without changing A,
since the motor exerts only internal torques on the spacecraft. In syn-
chronous orbit IT, is about +50 rev/min, while wp is about 10-' rev/min
(l rev/orbit period). Hence, the second term in brackets in equation (23)
may be neglected when A is evaluated for the despun condition.

Table 1 shows that the transverse moments of inertia I,,, and 1,,,; for
each spacecraft section are approximately equal. (Their difference re-
mains nearly constant throughout the spacecraft life.) This near equality
makes it possible to neglect in equation (20) the terms for the torque
which depend on ¢,. In addition, the rapid rotation of a spacecraft sec-
tion results in a zero average contribution of its Oj terms to the torque;
the rotor section is always spinning while the IN IL SAT Iv 1:-4 antenna
platform is allowed to rotate in inertial space at 4 rev/min for approxi-
mately an hour before to an hour after each perigee passage, the time
period when the spacecraft is nearest the earth and gravity-gradient torques
are largest. Hence, the instantaneous torque contribution represented
by the o, terms in equation (20) gives an imperceptible fluctuation in each
section's angular velocity vector.

By neglecting the 4,, terms, equation (20) for the torque becomes

3GMe
2ra (I + ly - 24) (ra x 2.,) (r^ • z,) (25)
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TABLE 1. PRINCIPAL AXIS MOMENTS OF INERTIA FOR INTELSAT IV F-4

Moment of Inertia

(kg-m')

In transfer orbit (after spin-up)

Whole spacecraft
h 1,121.0
Iv 1,132.9
About roll axis, I, 408.6

Spun section
392.4

4,r 403.3

About its roll axis, 4,, 315.0

Despun section
117.8

Iv.n 123.9

After apogee motor firing
4 693.7
4 705.6
I, 343.7

250.0

After exhaustion of hydrazine
maneuvering fuel
4 655.8

Iv 667.6
I, 289.6

195.8

GRAVITY-GRADIENT TORQUE 9

The torque given by equation (25) has no component along the spin
axis so that the magnitude A of the rotational angular momentum remains
constant. Equating the torque to the time derivative of the rotational
angular momentum yields

di,.

T Adi

as the equation to be solved for the spin-axis motion.

(28)

Spin-axis motion in space

In this section, for the purpose of determining the motion of the spin
axis in space, a right-hand Cartesian coordinate system XYZ with origin
at the earth's center of mass is adopted. The positive Z axis points north
along the earth's rotation axis and the positive X axis points toward the
vernal equinox. The positive Y axis thus lies in the equatorial plane and
points toward a right ascension of 90°. In terms of the right ascension a
and declination S of the spin-axis direction,

cos a cos a)i
cos a sin a

sin a
(29)

in this coordinate system.
The satellite position can be expressed in terms of the orbital elements

a = semi-major axis of the elliptical orbit

e = eccentricity

i = inclination of orbit plane to the equator

where = L [Iz i)2]I i + m, (Zs (26)
12 = right ascension of the ascending node

y , .

4 = E [Iv.i + mi (±,,i)2^ • (27)

w = argument of perigee

v = true anomaly.

I. and Iv give the moments of inertia of the whole spacecraft about axes

through the spacecraft center of mass and parallel to the Xi and Yi axes,

respectively, when the Xi axes of all the sections are parallel. The numerical

values of h and Iv for a multispin spacecraft are not necessarily unique,

since for any section the X5 and Y, axis labels may be interchanged, but

equation (25) requires only the sum (Iz + Iv), which is unique.

The unit radius vector may be written as

where

F^=u„cosL+uvsinL

L = w + v

is the argument of latitude,

(30)

(31)
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Cos $2

iI = sin S2

0

is a unit vector in the geocentric direction of the node, and

cos i sin 0

CosiCos12

sin i

is a unit vector in the orbit plane in the geocentric direction of L = 90°
(the north vertex of the orbit plane).

Combining equations (25), (28), and (30) gives

dll., 3GM, (h + I„ - 21,)
[ii,

dt 4r A I
+ 21i, cos 2L ± 21i, sin 2L] (34)

where u1 - (u"„ • 2,) (G„ X 2,) + (G, • a,) (au X 222,) (35)

us - ^[(u.. • 2,) (a. X 22,) - (a, • 1,) (u, X 21)] (36)

iii = z[(Un • ^,) ((,, X 2,) + (uu • z,) (u.. X 2,)] • (37)

The motion of the spin axis during a time interval of several orbit
periods is of interest here. Because of the rotor section's high spin rate,
the rate of change of 2, is small enough to permit the evaluation of equa-
tion (34) on the basis of unperturbed satellite orbital motion with little
error. The direction of the spin axis changes only slightly during the time
interval; hence, the unit spin vector 2, may be regarded as constant on the
right side of the last four equations. Thus, the vectors u1, i ,, and iii may
be assumed to be constant in equation (34), and they may be evaluated
for any convenient time within the time interval.

For unperturbed motion, Kepler's First Law gives

a(l - es)

r, 1 + (e cos w) cos L + (e sin w) sin L

GRAVITY-GRADIENT TORQUE II

which may be used to eliminate r, from equation (34). Kepler's Second

Law gives(32)

dL a
= n 1/1 - e"

di ra (39)

where n is the mean motion (2ir rad'orbit period) given by Kepler's

Third Law,

n"a' = GM, . (40)
(33)

Equation (39) makes it possible to integrate equation (34) by changing
the variable of integration from i to L:

L d2 dt

dt ^A) dL
L=L,

3n(1,..+1„-2I)

4 A(1 - e^-)^i2 [u1{L +
(e cos w) sin L

(e sin w) cos L} + u2 {sin 2L

+ e cos w (sin L + sin 3L)

+esinw(CosL - Cos3L)I

+'a:, {- cos 2L - e cos w (cos L + a cos 3L)

+ e sin w (sin L - 3 sin 3L) } I ^ . (41)

This equation gives the spin axis direction at a time I in terms of the unit
spin axis at some epoch t, and the argument of latitude values L and L,
corresponding to the two times. Although 2„ at time t computed from this
last equation differs slightly from a unit vector because the vectors ul, ux,
and u,3 have been treated as constants in integrating equation (34), 2,.
gives the spin axis direction with good accuracy.

Net change in spin axis per orbit period

Sometimes the net displacement L2, of the unit spin-axis vector over one
orbital period is of interest, and it can be found by evaluating equation
(41) with L = L0 + 2,r rad used for the upper limit. The result is

(38) ^, _ Ii1C u„ • 2",
(42)
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where 3,n(!.

2A(l - e2) 3/2 (u„ • z,) (43)

Now I. can be expressed in terms of its components along three mutually

orthogonal unit vectors as

2z,=(un-z,) u„+(u,-2,) u ,+(u"„•2",) u (44)

where I,. = u„ X i,,

sin i sin S2
- sin i cos Q

cos i
(45)

is a unit vector normal to the orbit plane. The cross product of equation

(44) with 2, yields

0= (u„ •2,) (u X a,) + (u, • z.,) (u, X 24

+ (R.,, • 2,) (I. X z,)

Combining this equation with equation (35) gives

'uI = - (uw - "z,) (ui X 2,)

hence, equation (42) becomes

Az,X z",)

(46)

(47)

(48)

This result also follows from the expressions given by Thomas and Cap-
pellari [3] for the gravity-gradient torque time averaged over one orbit

period.

Summary of spin -axis motion equations

The following procedure is used to compute the spin-axis motion in
space in the presence of gravity-gradient torques. Equation (29) is used to
compute the components of a unit vector 2, along the spin axis at some
initial time I,, and equation (23) is used to compute the magnitude A
of the spacecraft's rotational angular momentum. If the moments of
inertia I., I,,, and I of the whole spacecraft are not given, they may be
computed from the mass properties of the rotor and antenna platform
sections using equations (26), (27), and (24).

GRAVITY-GRADIENT TORQUE 13

To find z, at other times t within a few orbit periods of to, equations (32)
and (33) are used to compute the unit vectors an and G, from the orbital
elements, which in turn make it possible to compute the vectors ul, 'u9,
and u3 from equations (35)-(37) using z, for the initial time. Once the
arguments of latitudes L and Lo (in radians) at times at and to are known
(where the difference L - Lo reflects any completed orbital revolutions of
the earth between the times), equation (41) gives a vector z, along the spin
axis at time at.

To find the net displacement Al, of the unit spin-axis vector over one
orbital period, equation (45) is used to compute the unit orbit normal fi.
and equation (43) is used to obtain the angle 4, in radians. Equation (48)
then yields Al,. Equation (48) shows that the net effect of gravity-gradient
torques on a spacecraft such as INTELSAT Iv over one orbital period is a
rotation of the spin-axis direction through a polar angle T- about the orbit
normal. A positive d' value indicates a spin-axis rotation in the direction
of orbital motion. The magnitude of Az gives the net great circle change
in the spin-axis direction. This magnitude is proportional to sin 2$,
where p is the angle between the spin-axis direction and the orbit normal.
It should be noted that the net change does not depend on the perigee
position!

The net change AH in the solar aspect angle H over one orbital period
due to gravity-gradient torques can be determined once Al, has been
found. The solar aspect angle is the angle between the spin-axis direction
and the direction of the sun from the spacecraft:

cos H = h • i, (49)

where h is a unit vector toward the sun:

cos 3n cos an
h = cos b h sin aA

sin bn
(50)

and a,, and b,, are, respectively, the apparent right ascension and declination
of the sun. Once H has been found from these two equations (0 < H
< ,r rad), AH is obtained from the differential of equation (49):

DH = hA2,

sin H
(51)
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Comparison of theory with attitude data

Attitude data collected during the transfer orbit of the INTELSAT IV F-4
launch illustrate the effect of gravity-gradient torques because of the long
time interval between satellite maneuvers. Tables I and 2 provide the
basic orbital and spin-axis data used in equation (41) to predict the spin-
axis motion under gravity-gradient torques. Figure 1 shows the predicted
spin-axis motion in space for INTELSAT IV F-4, but the motion illustrated
is typical of any INTELSAT IV spacecraft in transfer orbit. This figure shows
that most of the spin-axis motion occurs from one hour before to one hour
after perigee passage. The spin axis moves only 0.004° during the four
hours before or after an apogee passage. The net spin-axis displacement

over one orbital period (apogee to apogee) is 0.053°.

TABLE 2. ORBITAL ELEMENTS AND SPIN DATA USED IN TORQUE ANALYSIS

-26.38

-2639

N
I

25.38 25.40 25.42

SPIN AXIS RIGHT ASCENSION Idegl

I
2544

Figure 1. Spin -Axis Motion Caused by Gravity-Gradient Torque for
INTELSAT IV r-4 in Transfer Orbit (Labels along the spin-axis path

give the time in hours:minutes since 1972 Jan. 23°01 UT.)

vector dot product which changes sign and reverses the torque direction at
such times. Since the vector )o sweeps out a plane in space during each
orbital period, it is perpendicular to 2, twice each period, giving two cusps
per period to the spin-axis motion in general. The cusps occur near perigee
and apogee in Figure 1 only because the spacecraft is in the proper attitude
for apogee motor firing, which requires the spin axis to be nearly perpen-
dicular to the line of apsides.

Figures 2 and 3 compare sun sensor data with the theoretical spin-axis
motion. These graphs give only the first good aspect angle measurement
in every 12-minute time interval. Gaps occur in the data near perigee,
when the satellite is not within view of any of the tracking stations.

The dotted lines indicate the linear decrease in the aspect angle due solely
to the sun's apparent motion across the celestial sphere at about 1°/day.
The departure of the data from these dotted lines near perigee, where the
gravity-gradient torque has its greatest effect, is readily apparent. The
solid lines include the theoretical gravity-gradient effects and give a good
fit to all of the data. In Figure 2, the 0.001° offset of the solid line below
the data is due to a constant systematic error (measurement bias) in the
data.

The theoretical analysis used for these graphs neglects spin-axis motion
caused by solar radiation torque, which can precess the axis at about
0.005°/period. Solar radiation torque may be omitted from Figures 2 and
3, since this torque rotates the spin axis about the sun's direction as an
axis, which introduces no direct change in the sun sensor data.

Two other torques which might be invoked to explain the observed
spin-axis motion near perigee are aerodynamic torque and magnetic

25.36

INTELSAT IV F-4 Geostationary
Transfer Orbit Orbit Example

Epoch of elements UT

a (km)

e

i (deg)

sa (deg)

(deg)

Mean anomaly (deg)

Orbit period (min)

1972 Jan 23807h

24,553

0.717645

28.164

296.643

178.772

217.12

638.14

42,160

0.0

0.0

0.0

0.0

0.0

1,436

Epoch of spin axis UT 1972 Jan 23417h 1972 Jan 2013° -

Right ascension, a, (deg) 25.38 24.40 0.0

Declination, 6, (deg) -26.40 -24.43 89.5

Spin rate, w,
(rev/min) 50.15 50.13 50.0

(rad/s) 5.25 5.25 5.24

Application Figure 2 Figure 3 Figure 4

Figure 1 shows that two cusps occur in the spin-axis path during each
orbital period. A cusp occurs when the torque reverses direction. This
reversal occurs when the radius vector ), to the satellite is perpendicular to
the spin axis i since equation (25) for the instantaneous torque involves a
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73.5

I

FIRST
APOGEE

I

PERIGEE

SECOND
APOGEE

1
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725

FOURTH
APOGEE

73.0

-:VAR I ALIGN IN SUN ASPECT
ANGLE TAKING INTO ACCOUNT
APPARENT SUN MOTION AND
GRAVITY-GRADIENT TORQUE

PERIGEE

TOUCH-UP
REORIENTATION

72.5

Oh

I 1

6h

1

12h 18h

TIME SINCE 1972 JANUARY 23d0h UT

I

24h

Figure 2. Comparison of Sun Sensor Measurements with Theory for

INTELSAT IV F-4 from the End of Nutation Damper Testing to the

"Touch -up" Reorientation of the Spin Axis

torque, since the atmospheric density and the geomagnetic field strength
are highest along this part of the orbit. Calculations indicate that each
torque would move the spin axis of an INTELSAT Iv less than 0.002° on
each perigee pass. It can then be concluded that the observed spin-axis
change near perigee of the transfer orbit is due to the gravity-gradient
torque, and that the scatter of the aspect angle data about the theoretical
curves in Figures 2 and 3 may be attributed to random measurement errors.

Finally, Figure 4 shows the expected spin-axis motion due to gravity-
gradient torques for a satellite in geostationary orbit. This figure uses
spacecraft data from Table 1 for INTELSAT IV F-4 immediately after apogee

71.5
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Figure 3. Comparison of Sun Sensor Measurements with Theory for

INTELSAT IV F-4 from the "Touch-up" Reorientation of the Spin

Axis to Apogee Motor Firing

motor firing, and orbital data from Table 2. The spin axis has its maximum
allowed 0.5° offset from the orbit normal to maximize the torque. This
figure shows that the net displacement of the spin axis over one day is a
negligible 10-4 degree.

For an INTELSAT IV in synchronous orbit, the change in its moments

of inertia with depletion of the hydrazine maneuvering fuel results in an

increased spin-axis motion due to gravity-gradient torques. If the moment

of inertia values from Table I for INTELSAT IV F-4 after exhaustion of its

hydrazine fuel had been used for Figure 4, the spin-axis motion would

have been 33 percent larger, but still negligible.



18 COMSAT TECHNICAL REVIEW VOLUME 4 NUMBER 1, SPRING 1974

O 89,50002
H
a
z

w
0

89 50WO

0000

6h

I

2h

18h

0005

SPIN AXIS RIGHT ASCENSION (deg)

24h

0 010

Figure 4. Maximum Expected Spitz-Axis Motion Caused by Gravity-

Gradient Torque for an INTELSAT IV in Geostationary Orbit (Tick marks

are at 1-hour intervals; the right ascension axis approximates the same
arc-distance scale as the declination axis.)

Conclusions

Sun sensor data from INTELSAT IV spacecraft in transfer orbit clearly
show the effect of gravity-gradient torques. The spin-axis shift of only
0.050 per perigee pass is not presently important for transfer orbit opera-
tions, since a transient asymmetry in the apogee motor thrust at ignition
shifts the spin-axis direction by several tenths of a degree. However, future
INTELSATS may have moments of inertia leading to large shiftsVof the spin

axis under gravity-gradient torques.
Gravity-gradient torques can presently be neglected for spin-stabilized

INTELSATS in synchronous orbit because

a. for a given satellite attitude, the torque occurring at synchronous
altitude is only 0.4 percent of the torque magnitude at the perigee
height (548 km) of the transfer orbit;

b. the spin axis in synchronous orbit is maintained nearly perpen-
dicular to the orbit plane, an orientation which gives zero torque; and

c. the torque is more than an order of magnitude less than the

solar radiation torque.
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for geostationary satellites
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Abstract

An investigation of the stabilization aspects of a wheel energy storage and
attitude control system is presented for a geostationary, body-stabilized satellite
configuration with bias momentum attitude stiffness. Paired counterrotating
wheels with net momentum are assumed to be a basic energy storage and attitude
control system. Primary power balance relationships are included to illustrate
the interaction between energy and momentum parameters. Although it ap-
pears that the assumptions regarding material and design technologies do not
violate attitude control requirements, critical development problems associated
with these assumptions are identified. A slight misalignment of paired wheel
axes appears to be the principal concern. In-orbit measurements and corrections
of such errors will probably be necessary.

Introduction

Advances in magnetic bearing technology and flywheel design and
construction should make possible high-speed wheels with high angular

This paper is based upon work performed at COMSAT Laboratories under the
sponsorship of the International Telecommunications Satellite Organization
(INTELSAT). Views expressed in the paper are not necessarily those of INTELSAT.
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momentum and large kinetic energy storage for application to satellite
attitude control and power management. For synchronous communica-
tions satellites with operational requirements during eclipse intervals,
such wheels may be useful as battery replacements with significant mass
and size advantages. Body-stabilized configurations may further use the
net angular momentum from pairs of counterrotating wheels for attitude
stabilization. Thus, the objective of developing high-speed wheels may be
twofold: energy storage and attitude stiffness at a significant mass reduc-
tion. Combinations of paired energy storage wheels and single momentum

wheels are also possible.
Interactions between energy storage wheels and the attitude control

system are discussed as a basis for such efforts as a preliminary evaluation
of the concept feasibility with respect to attitude control requirements and
operational sequences. Spacecraft compatibility is also considered.
Perturbations peculiar to such systems are identified, and responses and
corrections discussed. In addition, possible solutions to the critical design
problems identified herein are suggested, and power extraction and re-
plenishment balances are discussed with regard to speed control require-

ments.
The configuration of interest is a body-stabilized geostationary satellite

with bias momentum. Horizon and sun sensors are provided for attitude
information. It is assumed that the 800-kg (1,760-Ibm) vehicle has pitch
and roll accuracy requirements of ±0.1°, while the yaw accuracy is
relaxed to ±0.4°. It is further assumed that the magnitude of solar pressure
torque is 3 X 101 N-m (2.2 X l0-5 lbf-ft). Since the 4.45-N (1-lbf) latitude
control thrusters produce 0.1° pointing scatter, the maximum thruster mis-
alignment torque about any axis is 7 X l0-" N-m (5.2 X 10-3lbf-ft). It
should be possible to compensate for other thruster misalignments through
prelaunch adjustments, and possibly by active mass redistribution.
On-orbit programming of attitude thrust sequences during north-south
(N-S) firings may also be possible after sufficient observation of actual

perturbing torques.

Attitude control system description

High-speed wheels used for energy storage can be applied to attitude
control functions when paired in a counterrotating manner with constant
differential momentum. This configuration is equivalent to a bias momen-
tum system. Since gimbaling for attitude torque generation does not seem
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operationally feasible for high-speed energy storage wheels in magnetic
bearings during the time period of interest (late 1970s to mid 1980s),
such systems are assumed to perform as fixed-gimbal momentum wheels.
Although a pair of counterrotating wheels with zero nominal net momen-
tum can be used for energy storage in conjunction with a separate attitude
control system, the basic configuration considered here consists of paired
wheels with net bias momentum. Other combinations will be considered
as possible alternatives and their performance discussed.

Figure 1 is a basic block diagram of a wheel energy storage and attitude
control (WESAC) system. To define functional modes and operational
interaction, this scheme will be compared with that of a basic double-
gimbaled momentum wheel (DGMW) attitude control system. Both have
the same sensor requirements, but there are significant differences in the
application of attitude torques and power interaction with attitude control.
The DGMW requires more logic to operate roll/yaw gimbals, while
WESAC requires somewhat complicated power balancing. Basic fixed
wheel systems provide attitude stiffness through large bias momentum
and limit yaw errors through gyrocompassing at the orbital rate. The
DGMW can compensate for at least part of the solar torques, thus per-
mitting lower bias momentum. Both systems use attitude thrusters for
dumping excess momentum. Table 1 lists WESAC system components
and functions, including yaw information sun sensors for N-S corrections.
The WESAC system also includes a passive nutation damper to eliminate
transients during wheel realignment and N-S thrusting.

In the WESAC system, it may be possible to provide compensation of
solar torques through the use of magnetic torquers. However, such devices
have not been used at synchronous altitudes where their effectiveness is
questionable because of the variation in magnitude and direction of the
earth's magnetic field. In addition, attitude thrusters will be required
during N-S corrections because of probable high misalignment torques.
At best, magnetic compensation is expected to be less effective than
DGMW techniques which use gimbaling for compensation and attitude
jets for momentum dumping. Of course, compensation will work only if
the torque variations are at least partially predictable. There will always
be some unpredictable portion caused by such factors as mass shift,
structural bending, and changing refiectivities. On-orbit reprogramming
seems to be a must if maximum compensation is to be achieved. Such a
capability results in a lower bias momentum requirement, although this
must be selected before flight for DGMW systems.
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Figure 1. Basic Block Diagram of WESAC System

WHEEL ENERGY STORAGE AND ATTITUDE CONTROL

TABLE 1. CANDIDATE WESAC SYSTEM

Component Function

Wheel Assembly gyro stiffness , momentum sink
for pitch control, and energy
storage

Wheel Drive pitch position loop and motor
Electronics drive, and maintenance of

bias momentum

Vernier Realign - detection and measurement of
ment Gimbal wheel misalignment and cor-
Electronics rection

Propulsion transfer orbit reorien tation, spin-
Electronics up and spin -down, momentum

adjustment , and orbit adjust-
ment

On-orbit Hori- pitch and roll attitude informa-
zon Sensor tion

Sun Sensor attitude determination and
thruster gating during transfer
orbit

Transfer Orbit transfer orbit attitude determi-
Horizon Sensor nation

Passive Natation attenuation of natation
Damper

DESCRIPTION

Comments

hrushless motor drive

25

must work with alternators and
power control loop

error detection and compensa-
tion

scanning or passive I R

digital, transfer orbit

body-mounted, passive, CO,

spectral band, transfer orbit

only

toroidal liquid tube

Sun Sensor for yaw angle data during N-S digital , includes rate logic and
Yaw Informa- thrusting
tion

electronics

Figure 2 illustrates the relationship between bias momentum , KN, and
yaw error limit, I 'G Inn, for different values of compensation for the yaw
component of solar torque . It is assumed that I T ,flax - 3 X 10-s N-m
and that [1]

(1)

where AT, is the unpredictable part of T. (The other parameters are
defined in the Glossary.) This is the condition required to limit the steady-
state value of V,. A basic WESAC or fixed-gimbal momentum wheel
system has no compensation capability and would lie on the uppermost
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gure 2. Effect of Compensation on Required Net Momentum
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curve. The DGMW system should be capable of 70-percent compensation
and the WESAC system with magnetic torquers may be capable of 50-
percent compensation. The magnitude of HN determines the weight of
fixed wheel and DGMW systems. However, weight estimation methods for
WESAC are only very rough at best; hence, estimates are not attempted

here.
Figure 3 presents estimated mass curves for present fixed wheel [2]

and DGMW designs based on empirical data [3]. Mass values include the
wheel, housing, and associated electronics. Thus, once a value of H,
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Figure 3. Weight Comparisons of Momentum Wheel Systems
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satisfying equation (1) is selected, Figure 3 should provide a mass estimate
for a given system. This equation assumes no errors in the compensation
mechanism. For the double-gimbaled wheel, this assumption is satisfactory.
However, magnetic torquers are effective only for the predictable part of
the field; hence, equation (1) is not sufficient for the WESAC system with
magnetic torquers. One way to correct this is to adjust I AT I accordingly.

An appropriate example, corresponding to a maximum allowable yaw
error of 0.4°, is depicted in Figures 2 and 3. Three systems have been
considered. WESAC without compensation requires H, > 59.0 N-m-s
(43.2 ft-lb-s); WESAC plus magnetic torquers, assumed to be capable of
50-percent compensation, requires HN > 29.5 N-m-s (21.7 ft-lb-s); and
DGMW, assumed to be capable of 70-percent compensation, requires
HN > 17.7 N-m-s (13.0 ft-lb-s).

Figure 3 gives mass estimates corresponding to current technology for
fixed wheel and DGMW systems. The WESAC system would certainly
have a lower mass for a given HN. Thus, a comparison between fixed wheel
and DGMW systems should be helpful. The fixed wheel system appears
lighter if no notation damper is used. However, if such a damper is re-
quired, then all three systems have about the same weight for 1 4' mux
= 0.4°. If the assumptions used to form Figure 3 are correct (i.e., if the
weight of the double-gimbaled system increases less rapidly than that of the
fixed wheel system), then the gimbaled system has a greater weight advan-
tage at higher values of HN. As a final observation, 90-percent compensa-
tion seems possible for the DGMW system if on-orbit reprogramming is
available. Hence, such a system would have a definite mass advantage
over current fixed wheel designs, but not over WESAC systems. Magnetic
torquers are limited by the unpredictability of the magnetic field, however.

Power relationships

For WESAC operation, the balance between the power extraction

(or addition) profile and the net momentum is an important consideration.

The case of two wheels with equal inertia is of interest here. The power

balance between wheels is critical to attitude control. Worst-case power

requirements occur at the maximum shadow length (72 min). The power

profile over this interval is illustrated in Figure 4, where PM is the constant

power drain in full shadow (totality). The time to totality from initiation

of shadow is 128 seconds, or about 2 minutes. Analytically, the total

power required can be expressed as

0<t<r

P Ppt , r <t< (T -T)

P P"(T-t) (T-r)<t<T
T

for phases A, B, and C, respectively, where T,,,,,, = 72 minutes at the
equinoxes.

POWER REQUIRED

I

a

B

TIME T-r

Figure 4. Required Power Profile

The electrical power available from stored kinetic energy in the wheels
can be expressed as the rate of change of this energy with an efficiency
factor

P. =
drl IW2J_1 d

(Wx)adt
2 2nl d (2)

for each wheel. It is sufficient to consider only phase B, P = PNr, to deter-
mine momentum and power relationships. Application of equation (2)
to each wheel yields

2 ft
--P,dt

In u

W2* -W022= -
2

Ps Ell
In I,

where power is being extracted from the wheels and PMI = P, + P2.
Adding these two expressions results in

2
Wi + w2 = - j All + (WOt + max) (3)

n

where P, I = E, the energy extracted over the interval t. Thus, equation (3)
gives the combined final state of energy remaining in the wheels. Figure 5
illustrates the relationship between wheel speed and stored energy for
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different values of axial inertia. Figure 6 shows the dependence of final
wheel speed and angular momentum on initial wheel speed for various
values of energy depth of discharge.
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Figure 5. Available Kinetic Energy

Each wheel has a momentum magnitude of H = Iw. The torque associ-
ated with power extraction or addition is merely the time rate of change of
H:

M=N=Iw .

Of course, friction and pitch control torques must be superimposed on
this expression. It is essential that a constant net momentum

Hp = I(wz - w,)

is maintained at all times. Thus,

RI =ICJ1 = Iw2 =112

and the torque on wheel I must match that on wheel 2; i.e.,

M, = M2

at all times. Hence,

2
and

wz - w. =woz - waI = Const = S2 (4)

2.0 1.5 1.0 0.5 0 10 20 30

INITIAL KINETIC ENERGY ( kW-hr ) FINAL WHEEL SPEED 1103 rpml

Figure 6. Effect of Energy Extraction on Wheel Speed and Momentum

Equations (3) and (4) can be combined to yield an expression which can
be solved for wI:

2wg + 2w,52 - C = 0

where C ° - (2/In) E + co,o+ w0, - 522. This quadratic is quickly
solved for the positive value of w,,

Q 1
wl= 2+2 Q2+2C

Of course, wz is obtained from equation (4). This derivation is valid for
the power extraction phase and woz is assumed to be greater than wol.

Consider an example with the following values:

I = 0.68 N-m-s2 (0.5 ft-lb-s2)
E = 1.0 kW-hr = 36.0 X 105 N-m

n=0.5
H,, = 136 N-m-s (100 ft-lb-s)

woe = 36,000 rpm = 3,770 rad/s
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In this case,

St = 200 rad/s = 1,910 rpm

wo, = 36,000 - 12 = 34,090 rpm = 3,570 rad/s

C = 6 X 106 tad/s2

and hence,

w, = 1,635 rad/s = 15,613 rpm

w2 = 1,835 rad/s = 17,523 rpm

The energy loss in each wheel is then

0E = z I(w21 - w^) = 3.43 X 106 N-m (2.53 X 106 ft-1b)

4E2 = z I(w02 - w2) = 3.68 X 106 N-m (2.71 X 106 ft-lb)

or
DE, = 0.953 kW-hr

4E2 = 1.022 kW-hr

which can be obtained directly from Figure 5 once w1 and w2 are known.
Figure 6 gives depths of discharge of 79 and 76 percent for wheels 1 and 2,

respectively.

Paired wheel attitude equations

To determine the performance, responses, and requirements of a pair of
high-speed wheels with net momentum, a set of linearized differential
equations has been developed. The derivation is presented here and the
equations are compared with those of a doubled-gimbaled momentum
wheel. The equations presented here may be applied to realignment
responses, variations in net momentum, and development of alignment
correction logic.

The general vector equation for a rigid spacecraft is Euler's equation [4]:

dH dH11
T+G=dt CdtJb+^ X H

where [dH/dt]b is the time derivative of H with respect to body coordinates.
In this case, the spacecraft contains two internal momentum wheels.
Hence,

H= Ha+H,+142 .

The components of H,,, H,, and H2 (see Figure 7) become

H„ = I,w,e,, + Nave, + I,w,e,

HI = -H1Y,,e, + H,el, + H1Y=le,

H2 = H2Y,2ez - H2ev - H27z2e,

where 7z11 Y,v 722, and Y,2 are misalignment (or gimbal) components of

the wheels. Thus,

dH1
J

[hms - (HIY=, + H1 1) + (H2Y=2 + H2y:)l es
dt ti

+ [Ivwv + Ht - H2] el

+ [ 14 + (Hl-y=, + H1'' 2) - (1427x2 + H2'22)] Z,

Since co = w,es + wvev + w,e„

co X H=[wv(H1721- H2Ys2 +lw,)- w,(H1-H2 + Ivwv)] ez

+ [w:(H2y 2 - Hi-y.1 + I w=) - w=(H1Y=1 - H2Y.2 2 + I,w,)] ev

+ [wz(H, - H2 + I3+w) - wv(H27,2 - H1721 + I.w:)] e, .

Figure 7. Nomenclature for WESAC Momentum Components

Specializing these vector equations and using the transformations given
in Reference 5 yields the desired forms. Ignoring products of small
angles, e.g., Bye , and By,,, and noting that roll, pitch , and yaw angles are

0, 0, and ', respectively , results in

T2=1.^+[a+wo(H2-HI)] 0+[b+(H2-Hi)]

+ (H2Y2 2 + H2' 2) - (Hlyx, + H1q„)

+ wo(H2Y:2 - Hi-y .,) (5)
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where

T=IyB+eO-(Ha-HI)

Tz = IzG + [e + wo(Ho - H1)] d - [b + (H2 - H1)]

(H2y' 2 + H2Yr2) + (Hlyrl + H17z1)

+ wo(Hayz, - HIyz1) .

a 4wo(Iv - Iz)

b°-wa(IX-1,+J)

e=wo(lu-1)

e °

(6)

(7)

Equations (5)-(7) represent a general case in which either wheel may be
slightly gimbaled and angular speeds changed. The constants a, b, and c
are relatively small for synchronous orbits. Thus, if the net momentum,
H2 - HI, is greater than about 10 N-m-s, these constants can be ignored.

Corresponding equations for a double-gimbaled wheel system (see
Figure 8) are similar [4], [5]:

T. = Iz,p + (a + woHN) 0 + (b + HN) >G + (FINyz + HN'ya) + WOHNyy.

Tv=Iv6+eB-HN

T = I2^ + (c + woHN) >G - (b + HN) 4i - (HNyr + HNtir) + WOHN Yz

where HN = bias momentum

yr, Yr = gimbal angles and are the control inputs

HN = rate of change of wheel momentum for pitch control.

y
HN

Figure S. Nomenclature for DGMW System

Since 4,, 9, ', yr, and y, are assumed to be small, and a and c are small
compared to woHN, b << HN, then the roll and yaw equations for paired
wheels are

T. = Irk + wo(H2 - HI) A + (H2 - HI) + (H2722 - HrYz1)

+ wo(H2yr., - HI-y.1) + (Hayz, - Hryz1) (8)
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T, = 7,G + wo(H, - H1) il' - (H a - H1) ^ - (Hai ry - Hrir)

+ wo(H2yz2 - HIyz1) - (Hayra - HIyz,) (9)

Equations (8) and (9) can be used to investigate realignment responses,
misalignment detection, and alignment correction logic. Equation (6)
yields the pitch response to varying net momentum.

Paired wheel problems

The use of two counterrotating momentum wheels, as in the WESAC
systems, introduces several unique design and operational problems
associated with attitude control performance. Principal areas of concern
are identified and discussed in this section.

To study the effects of momentum misalignment on attitude perform-

ance, it is sufficient to consider the case of a slight misalignment of one

wheel. Assume that wheel I has a deviation from the pitch axis of P,

an angle whose components about the x and z axes are -yam. and yz, respec-

tively. Specializing equations (8) and (9) for this torque-free situation yields

Ir$ + woHN$ + Hp,b = I'

Iz+4 + woHplt' - Hp3 = rz

where
A

Fr = waHlyr

I'2 o woHryz

and the HI and 11 , terms are assumed to be negligible. Using Laplace

transforms results in

I:s24' + w0H7,4' + Hps' = Pr(s)

I2s2,y + w0Hv'I' - Hps4, = 1'z(s)

Solving for 'P and T gives

(Irs' + woHp) 1,(s) + HI,sF (s)

(Iys2 + woHp) (Izs2 + woHp) + Hns2

(ILs'' + woH,,) I',(s) - Hps1',(s)

(Ir2 + woHp) (Izsa + woHp) + 11,2s'

For the cases of interest here, w2 >> wp and H, >> wo(IL + I2); thus, the

denominator can be replaced by Iriz(s' + w') (s' + w'(1). Note that w
= Hp/-,/[r[_. Taking the inverse and assuming that I', and Pz are step

functions at t = 0 gives
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1.,1'_ 1 = 4

+

(cos wt - Cos wat) + 1 - cos w1,t + Cos W/
Hn w0H„ a'-

1'r w sin w01 - wa sin wt
H

W,,W

I,r 11
H z0(Q - - 2 (cos wt - cos wai)

+ wall
I - cos W,,/ + a cos w

F. Iwo sin at - w sin wat

+ HP wow

These equations indicate that the effect of misalignment on roll and yaw
is a periodic oscillation of "average" magnitude

I> „ x
wH„+w Hn

P I'z °
ICI..„x wally+waHy

Consider, for example, the case in which y, = 0, Ty = I' = 0.1°, and
wo = 7.28 X 10-` rad/s. If the wheels are at the maximum energy storage
state and the values of 1 and W12 appearing in the previous example are
used, then H, = 2,428 N-m-s (1,785 ft-lb-s) and H„ = 136 N-m-s (I00 ft-
lb-s). Calculation results in

1'. = 3.08 X 10-" N-nr (2.27 X 10-" ft-lb)

w = 0.136 rad/s

which lead to

¢ ,,,.,x = 1.8°

max = 1.8°

Thus, alignment of a single wheel in the WESAC system is critical to
attitude control accuracy. It is sufficient to say that attitude accuracy is
sensitive to misalignment with a factor of H,/ H. In this example, H1/H
is almost 18. For a fixed roll limit of ±0.1° and the values used here, one
wheel misalignment is limited to 20 arc seconds.

In the general case, both wheels may have some misalignment which
may not be detectable before launch. Thus, some sort of "vernier" gimbal-
ing for fine alignment is a probable requirement. Of course, prelaunch
alignment will eliminate major errors, but the orbital environment and
duration may cause slight mass distribution and magnetic bearing profile
changes.

Since pitching motion is decoupled from roll and yaw for small angles,
wheel misalignment components can be considered in a similar fashion.
From equation (6) it is apparent that small angular misalignments of the
wheels are negligible with respect to pitch. The primary consideration for
this axis is the variation of H with time, which can be detected and mea-
sured with the horizon sensor. Superimposition of a pitch control loop
onto the power loop should be sufficient to control H,,.

Design and configuration aspects

The WESAC system with two counterrotating wheels of equal inertia
and constant speed difference is considered to be the baseline configura-
tion. It includes fixed gimbals with some in-orbit alignment capability.
Of course, the net momentum is nominal along the vehicle pitch axis.
Sensor requirements include a horizon sensor and possibly a high-resolu-
tion sun sensor for yaw sensing during N-S thrusting. Additional sensors

may be required for periodic wheel alignment in orbit.
Since N-S thrusting introduces a requirement for additional sensing,

it would be advantageous to use more momentum stiffness during these
thrusting intervals if possible. This would eliminate direct yaw sensing
requirements. One conceptual method of increasing the momentum stiff-
ness involves releasing the gimbal-fixed condition on one wheel, thus
allowing it to "float" at constant angular speed. The other wheel remains
gimbal-fixed and therefore applies its stiffness to the attitude control
function. This is equivalent to increasing the net momentum by an order
of magnitude. Of course, after each N-S thrusting interval, the floating
wheel must be 'locked into its previous orientation with a series of
discrete gimbal increments over a 6-hour period, hence introducing only
roll errors which are directly detectable and corrected with attitude

thrusters.
Another possible configuration in which wheel energy storage is used

includes both a pair of high-speed wheels and a DGMW system. The
former would normally have zero net momentum and be used only as a
battery replacement, while the latter would provide attitude control
functions only. Certain advantages can be obtained from such a combina-
tion of devices. Orientation with respect to satellite axes of the paired
wheels becomes a problem of optimization. Such orientation is arbitrary
for a perfect pair of wheels which do not generate net momentum. How-
ever, perturbations about all three axes may be expected, at least during

power extraction and addition cycles.
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Alignment of paired wheels along the pitch axis is an obvious possibility
and has certain advantages. Perturbations along the wheel axis, such as
differential deceleration, produce no yaw errors and can be countered
directly with the pitch loop of the DGMW. However, misalignment of
these wheels can produce roll and yaw torques. which may or may not be
countered by the DGMW system. The yaw component must first be
detected or predicted to control yaw without direct sensing.

When wheel energy storage systems are considered for commercial
applications, reliability becomes a critical factor and appropriate redun-
dancy must be designed into the unit. For other systems containing
momentum wheels, a spare wheel is usually assumed to satisfy part of this
requirement. It appears that a third energy storage wheel may also fulfill
the backup requirement for the configurations of interest here. This wheel
would be idle until a paired wheel approached failure and would be capable
of replacing either wheel. Of course, if a DGMW system were also on-
board, it would require its own redundant wheel.

Conclusions

The basic objective at this early stage of wheel energy storage develop-
ment has been the investigation of the compatibility of such systems with
the attitude control functions of the spacecraft. Obvious violations of
attitude-holding requirements and critical development problems have
been sought. There appear to be no basic incompatibilities within the
assumptions used here. In fact, the WESAC system may provide several
advantages in terms of mass and overall simplification of subsystems.
Critical problems regarding attitude control performance have been
identified. Conclusions presented here are premised on the availability of
material and bearing technology associated with construction of a WESAC
system.

Critical problem areas associated with attitude control performance,
which could be identified at this stage of development, are summarized in
the following paragraphs.

Alignment of the net momentum vector appears to be most critical to
attitude performance because of the individual high momentum values of
each wheel. In orbit, periodic realignment of these wheels seems to be
essential. This will require detection, measurement, and correction methods
which may involve special sensors. Techniques for performing these opera-
tions should be developed. Of course, prelaunch alignment techniques
must be perfected and accurate estimates of in-orbit misalignments will
be helpful.
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It is essential that load torques on each wheel are nominally equal
during power extraction and addition processes to minimize long-term
variations in net momentum. The pitch control loop on a WESAC system
must be superimposed on the power control system so that satisfactory
performance is maintained.

Selection of an optimum configuration for a wheel energy storage and
attitude control system will depend on the state of technology, vehicle
design and function, and mission requirements. Three possible modes of
operation have been identified here. The basic WESAC system is con-
ceptually simple and has a net momentum equivalent to that of a fixed-
gimbal wheel for a satellite of the same size. If one wheel can be floating
during N-S thrusting, direct yaw sensing will not be necessary. Finally,
the zero net momentum configuration can be used with a DGMW system,
allowing a large selection of orientations. This combination is advanta-
geous because the DGMW can be used to counter misalignment and
differential power balance torques.

In summary, a wheel energy storage system appears feasible with respect
to attitude control functions if cited technologies become available.
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Glossary

ems, e,,, e. Unit vectors along the vehicle x, y, and z axes, respectively

O Gravity-gradient torque

y Total angular momentum
HN Magnitude of bias nominal momentum

Hp Net momentum of a paired wheel system

Ha, Hy H, Momentum of the vehicle, wheel 1, and wheel 2, respectively

I Axial moment of inertia of each paired wheel

1, Satellite principal moments of inertia

P Power required by satellite subsystems

T Disturbance torque

n
0,0,4,

Gimbal angles or angular misalignment components of momentum

Energy conversion efficiency

Roll, pitch, and yaw attitude angles, respectively
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wo Orbital rate = 7.28 X 10 -' rad/s
wo I, w02 Initial angular speeds of wheels 1 and 2, respectively

!1 Paired wheel speed difference
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Effects of radiation on the
violet solar cell

R.A. ARNDT

(Manuscript received November 26, 1973)

Abstract

The violet solar cell , which generates nearly 5 mW/cm' more power than
solar cells employed in present commercial communications satellites , hereafter

referred to as "satellite cells," has been irradiated with 1-MeV electrons to a
fluence of 10" cm` and with 2- and 4-MeV protons to a fluence of 10" cm'

An electron fluence of about 10" cm ' or a proton fluence of 2 x 10" cm-' is
required to reduce the power output of the violet cell to that of the satellite cell
at beginning of life. The violet cell produces more power after low neutron
fluences than a fully recovered Li-doped cell and only a few percent less power

after high neutron fluences.

Introduction

A new n/p solar cell with substantially higher efficiency than satellite
cells was recently announced [I ]. At the maximum power point, this cell,
known as the violet cell, typically produces 74 mW under simulated
AMO conditions, while satellite cells produce about 56 mW (cell area
= 4 em'). This increased power is the result of improvement in four areas:

a. the diode characteristic of the cell has been improved with an

accompanying improvement in fill factor,

41
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b. the collection efficiency in the wavelength region below 5,000 A
has been increased,

c. the open-circuit voltage has been increased primarily due to a
reduction of the reverse saturation current,

d. a new antireflective coating [2] on the cell provides greater trans-
mission at short wavelengths and better optical matching with the

cover-slide.

The higher power output of the violet cell will be advantageous in future
satellite power sources provided that it is maintained after exposure to
space radiation. Violet cells have been irradiated by electrons and protons
to fluences beyond those expected on a satellite in synchronous orbit for
a period of 10 years. (Although communications satellites are not normally
subjected to neutron bombardment, some potential users of the violet
cell will be interested in their effects, particularly in relationship to Li-
doped cells which are under development, because of their annealing
characteristics after irradiation [3]. Neutron irradiations have therefore
been included.) Current-voltage characteristics under AMO simulated
sunlight have then been determined.

Samples and Procedure

The violet cells used in the radiation tests were n/p cells constructed at
CoMsAT Laboratories from 2- X 2-cm slices, 0.010 in. thick. Cells of
the type used on satellites (2 X 2 cm, 10 12-cm, n/p, 12-mil-thick pulled

crystal) were included for comparison in the electron and proton irradia-
tions. Those cells (except the Li-doped cells) that were irradiated with
electrons and neutrons were covered with 6-mil, fused silica covers hav-
ing a MgF2 antireflective coating, while those cells that were irradiated
with protons were uncovered. Two types of Li-doped, p/n cells were also

irradiated with neutrons. One was made from crucible-grown silicon and
the other from float-zone material with the lithium introduced by ion
implantation. Both types of Li-doped cells were irradiated without covers.

Electron and proton irradiations were performed at the Naval Research
Laboratory. The cells were mounted on an air-cooled substrate held at
room temperature and each cell received the full range of particle fluence.
Electron irradiations to fluences of 1014-1016 cm-3 were performed in air
with 1-MeV electrons having a nominal flux of 3 X 1012 cmz S-1. Proton
irradiations were performed in vacuum with fluxes of the order of 10"-109
CH T-2 s '; fluences varied from 1010-1013 cm 1. Neutron irradiations of
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violet cells similar to those used for the electron irradiations were in-
cluded in the test program of the Air Force Aero Propulsion Laboratory
(AFAPL) at the White Sands Missile Range Fast Burst Reactor for
comparison with 20-U-cm, Li-doped, p!n cells. Neutron fluences (I-MeV
equivalent) varied from 1.7 X 1011 CM-2 to 2.5 X 10"' CM-2. At all times,
except during measurement and annealing cycles, the neutron-irradiated
cells were kept at dry-ice temperature.

Current-voltage measurements of the electron- and proton-irradiated
cells were conducted at COMSAT Laboratories, whereas the neutron-
irradiated cells were measured at Wright-Patterson Air Force Base. The
solar simulator at COMSAT Laboratories is a Spectrolab X-25L which is
periodically monitored for spectral distribution; filters are added when
necessary to keep the distribution as close to AMO [4] as possible. The
total intensity of the simulator is set with a secondary standard cell which
was calibrated with a balloon flight cell. In some cases filters were placed
in front of the measured cells to obtain quick relative measurements in
the red and blue portions of the spectrum. The two filters used were
Corning CS4-97 and CS2-58, the former transmitting below and the latter
transmitting above a wavelength of 6,500 A. All measurements were made
at room temperature.

Results

Electrons

Figure 1 shows the maximum output power as a function of electron
fluence for solar cells illuminated with simulated AMO light after irradia-
tion with 1-MeV electrons. The experimental points are averages of at
least two closely matched cells. Two features of the curves are note-
worthy: the violet cell shows greater output power than the satellite cell
at all fluences studied, and the power output of the violet cell drops
somewhat more rapidly* with fluence than that of the satellite cell.
This latter feature is a result of using p-type silicon with moderately low

Previous data on electron-irradiated cells [11 showed that the power curves
of the violet cell and a satellite cell remained parallel as the fluence increased.
Comparison with unpublished data showed that one violet cell datum point in
Figure 12 of Reference 2 was misplaced. When this point is corrected, as re-
ported here, the power vs fluence curve does drop somewhat more rapidly for
the violet cell than for the satellite cell.
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Figure 1. Maximum Power of a Violet Cell and a Satellite Cell is I-MeV
Electron Fuuence under AMO Illumination

resistivity as the starting material of the violet cells. * There are only minor
changes in fill factor for either type of cell up to the highest fluence used.
For comparison, the I-MeV equivalent electron fluences after seven years
at synchronous altitude are also shown in Figure 1 for a satellite cell
with 6- and 12-mil covers. The violet cell is clearly preferable to the
satellite cell for use on satellites.

Protons

For the solar cells studied the maximum power after 2- and 4-MeV
proton irradiation is shown in Figure 2. One cell was used for fluences of

* For the violet cell, the rate of power loss at the higher fluences was about
3.3 mW/em2/decade, whereas for the satellite cell the loss was about 2.2 mW/
cm2/decade. Satellite cells made from float-zone material show about 2.0 mW/
em%/decade. Measurements on irradiated conventional cells with 2-S2-em
resistivity showed a power loss of 3.5 mW/cm2/decade [5].
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Figure 2. Maximum Power under AMO Illumination of a Violet Cell and
a Satellite Cell vs 2- and 4-MeV Proton Irradiation

even powers of 10 and a second cell was used for the other fluences;
however, both cells received the maximum fluence of 1013 em-2. These
cells, which were closely matched, were irradiated and measured without
covers. It can be seen by comparison with Figure 1 that the power output
of the violet cell before irradiation is greater with a cover than without a
cover. This is due to the improved optical match that results from using
the new antireflective coating on the cells. A noteworthy feature of Figure
2 is the precipitate drop in output power of the satellite cells as the fluence
approaches 1013 cm-2. The scatter in the data (including the electron data)
was generally too small to be shown, i.e., at most, of the order of 1 mW.

Figures 3a and 3b are graphs of short-circuit current as a function of
proton fluence for the blue and red portions of the spectrum, respectively.
These two figures show that, while the degradation of the red response of
an irradiated violet cell with proton fluence is similar to that of a satellite
cell, the blue response of the violet cell changes very little up to a proton
fluence of 1014 CID-2 . The improvement of the short wavelength response
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(illuminating wavelengths less than 6,500 A)
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achieved in the violet cell is thus seen to be radiation resistant.
Figure 4 shows current-voltage curves after a 4-MeV proton fluence of

10" cm '. The maximum power output is 1.6 mW with a fill factor of
0.32 for the satellite cell, and 25 mW with a fill factor of 0.73 for the
violet cell. Before irradiation the fill factors were 0.77 and 0.74 for the
violet cell and the satellite cell, respectively. This indicates that the im-
proved diode characteristic of the violet cell is also radiation resistant.
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Figure 4. Current-Voltage Curves, under AMO Illumination , After 4-MeV
Proton Irradiation to a Fluence of 1013 cm 2

Neutrons
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Figure 3b. Short-Circuit Current vs 2- and 4-MeV Proton Fluence

(illuminating wavelengths greater than 6,500 A)

Figure 5 shows the maximum output power, measured before any
annealing, as a function of neutron fluence for a violet cell, a float-zone
Li-doped cell, and a crucible-grown Li-doped cell. The power output of
all cells shows some improvement after annealing for 14 days at room
temperature, but the output of the violet cell remains greater than that of
either of the Li-doped cells.
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Figure 6 compares the maximum power of the violet cell after anneal-

ing for 14 days at room temperature with that of the float -zone Li-doped

cell after annealing at both room temperature (for 14 days) and 80°C.
Although the crucible-grown Li-doped cells were generally more stable

than the float-zone cells, the latter are shown because they recover more

of their radiation-induced power loss and they recover more rapidly.
Figure 7 shows the recovery of power for the Li-doped cells and the

violet cell, all irradiated to 2.47 X 1013 cm-2 and annealed at 80°C.

Although the float-zone cell recovers faster, it can be seen that approxi-

mately 10 hours of annealing at 80°C are required before the output of

the Li-doped cell is greater than that of the violet cell.
It should be pointed out that, although all cells were measured by

AFAPL, the violet cell measurements reported here were performed
at COMSAT Laboratories. A comparison of the solar simulators at COMSAT
and AFAPL indicated that the COMSAT simulator had a higher blue
content. This difference would tend to make COMSAT's violet cell current
measurements several percent higher than AFAPL's measurements
because of the increased blue response of the violet cell compared to that

of the Li-doped cells. I
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Discussion

There are two unexpected results in the proton data. The first of these
is seen in Figure 2, where the curves for the satellite cells irradiated
by 2- and 4-MeV protons cross at a fluence of about 2 X 1012 cm-2.
The short-circuit current curves for wavelengths greater than 6,500 A
also cross in Figure 3b. It would be expected, from the ranges and damage
constants of 2- and 4-MeV protons, that these curves would converge at
some fluence, e.g ., -1012 CM-2 , and remain together at all higher fluences.
However, in the case of 2-MeV protons there is a higher concentration of
photo-induced carriers in the heavily damaged region occurring at the
end of the proton range than in the case of 4-MeV protons. This would
tend to fill the traps at the end of the range more in the 2-MeV case than
in the 4-MeV case and might result in the observed crossover.

The other unexpected result, seen in Figure 3a, is that the short-circuit
current produced by the blue end of the spectrum in violet cells irradiated
with 2-MeV protons is greater than in those irradiated with 4-MeV pro-
tons. It is possible that a similar factor is responsible for this effect.

The fill factor of electron-irradiated cells, both violet cells and satellite
cells, does not change much with fluence; the fill factor of violet cells
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power is reduced to that of a satellite cell at beginning of life. One reason
for this superiority is the violet cell's increased response to the short
wavelength part of the solar spectrum which is not degraded by particle
irradiation. A second reason is the improvement in the diode characteristic
of the cell, which is also radiation resistant. The resistance of the violet
cell to high proton fluences will make it particularly useful on satellites
in the event of solar flares which give rise to a large flux of protons whose
energy is greater than that found in the trapped proton environment.
The advantage of using a violet cell in a neutron environment is that,
immediately after irradiation, its power is greater than that of the lithium
cell. Hence, it is unnecessary to anneal the cells while mounted on a
satellite.
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drops by about 2.5 percent after an electron fluence of 1016 cm 2 and that
of satellite cells drops by about 4 percent. This slight change is typical of
conventional cells [6]. However, after irradiation with a 4-MeV proton
fluence of 101' Cans, the fill factor of the satellite cells decreased by more

than 50 percent while that of the violet cells decreased only by about

4 percent.
After irradiation with the highest fluences used, Li-doped cells exhibited

greater output power after recovery than the violet cell. At the lower
fluences, however, the violet cell had greater power output than fully

recovered Li-doped cells.

It has been shown that the violet cell can receive an electron fluence of

about l oll CM -2 or a proton fluence of 2 X l010 em' before its output
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Development of advanced
intereonneetors for solar cells

D. J. CURTIN AND W. J. BILLERBECK

(Manuscript received October 23, 1973)

Abstract

This paper examines the electrical interconnection of solar cells into light-
weight, deployed solar arrays and the results of a thermal stress analysis of these
interconnects. New data on the stresses and fatigue life of welded silver bonds,
obtained from a 3-dimensional, finite element computer program, are presented
for interconnectors cycled down to -196°C. It is shown by the development of a
module that passed a 1,000-cycle test that the use of silver-plated Invar can result
in an order of magnitude improvement in fatigue life compared with that of the
materials used previously. The results of the first extended thermal cycle tests of
solar cell modules fabricated from silver-plated Invar are also described.

Introduction

A number of engineering projects have been directed toward the de-
velopment of lightweight solar arrays. The impetus for this work is the
cost of placing a power system in orbit, as well as the additional benefits
(or revenue) which can be gained from a heavier payload in the space-
craft. Presently available solar arrays have been surveyed [1 ]-[4]. The

This paper is based upon work performed in COMSAT Laboratories under the

sponsorship of the International Telecommunications Satellite Organization
(INTELSAT). Views expressed in this paper are not necessarily those of INTELSAT.
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array output power after 5 years in synchronous orbit vs weight for various
types of solar arrays is shown in Figure 1. To provide a fair comparison,
the weights of solar cells, covers, substrate, and any stowage, deployment,
or orientation equipment associated with the array are included. Oriented,
flexible substrate arrays provide significantly higher power output per
weight than other types of solar arrays for power levels over I kW.

Figure 1. Solar Array Power at End of 5-Year Mission (at summer

solstice) vs Weight

Flexible substrate solar arrays are usually made of Kapton sheet or
reinforced Kapton sheet. Various deployable structures are used to apply
tension. One design uses a pantograph deployment mechanism with a
pallet at the outboard end [5], while another employs a single SPAR
boom having a tubular spar member. Both rollout and "accordion pleat"

foldout designs are under development.
The application of these deployable solar arrays to long-life synchronous

orbit missions results in several new problem areas. One of these is the
stress induced in the solar cells at low temperatures. A transient thermal
analysis, shown in Figure 2, indicates that the total temperature range
experienced by a sun-oriented, flexible substrate array at synchronous
orbit is more than twice that of a drum spinner solar array. This is mainly
due to the low thermal capacity of the thin substrate. Furthermore, the
maximum rate of temperature change (i.e., thermal shock) of the flexible

array is increased more than six times.
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Synchronous Orbit

Flexible solar arrays used on long-life missions in geostationary orbit
must operate successfully through about 450 to 900 temperature cycles
from +60°C to -196°C. The investigations reported in this paper clearly
demonstrate that this requirement can be met with solar cell intercon-
nectors fabricated from silver-plated Invar.

Lim its of solder joining

Traditionally, pure silver or solder- or silver-plated materials have been
used for electrical interconnections between solar cells. A variety of me-
chanical configurations have been used. In almost all cases the cells have
been joined by soldering.

Few comprehensive correlations of cyclic life data on solar cell solder
bonds have been performed. Luft and Maiden [6] studied the incidence
of fatigue cracking of solder on 75-µm copper interconnects vs number of
cycles at various temperatures. The number of cracks increases an order of
magnitude when the minimum temperature is decreased from -80°C to
-175°C; about 90 percent of the joints are cracked after several hundred
cycles. The number of crackedjoints decreases an order of magnitude when
the interconnect is changed from copper to Kovar, and two orders of
magnitude when it is changed to molybdenum.

Ralph and Roger [7] identified four potential mechanisms for inter-
connection failure:
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a. silicon stressed beyond its ultimate strength,
b. interconnect stressed beyond its ultimate strength,

c. interconnect fatigue failure,
d. solder joint fatigue failure.

These mechanisms are principally related to differential thermal expansion
effects. Ralph and Roger also developed a 2-dimensional analysis of stresses
b and c for a simple loop configuration. With suitable materials and
geometry, it was concluded that a system designed to avoid the first three
failure mechanisms should be possible. Another interesting conclusion of
this paper was that the conventional 36Pb/62Sn/2Ag solder is heavily
stressed during thermal cycling to -150°C, and appears to be subject to

solder-fatigue failure.
A more detailed analytical technique with a finite element digital com-

puter program [8] has been used to account for stress concentrations at
the edge of the bond. This JPL study presents new and important data on
the thermophysical properties of the materials, particularly at low temper-

atures.
Independent calculations show that, with the best conventional 25-

to 50-µm-thick interconnector materials, the solder is in yield at temper-
atures above 90°C and below about -60°C to -120°C. If a solar array
experiences cyclic operating conditions outside this temperature range,
the solder bonds should be subject to low-cycle fatigue.

An analytical procedure is needed to estimate the fatigue life of soldered
interconnector bonds. Once a detailed 3-dimensional stress analysis in-
cluding plastic flow has been used to calculate the effective total strain
range, the expected cyclic life of the bonds can be obtained from the low
cycle plastic strain analysis methods of Manson [9], [10]. Initial work
utilizing these techniques has been described by Rauschenbach and
Gaylard [11]. A preliminary estimate of the fatigue life vs effective strain
range of 36 Pb/62Sn/2Ag has been derived at COMSAT Labs by using
Manson's universal slope method (see Figure 3) and further work is under-
way to refine this estimate. The reduced ductility of solder at cryogenic
temperature is expected to significantly shorten its fatigue life.

The lack of specific experimental fatigue data on the solder material
limits the accuracy with which the cyclic life of soldered array bonds can
be calculated. Such data are urgently needed to eliminate order of magni-

tude errors in the estimates.
The analysis described in the preceding paragraphs predicts the number

of cycles at which microcracks first appear in the highly stressed area of
the solder fillet. Complete failure of the solder joint will occur later. Data
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Figure 3. Fatigue Life of Solder Predicted by Method of
Universal Slopes

obtained by Garner and Rauschenbach [12] show the probability of
microcracks and open circuits. Boretz and Boring [13] state that, for 25-µm
Kovar interconnects, when 2 percent of the joints are cracked, approxi-
mately 0.1 percent are failed on open circuit. A generalized relationship
between the number of cycles at initiation of microcracks and the number
of cycles to complete solder bond failure is needed.

Stress analysis of welded interconnects

Because lightweight flexible arrays at synchronous altitude will experi-
ence severe thermal cycling, an alternate interconnection technique may
be required. This process should eliminate thermal stress and fatigue
problems, permit automatic fabrication, reduce costs, increase reliability,
and be independent of operator variation.

Thorough analysis of the stresses involved in solar cells, interconnectors,
adhesives, and substrate materials is critical. This analysis requires a
knowledge of the material properties, particularly mechanical properties,
of cells, interconnectors, adhesives, and substrates from -196°C to
+100°C.

Alternate solar cell interconnecting schemes have been studied. Clarke
[14] studied thermal compressing bonding. Good results were obtained;
the main drawback was the long time needed to make each bond. Fischer,
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et al. [15] studied parallel gap resistance welding, thermal compression
bonding, and ultrasonic bonding. The best results were obtained using
resistance welding. These studies were intended to derive processes for

use with solderless solar cells.
On the basis of these studies and continuing efforts [16]-[18], it was

decided at COMSAT Laboratories to study parallel gap resistance welding
as the primary alternative to soldering. Since more work had been under-
taken on this approach, it could progress faster through cooperative efforts
with other investigators. The other two techniques may be good candi-
dates [19], but resistance welding is still the prime candidate. At least
four satellites will use resistance welded solar arrays: HELIOS, the ESRO
GEOS, the Communications Technology Satellite (CTS), and the Inter-

national Ultraviolet Explorer (IUE).
The intent of this program was to determine the feasibility of parallel

gap welding for synchronous orbit missions and to analyze the stresses
in solar cells, interconnectors, adhesives, and substrate materials. A litera-
ture search was performed to determine material properties over the
temperature range. Available data and previous analytical work [20] were
used to perform a simplified calculation of the expected thermal stresses
in various materials. A thorough experimental study of the feasibility of
resistance welding for synchronous missions was completed. Finally, the
solar cell modules were fabricated and thermal shock tested from -190°C

to +65°C for 100 cycles [21].
A parallel effort examined the overall processes required before ad-

vanced solar cell modules could be used. This effort included an exami-
nation of interconnector material annealing and plating, material proper-
ties, solar cell contact plating, solar cell and interconnector cleaning,
storage before and after welding, welding parameter characterization,

thermal shock testing, and thermal cycle testing.
The feasibility of parallel gap resistance welding for various types of

solar arrays was demonstrated. The next step needed was a detailed, 3-
dimensional analysis of the stresses in a welded interconnect system
including fatigue analysis. The stress analysis [22] was performed with a
3-dimensional computer program [23]. Luft and Kaplan used the finite
element direct stiffness method which is the predominant numerical
method for 2- and 3-dimensional structural analysis. A program which
included both the elastic and plastic regions of the stress-strain curves
was used, since plastic flow usually occurs in the silver layer on the solar
cells and on the interconnector. Both a microscale analysis of the 3-
dimensional stresses in the weld joint between the interconnector and the

1500051
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Figure 4. Disk Model Used in the Computer Analysis

cell and in the silicon immediately below the weld, and a separate analysis
of the effects of external interconnector forces and moments on the weld,
were performed.

The structure is divided into a large number of individual elements.
The deformation and stresses are expressed in terms of the displacements.
The equivalent forces acting at the nodes are obtained in terms of the nodal
deflections. These forces are then equated to the externally applied forces
at each of the external nodes to yield a set of simultaneous equilibrium
equations.

A mathematical model was used to determine the stresses and strains
caused by the differential thermal contraction on the weld joint itself.
This model assumed that the weld joint was approximately circular so
that the stresses were symmetrical about its centerline, as shown in Figure
4. This 3-dimensional disk model included the stresses acting in all three
directions: the radial and tangential directions parallel to the weld surface,
and the axial direction normal to the weld surface. For areas in which the
stress changes rapidly, such as at the edge of a weld, small elements were
used, while for the areas in which it varies slowly, larger elements were
satisfactory (see Figure 5).

For lightweight, deployed solar arrays with flexible substrates in syn-
chronous orbit, the worst stress occurs at the lowest temperature, -196°C.
The two dominant material properties are the coefficient of thermal ex-
pansion, and the absolute value of Young's modulus. These properties
were averaged over the temperature range of interest. Table I lists the
data.
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TABLE 1. MATERIAL PROPERTIES U SED IN WELD ANALYSES

aterial

Young's

Modulus,
E

(GN /m2)

oisson's

Ratio,
P

Mean
Thermal

Expansion
Coefficient,

a

(i0-°/°C)

Yield
Strength,

o„

(MN /m2)

Ratio of
Post-yield
Modulus
to Initial
Young's
Modulus

Silicon 84° 0.20 0.90 10(16

Silver 89 0.37 17.0 86 ().01

Kovar 138 0.33 6.6 410

Molybdenum 340 0.32 4.1 1,000 -

Invar 36 136 0.29 1.69 950 -

A 2-to- 1 range is seen in the value of Young's modulus for silicon. The largest value

is used since it is expected to cause the highest stress.

Minimum ultimate strength.
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In the literature search, potential new materials which had appropriate
a and E values were examined. As shown in Table 1, one interesting
material was Invar 36, i.e., 36Ni/63Fe, whose behavior approximates
that of silicon better than that of any other material examined.

The finite element direct stiffness method and the material properties
were used to analyze the thermal stresses and strains. The silver inter-
connector was assumed to be 35 pm thick, while the molybdenum, Kovar,
and Invar interconnectors were all 25 pm thick with 5 pm of silver plating
on each face. As an example. Figures 6 and 7 show the radial stresses at
the lower surface of the weld at -196°C for the all-silver and Invar
interconnectors (note that the scales on these two figures are different).
The steps in the stress distribution are caused by the finite size of the
elements used. The edge of the weld is at 0.32 cm. The curves for molyb-
denum and Kovar fall between the silver and Invar curves.

0

200

200

100

- WELD _

100

00 2000 4000 6000 8000

DISTANCE FROM CENTER OF WELD IYm)

Figure 6. Radial Stress at Lower Swfoce of Weld fir All-Silver
Interconnector at - 196°C

Table 2 shows the results of the weld joint analysis summarized from
the computer plots. The first part of the table lists the maximum stresses
in the silicon and the interconnector base material. A comparison of
Tables I and 2 shows that the minimum ultimate strength of the silicon is
exceeded by both pure silver and silver-plated Kovar interconnects. This
is a significant result since it indicates the possibility of divoting-type
failure within the silicon cell for these materials at low temperatures.
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Figure 7. Radial Stress at Lower Surface of Weld for Invar

Interconnector at -196°C

TABLE 2. COMPARISON OF MAXIMUM CRITICAL S TRESS AND STRAIN VALUES

USING WELDED INTERCONNECTOR SFOR CYCLING FROM 20°C TO -196°C

Interconnector Base Material

Parameter Silver Kovar Molybdenum Invar

a. Maximum Stresses in Silicon and Interconnector Base Material

Silicon Stress (MN/m2) 181 130 87.6 29.1
Base Metal Stress ( MN /M2) 277.0 107 86.9 50.2

b. Maximum Values in the Silver Weld Joint

Radial Stress, o, ( MN/ma) 234.0 177.7
Normal Stress, a, (MN/M2) 146.2 97.5

Shear Stress, o„ (MN/m2) 80.0 60.0

Effective Stress, o (MN /M2) 152.0 114.0
Radial Plastic Strain , Ep, (%) 3.24 1.49

Normal Plastic Strain , 3.51 1.76

Plastic Shear Strain, em, (%) 9.81 3.65
Effective Plastic Strain, EA (%) 11.87 4.58

Effective Total Strain, e, (%) 12.20 4.82

153.4 119.0
66.4 25.2
48.7 19.7
100.2 92.8
0.95 0.45
1.21 0.735
1.75 0.39
2.39 0.85
2.58 0.98

As seen in the second part of the table, when the a value approaches
that of the silicon and the E value decreases, the stresses in the silicon and C
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the silver decrease. For Invar, all of the stresses are small, although the
silver plating is still in yield at -196°C. An assessment of the fatigue in
the silver indicates that the silver-plated Invar interconnector has the
smallest effective total strain.

The goal of this analysis is the design of an interconnect that will not be
overstressed and that has a fatigue life well beyond the length of the
mission. Manson [9], [10] has done theoretical and experimental work on
the fatigue life of metallic materials in the low cycle range. In this regime,
the important parameter is the strain range rather than the stress in the
material.

The dotted curve in Figure 8 shows the effective strain range vs cycles
to failure from some experiments [10] on silver with high fineness (i.e.,
99.995 percent). The effective strain values calculated for the pure silver
interconnector and the silver material at the bond joint for the other
silver-plated interconnectors are also plotted. As the coefficient of ex-
pansion approaches that of silicon and the Young's modulus decreases,
the effective strain range in the silver decreases and the fatigue life increases.
Consequently, going from pure silver to a silver-plated Invar material
significantly increases the predicted fatigue life.
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Figure 8. Computed Fatigue Life of Welded Silver Bonds Cycled
Over Temperature Range of 100°C to -196°C

These analytical results are conservative since a silver interconnector
has been observed to survive more than 14 cycles. An important factor

INVAR
INTERCONNECTOR
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is that the computed fatigue life does not necessarily indicate when the
joint will fail, but only when the weld "crack" begins to grow. When this
occurs, the peak stress at the rim of the bond remains the same, but the
highly stressed regions push into lower stress areas. Total failure will
occur well after the initial cracking. This differs markedly from the
usual mechanically loaded low cycle fatigue test. In such materials, once
there is a local fatigue failure, the ensuing crack results in a very large
increase in the local stress concentration. Soon total failure occurs. There-
fore, the significant factor in Figure 8 is not the exact fatigue life, but the
relative improvement in fatigue life.

Early application of silver-plated Inrar

interconneetors

As a result of the analysis described earlier, silver-plated Invar was
tested. After initial screening tests, modules were built for extended ther-
mal shock testing.

Table 3 compares two solar cell modules which were tested. Both
modules had the same weld schedule and silver-plated Invar interconnector
configuration (Figure 9). To minimize external stress on the weld bond,
the configuration shown in Figure 9 had good in-plane stress relief and
also avoided torsional stresses. The solar cell modules were held in tension

by a rigid frame.

Figure 9. Detail of the Torsion free Interconnector
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TABLE 3. COMPARISON OF COMSAT AND TRW MODULES

6`,

Item COMSAT TRW

Solar Cells Unglassed conventional Glassed, wraparound con-
contacts, 250 pm thick with tacts, 205 pm thick
5 pm of silver

Interconnector 25-pm Invar plated with 10 25-pm Invar plated with 5
pm of silver etched to TRW pm of silver etched to TRW
pattern pattern

Electrode Size 625 x 625 pm 375 X 625 pm

Electrode Pressure 1.33 N (3 lb) 1.33 N (3 lb)

Weld Schedule N: 0.61 V, 200 ms N: 0.61 V, 200 ms
P: 0.66 V, 200 ms P: 0.66 V, 200 ms

Substrate 75-pm Kapton cut to win- Fiberglass-reinforced Kap-
dowpane arrangement ton strips (25-pm Kapton,

65-pm fiberglass cloth) in
windowpane arrangement

Cell to Substrate Adhesive RTV 118 RTV 118

Mounting Frame Fiber epoxy board held by Fiberglass held together by
8 screws double-sided tape and 16

screws

Both modules were simultaneously thermal shock tested for comparison.
The test was conducted for 1,000 cycles from -196°C to +55°C in a
nitrogen atmosphere with a 10-minute dwell at each temperature. The low
temperature was achieved by dipping the modules in liquid nitrogen and
the high temperature by placing the modules close to a quartz iodide
lamp. Physical inspection and electrical measurements were made fre-
quently.

No electrical degradation in either module was observed. Each module
had one weld failure on the P contact, and the COMSAT module had one
interconnector break on the same cell that had the P contact weld failure.
The occurrence of both weld failures on the P side may indicate that fur-
ther P contact weld schedule development is needed. The interconnector
break was not associated with a weld failure and was probably caused by
some external force, perhaps a twisting of the interconnector during
fabrication.

The absence of electrical degradation demonstrates that silver-plated
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Invar can be successfully welded to silicon solar cells. Since the same re-
sults were achieved on TRW and COMSAT fabricated modules, they are
not unique to a particular skilled operator. A properly designed inter-
connector configuration employing this material can withstand a thermal
shock test comparable to conditions experienced by a lightweight, de-
ployed array during 10 years at synchronous altitude.

Conclusions

Welded solar cell modules fabricated with silver-plated Invar with-
stood 1,000 deep thermal shock cycles in liquid nitrogen without
electrical degradation. Silver-plated Invar is an excellent material for a
long-life solar cell interconnector system. The calculated fatigue life ex-
ceeds that needed for synchronous orbit operational missions.

The calculated cyclic life exceeds that of any of the other candidate
materials by an order of magnitude. This result applies to all types of silver-
bonded joints formed on Invar using methods such as parallel gap re-
sistance welding, thermal compression bonding, or ultrasonic bonding.
Silver-plated Invar may also offer substantial fatigue life advantages with
solder joining.
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Metallurgical evaluation of
fabrication technologies for
high-precision microwave
filters for space application
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Abstract

This paper describes and evaluates various fabrication technologies that have
been utilized in an ongoing effort to develop an elliptic function circular wave-
guide filter of reduced weight and/or manufacturing complexity. Because the
design of such microwave filters requires a high precision in the finished parts,
the current practice is to utilize "Invar," a high-density alloy with a low thermal
expansion coefficient requiring complex machining and heat-treatment pro-
cedures. The alternative approaches described include vapor deposition by ion
plating of Invar alloy deposits onto removable mandrels, use of different metal-
lurgical joining techniques to assemble filters from thin-walled Invar tubes and
iris inserts, lay-up and hot isostatic pressing of carbon-aluminum and boron-
aluminum composite structures, and conventional machining of filter elements
from hot-pressed beryllium powder. The latter approach appears to hold the
greatest promise despite the higher thermal cxpansivity of beryllium as compared
with Invar.

This paper is based upon work performed at COMSAT Laboratories and
Battelle Memorial Institute/Columbus Laboratories, partly under the sponsor-
ship of the International Telecommunications Satellite Organization (INTELSAT).
Views expressed in the paper are not necessarily those of INTELSAT.
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Introduction

Narrow-bandpass filters for high-quality microwave communications
system applications require good frequency selectivity and small in-band
insertion loss. Dual, orthogonal mode, circular waveguide cavity filters
exhibiting near-optimum amplitude filtering properties have been de-
signed [1], [2] by utilizing general coupling-cavity theory as outlined by
Atia and Williams. Such an approach leads to a marked improvement in
frequency selectivity, passband loss, and weight reduction as compared
with Chebychev filters of the same order. The weight reduction results
from the utilization of two electrical cavities in one physical cavity, a

distinct advantage in satellite transponder designs.
The fabrication of such an elliptic function filter requires considerably

greater mechanical precision and dimensional accuracy than a Chebychev
filter, particularly in the location and dimensional tolerances of the thin
coupling slots (irises) separating the four physical (eight electrical) cavities.
Furthermore, the elliptic function filter is highly sensitive to dimensional
changes arising from thermal expansion of the filter material. Currently,
such filters are fabricated from "Invar," an iron alloy containing 36 per-
cent by weight of nickel and exhibiting anomalously low thermal expan-
sion up to about 200°C. The thermal expansion coefficient is extremely
sensitive to the alloy composition and reaches a minimum value at the
Invar composition (36 percent Ni- 64 percent Fe).

Apart from its high specific gravity (8.0), the difficulties and complexity
of machining and heat treating this alloy to preserve low thermal expan-
sion are considerable. This paper describes certain alternative fabrication
technologies that were explored as part of an ongoing effort to develop a
filter of reduced weight and/or fabrication complexity for spacecraft
applications. These alternative approaches fall into two main classes, one
utilizing Invar material for its low thermal expansion coefficient, and the
other utilizing much less dense substitute materials with relatively low

thermal expansion coefficients.

Disadvantages of conventional technology

Invar (as a class of iron-nickel alloys) is by far the most popular material
currently used for microwave filters in spacecraft transponders because
of its dimensional stability over broad temperature excursions. The
thermal expansion coefficient, a, is nevertheless a varying property of this
material. It is very sensitive to heat treatment and cold work during
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fabrication, and sometimes changes with time after fabrication. Thus, for
a typical Invar alloy, a has been found [3] to vary from 1.66 X 10-1 °C-1
after forging to 0.64 X 10-1°C-' after quenching from 830°C, 1.02
X 10-1 °C' after quenching and tempering, and 2.01 X 10-1 °C-1 after slow
cooling from 830°C. The expansion is greatest in well-annealed material
and least in quenched material.

By means of cold work, it is possible to produce Invar material with
zero and sometimes even negative thermal expansion coefficients. Such
methods generally produce instability in the material; with time lapse and
variation in temperature, these very low coefficients will usually revert to
normal values [3]. Hence it is clear that a balance must be found between
low initial coefficient values and acceptable lifetimes.

Machining waveguide filter parts from solid forged block imposes con-
siderable cold work on the material, which usually includes trace amounts
of selenium for machinability and manganese to avoid the hot-shortness
effects of selenium. Both of these elements act to increase the effective
expansion coefficient. Because of possible instability and the high pre-
cision required of circular filter components, it is necessary to degrease
and stress-relieve parts after each machining operation and to give them
a final stability anneal. Thus, a filter with both a sufficient lifetime and an
acceptable expansion coefficient may be fabricated without distortions
appearing during or after fabrication.

Such conventional machining of filter sections of this design carries
with it a penalty of increased filter weight, since wall thickness and flange
size must be sufficient to avoid distortions and to withstand the stresses
involved in mechanically fastening together sections of the silver-plated
microwave filter assembly. In contrast, Chebychev filters may be as-
sembled from thin-walled extruded Invar parts by brazing silver-plated
sections together; the dimensional accuracy and lineup of sections are
generally far less critical than those of the elliptic function design.

It is evident that Invar machining fabrication technology is not ideally
suited even to small-scale production of high-precision filters. The indi-
vidual handcrafting of sections, the complexity of procedures, the de-
pendence on heat-treatment parameters, and even the increase in ex-
pansivity caused by the presence of Se and Mn in the free-machining
grade material all stand in the way of lower fabrication cost and lighter

filters.
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Alternative Invar fabrication technologies

Ion plating

Ion plating is a comparatively new process of physical vapor deposition
that has been reported [4] to have certain attributes that make it very
attractive for applying an Invar alloy deposit to a removable mandrel:

a. excellent throwing power,
b. excellent coating adherence without careful precleaning,
c. high deposition rates,
d. the feasibility of maintaining substrates at or near room

temperature,
e. the feasibility of achieving multicomponent alloy deposits with

the desired stoichiometry.

Several substrates were ion plated with Invar alloy to establish the feasi-
bility of forming free-standing integral waveguide filters by using this
technique. Initially, flat substrates were thinly coated, and the deposits
were analyzed using X-ray diffraction and fluorescence techniques. Results
indicated that the diffraction pattern obtained from an ion-plated layer
was identical to that obtained from a commercial Invar sample, con-
firming the presence of the face-centered-cubic (y) alloy phase exhibiting
a low thermal expansion coefficient. Chemical analysis indicated off-
stoiehiometry in the direction of 2- to 3-percent excess iron composition.
The source material, prepared from iron and nickel powders with a mini-
mum purity of 99.99 percent by vacuum casting, was adjusted accordingly
to deposit the 36- f 0.5-percent nickel composition.

Cylindrical aluminum mandrels were machined to the internal dimen-
sions of a 4-GHz bandpass filter section and assembled with a thin Invar
insert having a diameter slightly larger (by 0.5 mm) than the mandrel, as
indicated in Figure 1. Experiments were then performed in an attempt to
ion plate a 0.75-mm-thick Invar layer onto a rotating mandrel assembly.

Inspection of the resulting coating around the edges of the iris plate
revealed a total lack of bridging of the ion-plated deposit across the
aluminum-Invar interface. At these interfaces, the coating appeared to
have cracked apart (Figure 2), although it was found to be well bonded to
both aluminum and Invar surfaces.

The cause of cracking was identified as a high substrate plating tempera-
ture combined with the large expansion difference between the mandrel
and iris plate. (Because of the rotation necessary to achieve a uniform
coating, it is impracticable to water cool the mandrel.) Attempts were
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Figure 1. Fixtured Assembly of Mandrels and Insert Plate for
Ion-Plating Experiments

Figure 2. Crack Formation in Plating Between Invar Insert and
Aluminum Mandrels
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made to reduce substrate temperatures during coating by reducing power
and ion flux, but deposition rates became too slow for practical applica-
tion. Finally, graphite mandrels were substituted for the aluminum and
ion plated in an effort to reduce expansivity differences (Figure 3). The
bridging showed a slight improvement (Figure 4), but after the assembly
fasteners were removed, the plated graphite soon detached from one
face of the iris plate during normal handling. Obviously, the problem of
chemical mandrel removal becomes acute when graphite is utilized, and
because of the insufficient improvement in bridging, a solution to this
problem was not pursued.
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Figure 4. Partial Bridging of Plating Across Invar Insert

3.0 cm

Figure 3. Invar Ion -Plated Graphite Mandrels without Fixturing and
After Partial Removal of Plating on End Faces

In view of the favorable appearance and acceptable thickness of coating
obtained on the graphite mandrel, mechanical strength and thermal ex-
pansivity were measured before and after a 30-minute period of annealing
at 480°C (900°F) in a forming-gas atmosphere (90 percent NQ-10
percent HZ).

The average tensile strengths of samples cut parallel to the cylinder axis
were extremely low: 3,200 N - cm-2 for As-plated samples, and 4,250
N - CM -2 for As-annealed samples (based on three tests each). In view
of these data and the distortion found during annealing, it was concluded
that high residual tensile stresses were grown into the coating. Figure 5
shows the microstructure of As-plated and As-annealed tensile test sam-
ples. Figure 5a indicates the distribution of microcracks grown into the
coating, and Figure 5b shows the extensive interfacial network subse-
quently formed during annealing. It is also evident that the ion-plating
process was interrupted during this particular experiment, and that the
grain structure became laminar rather than columnar after the resumption
of ion plating.

The thermal expansion measurements by thermal dilatometry) con-
firmed that the X-Invar phase was in fact being deposited: 3.0 X 10-IOC-1
(As-plated) and 2.3 X 10 -s°C1 (As-annealed) over the range of 20°C to
120°C. The relatively high values for Invar and the decrease with anneal-
ing both lead to the tentative conclusion that iron and nickel ions were
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being plated out alternately rather than simultaneously on a microscopic
scale. The local alloy composition at any point would then deviate sig-
nificantly from the average 36-percent Ni64-percent Fe composition,
but such microscopic fluctuations would be "damped out" by iron and
nickel atom interdiffusion during annealing.

The findings of these ion-plating experiments may be summarized as
follows:

a. the substrate is subjected to excessive temperatures during the
process, resulting in negligible bridging and failure to incorporate
the iris plate into the plated layer,

b. the strength and expansivity properties of ion-plated Invar
appear to be deficient.

a. As-Plated

Joining of thin-walled tubes

Any concept of metallurgically joining thin-walled tubes and iris plates
of Invar must ensure extremely close control of mechanical fit-up, and
must avoid distortion during thejoining process, particularly "oil-canning"
(bowing) of the iris plates and end caps of the filter assembly.

ELECTRON-BEAM WELDING

b. As-Annealed (480°for 30 min)

Figure 5. Cross Sections of lon-Plated Invar

Electron-beam (EB) welding achieves very narrow welds with low heat
input and therefore low distortion, combined with high speed of joint
production (see, for example, Reference 5). A vacuum is necessary, and
because of the small size of the focused electron beam, the quality of pre-
weld joint preparation must be very high. In general, however, no pre-
or post-heat-treatment is needed for EB welded assemblies.

Tubing was prepared by cold drawing of low-impurity Invar billets,
and machined to the internal filter diameter and I-mm wall thickness.
Special fixtures (Figure 6) enabled two cylindrical parts to be aligned
coaxially with a 0.5-mm-thick iris plate and horizontally rotated. A thin
dowel pin passing through the iris plate was used to center it between the
cylinders.

Flanges of varying size were also machined on cylindrical parts in order
to study closure of subassemblies to produce full filters. In addition, a
single such fixture was used to support a cylinder and 1-mm-thick end
cap with vertical rotation axis.

Several EB welding experiments were performed to optimize the param-
eters, namely, beam voltage and current, beam deflection amplitude
and overfocus distance, and assembly rotation rate. Both silver-plated
and nonplated Invar parts were welded.
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H
3.0 cm

Figure 6. Invar Parts Assembled for Electron-Beam Welding Using
Special Aligning Fixtures

The successfully welded assemblies were visually examined for distortion
effects prior to metallographic examination. In each such assembly, how-
ever, the iris plate was found to have "oil-canned" to a greater or lesser
extent (a measured bowing of 0.1 to 0.5 mm at the plate center). Distor-
tion was found even in the case in which heat input as a function of
EB power level was set at a minimum to achieve a successful weld (i.e.,
70 kV at 2.5 mA with side-to-side beam deflection of 0.5 mm, over-
focus distance of 10 mm, and 2-rpm rotation rate). Furthermore, it was
found that, even at these lowest power settings, the weld fusion zone often
penetrated past the cylinder's interior surface and well into the iris plate,
as shown in Figure 7. This photomicrograph also shows (on opposite
sides of the iris plate) the inside weld fillet associated with a large fusion
zone, and the result of machining the fillet to give a corner with a small

radius.
Machining the fillet generally altered the internal dimensions of the part,

except in the case of a silver-plated weld assembly in which the fillet
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Figure 7. Fusion Zone Created by Electron-Beam Weld of Invar
Cylinders to Iris Plate

(silver only) was burnished and negligible Invar material was removed.
Figure 8 indicates the success with which the weld fusion zone in this ex-
periment was contained within the outer wall material. However, the iris
plate became severely oil-canned during welding, the silver was found to
have been melted into an irregular fillet, and the adjacent silver plating
was seen to flake off during the burnishing operation.

The conclusion drawn from the EB welding experiments was that the
asymmetry of heat input during the process was responsible for the bowing
or oil-canning. As the Invar material adjacent to the weld within the iris
plate exceeded about 300°C, its thermal expansion reverted to normal
nickel-steel values (I1 to 15 X 10-°°CI), and severe thermal stresses
could become frozen into the iris plate as the electron beam proceeded
around the circumference. These stresses could then be partially relieved
by bowing out the iris plate. It is significant that the thicker (1-mm) end
caps, welded sideways onto a single cylindrical part (and without a central
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1.0 mm

Figure 8. Electron-Beam Weld of Silver-Plated Invar Parts Showing
Well-Contained Fusion Zone, Burnished Fillets, and

Severely Bowed Iris Plate

hole for fixturing purposes), displayed a similar oil-can distortion after
welding. In contrast, EB welding of two flanged cylinders without an iris
plate was achieved without any measurable distortion.

SOLDERING

The design of the fixtures used for soldering together cylindrical parts

and iris plates was identical to that of the fixtures used for EB welding,
except that the former were fabricated from Invar to match changes in
dimensions during the extended periods of oven heating and cooling.

Initial tensile lap-shear measurements indicated a twofold increase in
strength for Invar parts soldered without silver plating as compared with
plated parts (4,100 N • cm-2 versus 1,600 N - cm 2). It was therefore
decided to silver plate the parts after joining.

Joint interfaces were pretinned with eutectic tin-lead solder after vapor
degreasing and flux treatments. The flux was carefully applied with a clean
camel's hair brush to only those surfaces requiring wetting (to control
the size of solder fillets). The solder was applied by hand iron to give a

bead 0.25 to 0.5 mm wide on each surface to be joined. Beads were closely
examined for such features as uniformity and lack of voids and contamina-
tion. Flux residues were cleaned off and, with the cylinder axis vertically
aligned in the oven, parts were assembled on clean fixtures and positioned
symmetrically about this axis.

Reflow of the solder was monitored during oven heating by using a
thermocouple adjacent to the joint, and the reflow temperature was main-
tained for five minutes to allow proper flow and fillet formation. Parts
were very slowly heated and cooled to avoid distortions, and great care
was taken to avoid jarring the oven and parts prior to completion of bond-
ing. A typical soldered assembly (Figure 9a) vibrated to INTELSAT IV
satellite qualification levels showed no resultant damage. Although solder
fillets were visually uniform in appearance, it became evident after apply-
ing plating (nickel, silver, and gold) that solder reflow had left pores and
voids in the joints, and allowed trapped plating solutions to subsequently
leach out after corroding material under the plating (see Figure 9b).
Furthermore, careful dimensional checks of several assemblies proved
that the fixturing was ineffective in preventing significant misalignment of
the two cylinder axes, both radially and longitudinally, as a result of the
collapse of the solder beads during reflow.

Alternative fabrication technologies using
lightweight neaterials

Fiber-reinforced composite materials

As replacements for Invar, fiber-reinforced composite materials meet
many of the stringent requirements for microwave filter applications,
notably low thermal expansion and extremely light weight. However,
they must also exhibit dimensional stability in vacuo and survive satellite
launch conditions.

A composite made up of an aluminum matrix reinforced with very thin
graphite "multifibers" was initially chosen for study [6] as a replacement
for Invar because of its vacuum stability and platability with silver. Alum-
inum-plated nmltifibers were consolidated by hot isostatic pressing (HIP)
into cross-plied lay-ups, and the lay-up properties were examined. Al-
though extremely low expansion values were measured for the cross-
plied material, its strength was found to be unacceptably low for satellite
use (a tensile strength of less than 10,000 N • cm-2 as compared with a
strand strength of 150,000 N • cm-1 and higher).



82 COMSAT TECHNICAL REVIEW VOLUME 4 NUMBER 1, SPRING 1974 METALLURGICAL EVALUATION 83

After many experiments, it was concluded that applied stresses were
not being transferred to all fibers simultaneously because of poor internal
bonding, and that considerable damage was being sustained by the crossed
fibers as a result of the high pressures required for the HIP lay-up. How-

F-

3.0 cm

I
Figure 9a. Invar Assembly Soldered with Tin-Lead Solder and

Used for Vibration Testing

3.0 cm

Figure 9b. As-Plated Interior of Assembly Showing Voids in
Solder Joint

ever, a filter element (section) was fabricated by HIP from an aluminum
matrix composite reinforced with 0.1-mm-diameter boron "monofilament"
fibers (as compared with the 0.006-mm-thick graphite multifiber). The
cylinder and flanges were bonded together independently of the iris plate,
which was then internally soldered into place on a ledge machined out of
the internal cylinder surface (an aluminum skin).

Figure 10 shows the part after being plated with silver; some silver
flaking and lack of coverage of the iris joint can be detected. The different
boron fiber orientations in a test cylinder section and iris plate can be
compared in Figure Ila, which shows a cross section of a solder joint.
Figure 11b, which shows a lay-up using cross-plied graphite multifibers,
is included for further comparison.

It was found that the properties of the boron-aluminum composite were
borderline for satellite use. Although the tensile strength was around
35,000 N • CM -2 and the vacuum weight loss was less than 0.05 percent,
the expansion coefficient was found to approach 1 X 10-"C-1 for the
pseudoisotropic lay-up. This value is twice that reported [7] for cross-
plied lay-ups of boron fibers in an epoxy rather than an aluminum matrix.
More significantly, the dimensions of the composite filter element failed
to meet drawing requirements for iris location, cylinder size, and flange
hole dimensions. Further development of a composite filter now awaits
advances in coating and HIP lay-up of graphite multifibers, which in turn
could produce structures having the lowest expansion together with ac-
ceptable strength and structural integrity.* Advances in HIP processing
of boron-aluminum lay-ups would make it possible to achieve accurate
dimensions and reduce thermal expansion by modifying lay-up ply
orientations and improving internal bonding.

Beryllium

Given the acceptability of a thermal expansion coefficient around

I X 10-5°C-I, a viable alternative to the boron-aluminum composite is

hot-pressed beryllium powder. A specific gravity of 1.85, coupled with

* It has been reported [81 that a recently developed process for liquid-phase
infiltration of graphite multifibers achieves excellent coating of the fiber surfaces
by the matrix, with consequent strength gains.
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Figure 10. Boron-Aluminum Composite Filter Element Fabricated
by Hot Isostatic Pressing
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Figure Ila. Cross Section of a 6-Ply Boron -Aluminum Cylinder Soldered
to a 4 -Ply Iris Plate with Eutectic Tin-Lead

0.25 mm

Figure 1 ib. Section Through 3-Ply Graphite-Multifiber/Aluminum Lay-Up
Showing Voids and Nonuniform Fiber Distribution
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an elastic modulus of 28 X 10° N . CM-2, makes beryllium (with a = 1.16
X 10 °C-') an attractive alternative to Invar. However, the space-
craft environment must be controlled sufficiently that thermal expansions
of a beryllium filter lie within acceptable limits. With this provision in
mind, it was decided to explore the feasibility of fabricating and silver
plating a filter element of beryllium.

Because of the poor quality of welded beryllium joints and the property
losses caused by grain growth and recrystallization of brazed joints, a
filter element was conventionally machined by a qualified machining
house from hot-pressed beryllium block (containing only 1.75 weight-
percent of oxide) exactly to the Invar filter drawing tolerances. A simple
annealing treatment at 890°C relieved residual machining stresses with-
out any resulting distortion. It was determined that the part had a suffi-
ciently high surface quality (absence of microcracking) and finish so that
no chemical etching was indicated, thereby achieving the tight tolerances
required.

The thin but tenacious beryllium oxide film present on the metal was
successfully removed by a zincate coating, and the part was then silver
plated by using a conventional sequence of operations.

Electrical testing indicated that the beryllium part was fully interchange-
able with the equivalent Invar part at ordinary temperatures despite the
somewhat rougher surface of the beryllium (250 to 300 rms Am versus
75 to 100 rms am). The beryllium and Invar filter parts are shown side
by side in Figure 12. It was found that the beryllium filter achieved a
weight savings of 66 percent over the Invar filter.

Conclusion

Several fabrication technologies have been explored as alternatives to
the production of circular microwave filters from machined Invar block.
Deposition of a free-standing structure of Invar material by using the ion-
plating technique was found to result in serious deficiencies in physical
properties. Joining of Invar tubes and iris plates by both electron-beam
welding and soldering was achieved only with a degradation in assembly
dimensional tolerances.

Hot isostatic pressing (HIP) of graphite-aluminum was found to yield
a very lightweight material with low thermal expansion, but one which
nevertheless had unacceptably low mechanical properties. On the other
hand, HIP-bonded boron-aluminum was utilized with some success to
fabricate a filter element. However, the mechanical dimensions of the
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part were unacceptable and the thermal expansion coefficient was found
to have an unexpectedly high value when compared with values for

boron-epoxy.
It was judged that a possible substitute material for Invar could be

realized by utilizing beryllium metal to fabricate filter assemblies given a
spacecraft temperature stabilized within f 15°C. A consequent weight
savings of 65 percent or more could then be realized.

[7] S. A. Bortz , Development of Engineering Data on the Mechanical and Physical
Properties of Advanced Composite Materials , AFML-JR -72-205, Part I,
September 1, 1972.

[8] E. G. Kendall , Aerospace Corporation , personal communication.
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Domestic and/or regional sereiees
through Intelsat IV satellites
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Abstract

The introduction into service of high-power satellites with multitransponder
capability, such as those of the INTELSAT Iv series, makes possible the application

of satellite technology to communications services other than the present inter-
national telephony and television. These international services, initiated at a
time when satellites were limited in their power capability, required earth stations
with large antennas and low-noise, cryogenically cooled receivers to obtain overall
satisfactory system performance. Although the system has changed from a power-
limited mode to a bandwidth-limited mode, antennas and receivers of this design
are still required to maximize the overall available satellite capacity.

This paper examines the technical feasibility of various potential services

obtainable with smaller antennas and simpler earth stations. System perform-

ance is calculated as a function of the earth station gain-to-noise temperature

ratio, G/T, and the capacity of INTELSAT Iv transponders is presented as a

function of earth station G/T, modulation techniques, and TV performance

characteristics.

This paper is based upon work performed at COMSAT under the sponsorship
of the International Telecommunications Satellite Organization (INTELSAT.)
Views expressed in this paper are not necessarily those of INTELSAT.
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Introduction

The introduction of operational and spare INTELSAT IV satellites into
all ocean regions is now well underway. The availability of these satellites
has led to studies concerning the use of smaller and simpler earth stations
for special applications that involve relatively low communications
capacity requirements. Systems or networks can be designed and optimized
to provide both telephony and television services as functions of traffic
distribution and requirements. Instead of being directly connected to the
regular INTELSAT network, these networks are expected to be self-con-
tained. Access to the international system would be provided through the
normal international gateway stations for the country or regions of interest.
This self-containment feature would provide the opportunity to individu-
ally optimize each system in terms of system parameters, such as space-
segment requirements, earth station size and configuration, facilities, and
modulation techniques to minimize costs.

The use of smaller earth stations can be expected to increase as tele-
communications services via satellite expand with the introduction of new
satellite systems. Since it is expected that only the largest users can afford
to actually implement separate satellite systems, smaller users are most
likely to lease space-segment capacity. Detailed trade-off analyses, as de-
scribed in this paper, will ensure that maximum utilization can be obtained
and maintained over the lifetime of the system.

System considerations

To provide specialized services through an INTELSAT Iv satellite, the
basic parameters of this satellite, which was developed primarily to satisfy
the requirements of the INTELSAT global network, must be taken into
account [11. In addition, and consistent with present policy, space-segment
costs for any specialized service are directly related to satellite capacity
utilization. Therefore, tradeoffs will be performed to determine the modu-
lation techniques leading to the optimum development of the earth-seg-
ment configuration and the maximum efficiency from the space segment.

While the primary objective is to develop the most satisfactory network
capable of meeting stated system requirements at the lowest cost, some
compromises may be necessary because of technical constraints. For
instance, earth stations with small apertures may have to be equipped
with some additional facility for repositioning the antenna or tracking
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the satellite, since normal INTELSAT requirements may allow a considerable
drift or inclination buildup on a particular satellite.

Transponder capacities for telephone service

Earth station G/T ratios, satellite e.i.r.p., and the traffic handling capa-
bility of satellite transponders are interdependent. For a given satellite
e.i.r.p., larger transponder channel capacities are achieved as earth station
G/T ratios are increased. Also, the capacity achieved with any specified
satellite e.i.r.p. and earth station G/T ratio is dependent on the type of
modulation, multiplexing, and multiple access utilized. The techniques
to be considered are modified time-domain multiple access (TDMA),
frequency-division multiplex/frequency modulation (FDM/FM), and a
modified form of the single-channel-per-carrier demand-assignment
system [2]. In these cases the modifications consist primarily of simplifica-
tions in the control systems and facilities provided to adapt their use to
low-capacity systems and consequently reduce their cost.

The channel capacities of transponders operating in the global- and
spot-beam modes are shown in Figures 1 and 2, respectively, as functions
of the receive earth station G/T and modulation method. The channel
capacity shown is a selected composite curve based on the use of the most
appropriate gain step* in the up-link, as the system is optimized for varying
ranges of earth station receive G/T.

This change in gain step is important to the optimization process, since
it maintains a balance between the relative noise contributions of the up-
and down-links as the receive earth station G/T varies. Gain step changes
are also necessary when switching from the global- to the spot-beam mode
of operation, since in this case, the increased down-link e.i.r.p. available
requires more up-link power. Hence, the reduction of satellite gain
achieved by changing the gain steps prevents saturation of the transponder
when increased earth station power is provided.

When FDMA is used, the transponder intermodulation contribution
must also be considered. The optimum operating point will then be a
function of the earth station G/T, and will differ for global-and spot-

beam operation.

* Transponder gain is varied by adjusting the 4- or 8-position switch attenuator
provided at the input to each transponder. Each attenuator setting changes the
transponder gain by approximately 3.5 d6.
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Figure 1. Global-Beam Transponder Channel Capacity as a Function of

Earth Station G/T

Transponder television capability

Figures 3 and 4 show television performance for spot- and global-
beam operation as a function of the receive earth station G/T ratio for both
FM and digital modulation.
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Figure 2. Spot-Beam Transponder Channel Capacity as a Function of
Earth Station G/T

Global-beam operation

For FM, the curve in Figure 3 shows the variation of the TV signal-to-
noise ratios as a function of the receive earth station G/T. Since this case
is equivalent to single-carrier-per-transponder operation, the selection of
gain step no. I was considered the best compromise.

Signal-to-noise ratios were calculated by assuming that full power and
bandwidth were available for use on the video carrier, and that the asso-
ciated audio channels would be submultiplexed onto this carrier. It should
be noted that overdeviation (up to a maximum of 3 dB) was used to obtain
the required S/N ratio at the lower G/T values.



Figure 3. Global-Beam Transponder Television S/N as a Function of
Earth Station G/T

As shown in Figure 3, for receive G/Ts greater than 33 dB/K, the
full bandwidth can be utilized without allowing the C/N ratio to drop
below the assumed 12.6-dB minimum. Below this G/T value, a reduced
bandwidth must be utilized to maintain the C/N ratio above threshold.
Figure 3 also shows the variation of signal-to-noise ratio as a function of
the receive earth station G/T for digital modulation.

Spot-beam operation

Figure 4 shows the TV capability of a spot - beam transponder when
transmitting either one or two FM TV channels. Curve A shows the
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Figure 4. Spot-Beam Transponder Television S/N as a Function of Earth
Station G/T

variation of the signal-to-noise ratio as a function of the receive station
G/T when the full power and bandwidth can be utilized for one TV
channel. Curve B shows the same variation, although in this case, the
transponder is assumed to be simultaneously transmitting two TV channels.
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Space-segment versus earth station east tradeoffs

For both telephony and television services, cost tradeoff analyses were
performed to determine the optimum earth station G/T ratios for particu-
lar service applications and selected modulation techniques. Separate
networks or subsystems within the INTELSAT system with no connection
to the global INTELSAT system were assumed.

Study approach

As shown previously, the earth station G/T, the satellite e.i.r.p., and
the traffic capability of the system are interdependent. However, the earth
station antenna size and system noise temperature selected both have an
important economic effect on the system, particularly when a large number

of stations is being considered.
Optimum earth station G/T ratios were obtained from system tradeoff

analyses involving comparative earth station and space-segment costs. For
a given service application, in terms of traffic level and distribution, as the
earth station G/T is reduced (generally resulting in lower station costs), a
corresponding increase in satellite power is necessary (generally resulting
in higher space-segment costs) to maintain the desired transmission per-
formance. The optimum earth station G/T ratio is defined as that point at
which the system (earth station and space-segment) costs are the lowest for
a specific traffic level. Earth station cost estimates are based on information
drawn from manufacturers and in-house sources.

Unit costs for the space segment are calculated by dividing the voice
channel capacity of an INTELSAT Iv transponder, derived as a function of
the earth station G/T, satellite e.i.r.p., and modulation technique utilized,
into selected annual transponder revenue requirements. Since future space-
segment lease rates for earth station owners were not available, a range of
annual transponder revenue requirements was selected to bracket possible
future rates.

System configuration

The desired system configuration must provide domestic, regional/
international, or other special services through INTELSAT Iv global- and
spot-beam transponders. Traffic requirements, ranging from a few to
several hundred telephony channels per earth station, and TV distribution
requirements must also be satisfied. Typical systems synthesized from the
basic elements of this study include 4-100 earth stations.
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Figure 5. Relative Space-Segment Cost, Global-Beam Transponder

Relative space-segment costs

For an entire global-beam transponder accessed by earth stations em-
ploying the same modulation technique, the relative space-segment unit
costs of various modulation techniques are given in Figure 5 This figure
shows that the use of SPADE generally results in the lowest space-segment
unit costs. When spot-beam transponder operation is assumed (Figure 6),
the lowest costs are achieved by using TDMA modulation. The SPADE
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cost curve lies between the TDMA and multicarrier FDM/FM curves.
However, SPADE or FM would probably be selected for either spot- or
global-beam operation since the TDMA system is still in the developmen-
tal stage.
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Relative earth station costs

Figure 7 shows relative annual earth station costs as a function of earth
station G/T. In this figure, it was attempted to provide earth station costs
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applicable to several earth station sizes. Certain assumptions were used to
arrive at consistent, comparable costs for various sizes. (For example, it
was assumed that limited antenna tracking would be required, and that all
stations would be procured in lots of 10.) The solid curve in Figure 7
represents basic station costs which do not vary as a function of the num-
ber of telephone channels handled. The broken line includes the incremen-
tal cost of adding 10 SPADE access channelizing units, and is shown for
comparison purposes only.

Earth station GIT

In this section, the results of combining the previously discussed space-
segment and earth station costs are analyzed. Figure 8 pertains to an entire
global-beam transponder providing telephony service with SPADE access.
Given a realizable transponder annual requirement, each curve represents
the total cost allocation per earth station for a specified number of chan-
nels. All costs are normalized for an earth station which has a G/T of
40.7 dB/K and handles 40 channels. It can be seen that, as the average
number of telephony channels per station decreases, the optimum G/T
ratio also decreases. Figure 9, which pertains to spot-beam transponder
operation, shows that the optimum G/T ratios are shifted to a signifi-
cantly lower level.

Figures 8 and 9 also indicate the minimum G/T ratio necessary for
adequate TV reception. The next section will discuss some of the implica-
tions of TV requirements on optimum G/T selection.

Other considerations in optimum GIT selection

The exact earth station G/T ratio is primarily determined by the type of
service to be provided, i.e., telephony only, or telephony and television. As
shown previously, the provision of telephony channels does not have a
decisive effect on the optimum G/T ratio, whereas the provision of TV-
quality channels will place a lower limit on the earth station G/T ratio.

Television quality

One of the most important parameters of a television channel is the
signal-to-random-noise ratio. In a communications satellite link, the
carrier power received from the satellite influences the ultimate TV signal-
to-noise ratio which can be obtained. Since this received power is a
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20 I I I

MINIMUM G/T REQUIRED
FOR TV RECEPTION

FRED MOD

readily compared. This normalization or weighting of the various noise
spectra varies with the television system and the type of signals (mono-
chrome or color) being transmitted.

Work by Barstow and Christopher [3] suggests that weighted* additive
random noise is "just perceptible" to the "median observer" at a level of
-50 dB, as defined previously. Other subjective tests [4] that have been
conducted in a comparable manner indicate that a picture having this same
level of noise would have been given an "excellent" quality rating by about
90 percent of the observers. Comparable results have also been demon-
strated in other tests [5]-[7]. A close examination of the results of these
latter two tests indicates that the -50-dB weighted random noise level is
at or near the visual threshold of most observers.

In any television distribution system that may include a communica-
tions satellite link, there are a number of other sources of noise that signi-
ficantly affect the ultimate picture quality. These are evaluated in Table 1.

TABLE 1. NOISE SOURCES IN A TELEVISION DISTRIBUTION LINK
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Figure 9. Spot-Beam Transponder , SPADE Access

function of the power radiated from the satellite, the receive earth station's
antenna gain (size and efficiency), and the noise temperature, the total
system cost is related to the signal-to-random-noise requirement. It
is therefore essential to stipulate the signal-to-random-noise objective of
the television channel in terms of the overall end-to-end user requirements.

The subjective effect of additive random noise on television picture
quality has been well documented. In general, the television picture quality
is less affected by high-frequency noise than by low-frequency noise. Al-
though this statement is essentially true for both color and monochrome
pictures, it must be modified somewhat for color because the color in-
formation is transmitted toward the upper end of the television spectrum.
Since the random noise which is picked up on various types of transmis-
sion systems, e.g., coaxial cables, radio links, and broadcast receivers, does
not have the same spectral distribution, it is necessary to normalize the
noise spectra so that their subjective effects on picture quality can be

Noise Below
Reference
Level (dB)

Radio-Relay System (<1,609.3 km or <1,000 mi. long with one in- ^'57
tem3ediate demodulation/modulation point)

Local Video Cable Links (<16,093 OR or <10 mi. long) ^'57
Public Broadcast Transmitter ^'54
Broadcast-Quality Videotape Recorders ^+51

Since the sources of noise listed in Table 1 will be encountered on most
national television distribution systems, a reasonable requirement for a
communications satellite link forming the backbone might be a signal-to-
noise ratio of 50 dB. Such a requirement would ensure a satisfactory quality

of service to most viewers.

Selection of specific G/T ratios

In this study, to perform system tradeoffs, it has been assumed that the
earth station G/T is a continuous function. In reality, however, this ratio

* See C.C.I.R. rec. 421-2 [81 for typical weighting characteristics.
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is in the form of a step function; i.e., any antenna size may be associated
with either a "cooled" or "uncooled" low-noise receiver (LNR). In addi-
tion, antennas are normally produced in incremental step sizes, i.e., with
diameters of 2.4, 4.9, 9.7, 12.8, or 18.3 m (8, 16, 32, 42, or 60 ft). Thus, the
actual G/T values as functions of cost will fall about the assumed
continuous line function.

A further consideration is that the same antenna is used for both trans-
mitting and receiving. Therefore, while a specific G/T selected for use with
a given antenna size may be quite acceptable for receiving, the transmit
gain may be too low, resulting in an inordinately large HPA requirement.
Increasing the antenna diameter will, of course, benefit both the transmit
and receive capability, but the cost will rise rapidly as the diameter is
increased. In addition, the antenna beamwidth becomes narrower
with increasing diameter, thus introducing more stringent tracking
requirements.

As noted in the previous paragraphs, the total costs of telephony
transmission are not very sensitive to variations in G/T. Hence, it can be
concluded that TV quality considerations and earth station design factors
will determine the choice of G/T. Further, from the preceding discussion
it has been shown that a TV quality corresponding to a signal-to-noise
ratio of approximately 50 dB (peak-to-peak luminance to weighted rms
noise) represents a good tradeoff between quality and cost.

A TV signal corresponding to S/N ^ 50 dB can be obtained through
a global-beam transponder by using regular FM transmission with a
G/T of approximately 31.7 dB/K. In addition, this G/T value is satis-
factory for other applications, as shown in Table 2.

Transmission through a spot-beam transponder provides this same
TV quality with a G/T of approximately 20.7 dB/K. However, it has
been assumed that such small earth stations may also wish to transmit one
or more telephony channels and, to limit the HPA power requirements, a
somewhat larger antenna is desirable. For this reason, a G/T of 22.7
dB/K has been selected for the smaller antenna size. This value is also
satisfactory for other transmissions, as shown in Table 2.

Earth station design considerations

The two G/T values selected in the preceding paragraphs and the
transmitted power are the principal parameters which determine earth
station configurations. The relative values of these parameters will now be
examined in terms of antenna tracking, low-noise receiver, and power

1
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TABLE 2. TRANSMISSION CAPABILITIES WITH SELECTED G/T RATIOS

a. TV Transmission

Earth Station G/P

Transmission

FM TV
Global-Beam INTELSAT IV

Transponder
Spot-Beam INTELSAT IV Transponder

Compressed Digital TV

Global-Beam INTELSAT Iv

Transponder
Spot-Beam INTELSAT IV Transponder

31.7 dB/K 22.7 dB/K

Number Number
of TV of TV

Channels S/N (dB) Channels S/N (dB)

1 =50

2 -50 1 ^'52

1 ^'56

2 ^56 I ^'56

b. Telephony Transmission

Earth Station G/T

Transmission

SPADE, 4-Phase PCM/PSK, Optimum
Coding

Global-Beam INTELSAT :V

Transponder
Spot-Beam INTELSAT Iv Transponder

FDM/FM

Single Carrier
Global-Beam INTELSAT IV

Transponder
Spot-Beam INTELSAT Iv Transponder

Multicarrier

Global-Beam INTELSAT IV

Transponder
Spot-Beam INTELSAT IV Transponder

TDMA, 4-Phase PCM/PSK, Optimum
Coding

Global-Beam INTELSAT Iv

Transponder

Spot-Beam INTELSAT Iv Transponder

31.7 dB/K 22.7 dB/K

Channels/Transponder

400 8D

800 400

540 72

1,400 800

240 48

600 360

300

1,400 480
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amplifier requirements . The choice of these three major items is assumed
to be similar for all other subsystems.

Earth station G/T

For a receive -only station , the only parameter to be considered is
G/T. If, however , telephony transmission is to be provided , the earth
station e.i.r.p. must be specified. Since this parameter is related to antenna
gain, the three parameters (G, T, and transmit power, P) must be ap-
portioned to achieve a minimum cost. Other factors such as reliability
objectives, ease of installation, and maintenance costs, particularly in
remote areas, are not analyzed here.

There are two basic choices of system noise temperature for a station
with a G/T of 31.7 dB/K; a temperature of 73K may be obtained with
a 20K cryogenically cooled LNR, and a temperature of 130K may be
obtained with an uncooled LNR. For these LNRs, the antenna sizes
required to achieve a G/T of 31.7 dB/K are approximately 9.7 and 12.8
m (32 and 42 ft), respectively. If cost is the only determining factor, the
9.7-m (32-ft) cooled combination would be chosen. If, however, improved
reliability, reduced maintenance, and a smaller HPA are desired, the
12.8-m uncooled LNR is still a prime contender.

Table 3 lists the parameters required to produce G/T values spanning
the range of interest for three antenna sizes with cooled and uncooled

receivers. For all three antennas, beam steering is assumed to accommodate
a satellite stationkeeping uncertainty of fl° with a communications
penalty of no more than 0.5 dB. It should be possible to reduce this un-
certainty and eliminate beam steering, particularly for the 4.9-m antenna,
through increased experience with INTELSAT iv. In general it is expected
that an uncooled receiver will be used for the 22.7-dB/K station, while
a cooled reciver with a 9.7-m-diameter antenna will be used for the 31.7-
dB/K station.

Earth station HP7

Channel capacity calculations show that the earth terminal e.i.r.p.
must be at least 57 and 68.5 dBW/channel for systems having G/T
ratios of 31.7 and 22.7 dB/K, respectively. The latter e.i.r.p., which is
required for a satellite on gain step 1, reflects the gain limitations of
the satellite rather than the need for balanced up- and down-links. Con-
sequently, a large earth terminal power penalty is necessary to compensate
for this satellite gain deficiency, and a disproportionately large HPA
is required unless the number of channels is restricted to a low value, e.g.,
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TABLE 3. COOLED AND UNCOOLED LNR SYSTEMS

a. Antenna and Cooled LNR

Antenna Diameter (m)

Parameter 4.9 9.7 12.8

Antenna Gain at 70% Efficiency at 3.95 GHz (dB) 44 50.5 53
Antenna 3-dB Beamwidth (deg) 1.15 0.54 0.42
Antenna Steering Accuracy for 0.5-dB Down-Link 0.42 0.22 0.17

Loss (deg)

Treed `T oat.aa„ (K) 56 53 50
TLNR (K) 20 20 20
Tsyswm

(K) 76 73 70
(dB) 18.8 18.6 18.4

Cooled G/T (dB/K) 25.2 31.9 34.6

b. Antenna and Uncooled LNR

Antenna Diameter (m)

Parameter 4.9 9.7 12.8

TLNR (K) 80 80 80

(K) 136 133 130
(dB) 21.3 21.2 21.1

Uncooled G/T (dB/K) 22.7 29.3 31.9

five or less. It is assumed that an HPA output backoff of 3 dB will be
sufficient to meet the reduced up-link intermodulation requirements.

Earth station tracking considerations

As the antenna diameter decreases, the antenna beamwidth increases.
Hence, it is desirable to determine the earth station size for which fixed
antennas without tracking or steering capability can be employed. To per-
mit fixed antenna pointing, it is necessary to ensure that satellites are main-
tained within the earth station antenna beamwidths and that the direction
remains stable with time.

The INTELSAT Iv satellite requirements state that the satellite must be
capable of being maintained in an orbital position of ±0.5° in longitude
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and latitude for a period in excess of seven years. A 9.7-m antenna has a
half-power beamwidth of 0.36° at 6 GHz. With proper design, earth
station antenna pointing errors caused by wind and ice loading and diam-
eter variations are not expected to exceed 0.07°. Hence, an INTELSAT IV
satellite will have to be controlled to within ±0.1° to employ fixed antenna
pointing. Also, a power margin will have to be reserved for pointing errors.

To provide specialized communications services through INTELSAT
satellites, it may become necessary over a period of time to change from
one satellite position to another for operational or other reasons. There-
fore, small antennas planned at this time must be provided with some
steering capability. However, after some initial experience with several
INTELSAT Iv satellites, it may be possible to employ fixed antennas. Even
then, it will be necessary to provide for the readjustment of earth station
antenna pointing directions in case of service transition to a different
satellite or intentional repositioning of the operating satellite.

It is expected that most earth stations will have to be planned for at
least limited tracking, in the form of feed or antenna steering, with either a
simple autotracking system or a simple program tracking scheme. In addi-
tion, it will be necessary to provide for a change in pointing direction to a
different satellite.

Possible system configuration

The following is a general description of a possible system configura-
tion [9]. Although actual systems will probably differ in specific details,
the concept will undoubtedly be similar.

Figure 10 is a "baseline" configuration for a system using a global-beam
transponder for telephony and television services. This arrangement would
permit an international service earth station which is already accessing an
INTELSAT iv satellite to function also as the major terminal of a domestic
or regional system. This scheme would not interfere with the station's
international service operation and would result in substantial benefits
through the consolidation of facilities. A number of earth stations having
antennas with smaller diameters and G/T values commensurate with the
services to be provided would be utilized at the other sites of the network.
If the existing INTELSAT earth station could not be utilized for this service,
a separate station would have to be provided.

This basic configuration would provide one television channel from the
central terminal to all stations, and a number of duplex telecommunica-
tions channels between all stations in the network. (The latter number
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would depend on traffic requirements.) It is assumed that TV would be
transmitted from the large earth station and that only TV receive capability
would be provided at the smaller stations, which could nevertheless be
provided with telephony transmit and receive equipment. However, the
use of permanent or mobile facilities would permit television transmit
capability to be provided at any of the other earth station terminals.

This baseline configuration could be expanded by adding earth stations
as new service areas are brought into the system. The individual earth sta-
tions could be configured so that their circuit capacity could be expanded
to fulfill increased traffic demands with minimum dislocation of service.
TV capability could also be expanded as required.

Telephony transmission in the system could be provided in two modes.
On major paths between designated primary centers, full-time preassigned
channels could be provided. In addition, a system of demand-assigned
channels could be provided. Since all stations would have access to these
channels, full interconnection among all stations would be possible. This
type of operation would allow for optimum utilization of the space seg-
ment. Full flexibility could also be provided so that channels could be
rearranged between stations and between preassignment and demand-
assignment modes according to traffic demands.

A possible spot-beam configuration is shown in Figure 11. It could pro-
vide the same services as the global-beam configuration. In addition, the
use of the full power of the spot-beam transponder would permit an earth
station with a G/T of 22.7 d B/K to receive a TV signal and provide tele-
phony service. Alternatively, if a 31.7-dB/K earth station were utilized,
only half the power and bandwidth of a transponder would be required for

TV service.

Earth station configuration

To date, a number of small earth stations have been utilized successfully
for satellite communications purposes, usually to perform specific task
assignments. In the following paragraphs, the concept of a simplified earth
station system that could be implemented in the near future will be pre-
sented. This system has been specifically designed to meet the requirements
of a domestic or regional system. Figure 12 is a block diagram showing the
principal subsystems of this configuration.

For a domestic or regional system, there is no need for hemispheric
coverage or even for autotrack in the sense of using the received signal for
steering. Instead, an adequate antenna configuration will use a fixed re-
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flector and a steerable feed. The reflector can be either a regular parabolic
reflector or a parabolic torus with one dimension dictated by the maximum
angular limits if two or more satellites are to be viewed. The feed motion
will be sufficient to follow the satellite with no more than 0.5-dB pointing
loss, and a second feed will be provided if switching to an alternate satellite
is required.

Antenna size and its effect on the HPA and LNA have been discussed
previously. This discussion indicated that, for stations having a G/T of
31.7 dB/K, the two most probable antenna sizes are 9.7 m for use with the
cooled LNA and 12.8 m for use with the uncooled LNA. The degree of
cooling or the noise temperature achieved with uncooled parametric am-
plifiers will determine whether intermediate antenna diameters can be used.
For applications in which one antenna will be required to work with two
or more satellites, a multiple-feed torus antenna can be advantageous
(subject to satellite stationkeeping constraints).

For the 22.7-dB/K G/T requirement, a 4.9-m antenna used in connec-
tion with an uncooled parametric amplifier is considered to be a good solu-
tion. For low-noise receiver parametric amplifiers with 500 MHz of band-
width, the following noise temperatures can be achieved:

gaseous helium amplifier: - 20K
uncooled parametric amplifier: - 80K

HPA requirements vary both as a function of transmit antenna gain and
as a function of service requirements. For the proposed types of service,
commercial TWTs, which are now available in sizes of 200 W, 300 W,
600 W, and 1.2 kW, are considered to be most suitable. All tubes are com-
pletely air cooled. A modified SPADE system and,regular FDM/FM
multiplexing equipment are considered to be most satisfactory for this
type of service.

Monitor and test equipment is provided as required. For unattended
stations it is desirable to provide automatic transmission of telemetry
data concerning equipment operation so that a central monitor station
can be alerted of any equipment failures. A moderate building shelter
will be provided and, although the system is assumed to operate on
commercially available power, backup power facilities will also be
included.
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Conclusions

The INTELSAT lv satellites provide highly reliable, high-performance,
and economic service to small earth stations. Systems can be designed
to provide both telephony and television services, depending on traffic
distributions and requirements. Those factors that affect the selection of
an optimum configuration in terms of performance and cost have been

detailed, and representative values given.
The introduction of small earth stations can be expected to increase as

telecommunications services via satellite expand with the introduction
of new satellite systems. Since it is expected that only the largest users can
afford to actually implement separate systems, smaller users are most
likely to lease space-segment capacity. Detailed tradeoff analyses, as
described in this paper, will ensure that the maximum utilization can be
maintained over the lifetime of the system.
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Abstract

In the spring of 1972, the Communications Satellite Corporation and Cunard
Lines Ltd. jointly sponsored an experiment in satellite communications between
the Cunard ship RMS Queen Elizabeth 2 and a small earth station at COMSAT
Laboratories in Clarksburg, Maryland, via the INTELSAT IV F-3 satellite over the
Atlantic Ocean.

The ship carried an 8-ft (2.4-m) parabolic antenna, while the small earth
station had a 15-ft (4.5-m) antenna. Both locations used DICOM (digital com-
munications) units providing one 28-kbps delta modulated encoded voice
channel. The shipboard antenna was gyro-stabilized against ship motions by

using a simple open-loop system without satellite tracking signals.

Introduction

This paper describes the results of a program which used an INTELSAT Iv
spacecraft and a fairly simple shipboard terminal to demonstrate the
feasibility of establishing a good-quality voice link between a U.S. earth
terminal and a commercial ship operating on Atlantic routes. This project
was suggested by Col. J. D. Parker, Secretary General of the Comite
International Radio-Maritime (CIRM), to explore the feasibility of ship-
shore communications via satellite.

110
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The experiment showed that it is feasible to place an antenna with
fairly high gain on board a ship in commercial service and to point it
toward a geostationary satellite by using a simple open-loop pointing
system with gyro stabilization. Acquisition of the satellite and subsequent
manual repositioning of the antenna were easily accomplished by the
operators. The need for antenna repointing at intervals of one-half to one
and one-half hours was acceptable for the experiment.

All test participants judged that the quality of the link between ship and
shore was very good. The communications tests were significant because
they demonstrated that a link, including all of the necessary echo sup-
pressors, could be established between the ship's normal telephone system
(2-wire service) and the U.S. and U.K. terrestrial networks via an INTELSAT
satellite. The demonstration included a variety of acoustically coupled
communications devices: facsimile, teletype, biomedical data unit, and
computer access. All of these modes of communication were demonstrated

with good results.
There was no interference from the satellite terminal to any of the ship's

electronic equipment, but there was some interference from the ship's
1,500-W high-frequency transmitter to the satellite received signal when
the high-frequency transmitter was tuned to 12.459 MHz. Other frequencies
caused no appreciable interference.

Whereas the roll and pitch of the Queen Elizabeth 2 (QE 2) may not
have been representative of the motion of smaller ships, the winds and
weather encountered during the tests were quite significant.

A number of earlier experiments for ship-shore communications were
conducted via ATS satellites. However, these experiments used low-gain

broad-beam antennas [1].
A successful experiment at C-band (4-6 GHz) would indicate a possible

implementation in the less stringent pointing environment of the L-band
frequencies (1.5 GHz) recently established for maritime satellite com-

munications [2].

Spacecraft configuration

The experiment utilized the INTELSAT IV F-3 satellite over the Atlantic
Ocean. Two transponders in that spacecraft were used for the tests: a
global-beam transponder (Q 12) for the link from COMSAT Laboratories to
the ship, and a spot-beam transponder (43) for the link from the ship to
the Laboratories.

Two transponders were used to conserve transmitter power on the ship
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terminal. That is, the link to the ship required a transponder in the global-
beam configuration to cover the expected geographic range of the ship
during the experiment. The same global-beam transponder could have been
used for the link to the Laboratories terminal; however, the required RF
transmitter power at the ship (approximately 120 W at the antenna feed)
could be obtained only by using a transmitter with a 250- to 300-W rating.
It was deemed desirable to keep the ship transmitter power low to reduce
the possibility of interference and of hazards to personnel. Thus, for the
experiment, transponder 3 in the spot-beam configuration was used
for the ship-to-Laboratories link. This permitted a ship station transmitted
power requirement of about 8 W. If the fixed station had been a standard
earth terminal with a G/T of 40.7 dB/K, then a single transponder,
connected to the global beam, could have been used for both links.

Shipboard terminal

The ship terminal consisted of the following major elements:

a. an 8-ft (2.4-m) parabolic dish antenna with servo -controlled
pedestal and low-noise receiver (for the antenna control system,
see Figure 1);

b. an antenna drive bay;
c. a DICOM terminal RF transmitter bay [3], [4];
d. an 8- X 12-ft (2.4- X 3.7-m) equipment enclosure with air

conditioner on the sports deck (covered, but not normally heated
or cooled);

e. test equipment;
f. peripheral equipment.

Figures 1 and 2 are block diagrams of the shipboard terminal system.
(The installation of the terminal on the QE 2 will be shown in Figure 8.)

Comsat Laboratories terminal

The terminal at COMSAT Laboratories in Clarksburg, Maryland, in-
cluded the following major equipment:

a. a 15-ft (4.5-m) parabolic dish antenna with low-noise receiver
(hand-operated pointing);

b. DICOM channel equipment;
c. a transmitter bay;
d. peripheral equipment.
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Terminal performance

Performance characteristics of the terminal at COMSAT Laboratories
and the terminal onboard the QE 2 are listed in Table 1.

Link budget calculations

The link budget calculations are summarized in Table 2. Both terminals
were limited in transmitted power, resulting in small margins for each end
of the link. The margins used for the calculations in Table 2 include the
expected pointing errors of the ship station, i.e., the nominal value of the
ship station antenna beam at the 3-dB point.

Communications equipment

For the shipboard experiment, the communications equipment consisted
of digital transmission equipment using PSK modulation, delta modula-
tion, and convolutional encoding [3], [4]. The 2-phase modulated carrier
occupied 80 kHz of RF bandwidth. Carrier-to-noise values of 4.8 dB were
required for a bit-error probability of 10-1. The performance of the
DICOM channel units, described in References 3 and 4, had been verified
prior to the experiment by using a satellite link (INIuLSAT IV F-2). Error
rate measurements taken during the experiment agreed with these earlier
results. A more detailed description of the communications equipment
is given in Reference 5.

TABLE 1. TERMINAL PERFORMANCE CHARACTERISTICS

a. Shipboard Terminal

Transmit

Frequency
Transmit Power at Feed, 8 W
Transmit Gain (peak of beam)
Peak e . i.r.p.
Pointing Error Allowance*
Nominal e .i.r.p.

6,040.0 MHz
9.0 dBW

40.0 dB
49.0 dBW
3.0 dB (±0.75°)

46.0 dBW

Receive

Frequency 4,189.6 MHz
System Noise Temperature 300 K

Receive Gain 37.0 dB
Peak G/T 12.2 dBW/K
Pointing Error Allowance 2.0 dB (:0.75°)
Nominal G/T 10.2 dB/K

b. COMSAT Labs Terminal

Transmit

Frequency 6,414.5 MHz

Transmit Power at Feed, 250 W 24.0 dBW
Transmit Gain 46.0 dB

e.i.r.p. 70.0 dBW

Sysfeut lest schedule

The antenna and electronics were placed onboard the QE 2 by heli-
copter while the ship was debarking passengers at Norfolk, Virginia, on
9 March 1972. During the test (10 March 1972 to 15 May 1972), the QE 2
made four trips between New York and the Caribbean, a transatlantic
crossing, a Mediterranean cruise, and finally another transatlantic crossing
from Southampton to New York. During this period the ship encountered
three storms, including one of the worst storms in the Atlantic for many
years (16-19 April 1972). Weather conditions varied from a snowstorm
on I I March while departing from New York to 90°F temperatures while
anchored off La Guaira. Thus, the system was exposed to a wide variety
of geographic locations and weather conditions.

Figures 3 and 4 show the routes taken by the QE 2 in the Caribbean,
the Atlantic, and the Mediterranean. The elevation angle of the antenna
referenced to earth coordinates ranged from 53° to 19° during the voyages.

Receive

Frequency 3,815.0 MHz

System Noise Temperature 141 K
Receive Gain 43.0 dB
G/T 21.5 dB/K

*The pointing error allowance was derived from the antenna pattern and the ex-
pected servo pointing accuracies which will be discussed in the next section.

The antenna pointing angle with respect to the ship's bow varied as a
function of the ship's heading and traversed all values.

Antenna repositioning

The pointing system is formed by establishing a stable platform com-
prising the antenna reflector and feed system, which is then manually
pointed in the direction of the satellite. Theoretically, the ship's motions
(roll, yaw, and pitch) do not affect the stabilized antenna, which will
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TABLE 2. LINK BUDGET CALCULATIONS

Channel Transmission Characteristics

Modulation and Coding

C/N at PBE = 1 X 10-4

C/T Required for PBE = I X 10-4

Satellite Parameters

G/T
e.i.r.p.

Global Beam

Spot Beam

W, (gain step 1)

Labs-to-Ship Parameters

C/T Required
Path Loss

28-kbps Delta modulated voice, rate
convolutional coding , 2-phase CPSK

4.8 dB
-174.0 dBW/K

-16.0 dB/K

23.2 dBW
35.0 dBW

-77.2 dBW/m2

-174.0 dBW /K
196.0 dB

Ship Terminal G/T (nominal )
22.0 dBW/K
10.2 dB

Satellite e . i.r.p. Required
Labs Station e.i.r.p. Required
Labs Station e.i.r.p. Available

11.8 dBW
69.0 dBW
70.0 dBW

Margin

Ship-to-Labs Link Parameters

C/T Required
Path Loss

1.0 dB

-174.0 dBW/K
196.7 dB

Labs Station G/T
22.7 dBW/K
21.2 dBW/K

Satellite e.i.r .p. Required 1.5 dBW
Ship Station e . i.r.p. Required 45.4 dBW
Ship Station e . i.r.p. Available (nominal) 46.0 dBW

Margin 0.6 dB

remain pointed toward the satellite despite the ship's angular motions.
The ship's translational motions, i.e., its normal travels from one place to
another, require changes in the line of sight to the satellite, and hence a
manual adjustment of the antenna pointing angles. The pointing system
is an open-loop system since no signals received from the satellite are
used for automatic antenna pointing.

Antenna stabilization was accomplished by using two gyros, one vertical
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gyro measuring pitch and roll, and one directional gyro measuring the
ship's yaw or heading deviations. The gyro differs from the ship's gyro-
compass in that it does not measure azimuth directly. The vertical gyro is
essentially free of drift, while the directional gyro has two components
of drift. One is a random drift term of about 2°/hr; the other is a drift
related to the rotation of the earth given by 15°/hr X sin L, where L is
the geographic latitude of the current ship's position. Both of these terms
contributed to the gyro drift problems encountered during the experiment
so that fairly frequent manual antenna repointing was required.

To be used in driving the antenna servos, the measured gyro reference
angles must be resolved into the appropriate antenna pedestal angles
(elevation over azimuth). This was accomplished by means of electrical
resolvers (400 Hz) mounted on instrument servo-driven antenna control
axes. These servos were, in turn, controlled by means of the azimuth and
elevation control dials.

For this experiment, the gyro angles were resolved into the antenna
coordinates by using simplifications which caused some errors when the
ship's angular motions became large. The complete control equations for
an elevation over azimuth antenna mount are found in Reference 6. These
equations were simplified by using small angle approximations for the
pitch and roll excursions. The resulting control equations are

a=a"+0
a' = a + tan (b) [R cos (a) + P sin (a)]
0'=0+[-R sin (a)+PCos(a)]

where a = antenna azimuth angle setting relative to the ship
a' = antenna azimuth axis angle in deck coordinates
a" = azimuth angle to the satellite
p = antenna elevation angle to the satellite
p' = antenna elevation axis angle
R = roll gyro output
P = pitch gyro output
0 = directional gyro output.

These relationships are accurate only for small excursions of the roll
and pitch motions, i.e., roll, R, less than ±10° and pitch, P, less than ±5°.
An analysis made prior to the experiment showed that simplification of the
resolution would result in dynamic mispointing of no more than ±0.25°
for the expected pitch and roll conditions. The implementation of these
equations has been shown in Figure 1.
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The major source of dynamic antenna mispointing in this system is a
function of the antenna servo dynamic response. The servo response
curves shown in Figure 5 indicate that during large ship motions the servos
will have a maximum dynamic lag of about 0.5°.

r. ELEVATION SERVO RESPONSE
2° STEP, 25mm/,

I I I I I I I I

5 A/IMUTH SERVO RESPONSF
2° STEP. 5n,

Figure 5. Ship Antenna Servo Responses
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Since the antenna was not originally designed for this type of applica-
tion, the servos driving the axes had to be modified. The result was a
compromise between speed of response and system stability. The step
responses of the servos, shown in Figure 5, indicate that the maximum
rate capability of the elevation servo, which had a time constant of about
0.5 s, was >6°s. The azimuth servo had a maximum rate of about 3°/s,
and a time constant of about I s. The static accuracy of the antenna drive
system was about ±0.125° in each axis.

Another source of both static and dynamic mispointing was the align-
ment error between the antenna pedestal and the vertical gyro. Prior to
the experiment there had been some apprehension about the operation of
the vertical gyro high on the ship and to one side. This proved to be no
problem. Aligning the antenna pedestal with the gyro reference, and the
gyro output with respect to the vertical during pitch and roll motions
required careful and painstaking measurements. The pointing error from
this source was held to about 0.1° and did not seriously affect the overall
pointing error.

All of these errors were taken into account to arrive at nominal system
pointing errors of about ±0.75°. The effect of these errors on the com-
munications link can be seen by referring to the ship antenna beam con-
tour curves of Figures 6 and 7, which show the loss in power as a function
of the angle off axis. The nominal values of the shipboard station per-
formance (Table I) were derived from these curves and the nominal point-
ing errors.

RF interference and obstruction

Figure 8 shows the location of the antenna on the QE 2 and the obstruc-
tion of the antenna beam by the stack and mast of the ship. The smoke
stack and the mast do not obstruct the antenna beam at elevation angles
greater than 25° and 30° respectively. At smaller elevation angles, obstruc-
tion exists only when the antenna is pointing to within ±2° of the stack
and ±1° of the mast. Thus, obstruction should be and was a rare occur-
rence.

The ship terminal did not interfere with the normal operation of any of
the ship's communications or navigation equipment. On the other hand,
when it was operating at 12.459 MHz, the ship's 1500-W high-frequency
transmitter did cause interference to the receive end of the satellite link;
i.e., bursts of noise were superimposed on the voice channel. Other fre-
quencies of the same transmitter (8 and 16 MHz) did not cause any inter-
ference. Reasons for this could not be determined
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Figure 6. Ship Antenna Beam Pattern (6-GHz transmit)

Conclusions

Tests of the experimental satellite communications system onboard the
QE 2 showed that it is feasible to install a highly directional antenna on-
board a ship that is in commercial service, and to manually point and track
a geostationary satellite by using a simple open-loop, gyrostabilized,
antenna pointing system . The experimental system required frequent
operator assistance . Any C-band system that is a candidate for operational
use will require an improved automatic pointing or tracking system;
however, at L-band, the antenna beamwidths would be wide enough to
allow such a simple pointing system.

Carrier-to-noise ratios varied at each end of the link in fairly good
agreement with the predicted pointing errors and the antenna beam con-
tours. The ship environment produced only relatively minor interference
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Figure 8. Antenna Installation on QE 2

to the satellite receive link, and obstruction by the ship's superstructure
was rare. Because obstruction is obviously a strong function of the partic-
ular ship and permissible antenna location, no general conclusion can be

drawn.
Appendix A includes some of the data obtained from the experiment

and describes the manner in which conclusions on pointing accuracy and

interference were drawn.
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Appendix A. Presentation and analysis of
recorded data

General

During the tests, data were recorded on stripchart recorders on the ship and
at the Laboratories terminal. Only C/N data were recorded at the Laboratories.
The shipboard data included received signal strength measurements (C/N),
actually recorded in the form of (C + N) /N *; ship motion (roll, pitch, and yaw)
obtained from the terminal's two gyro outputs; and antenna motion rates
obtained from rate gyros mounted on the antenna. The C/N data in Figures A-1
and A-2 were recorded at the Labs; all other data presented here were recorded

on the ship.

Lint performance

The link performance [(C + N) /N] was recorded from the output of a signal
strength meter. The resulting output had a nonlinear (logarithmic) scale on the

chart recorder.
The received signal was simultaneously recorded at both ends of the link.

Two examples are shown. In the first (Figure A-1), the chart speeds at both ends
are the same, but the recording levels make it difficult to obtain quantitative
measurements. For the second set of simultaneous signal strength recordings
(Figure A-2), the chart speed at the Laboratories is equal to 25 mm/min, while
that at the ship terminal is equal to 5 mm/min. Analysis of these and similar
data furnished information on antenna pointing error performance and overall

link performance.

Nominal antenna pointing error

The nominal antenna pointing error, i.e., the average amount of ship antenna
mispointing, is ascertained by measuring the maximum received signal (assumed
to occur when the antenna is pointed correctly) and estimating the average
received signal in the vicinity of the maximum on the recording. Then the beam
contours of the shipboard antenna can be used to obtain the pointing error in
degrees. For measurements at the ship, the receive beam contour must be used,
while at the Laboratories the transmit beam contour must be used. These con-
tours are different because of the difference in frequencies; hence, different
amounts of signal fade (dips in the curve) are observed. The dips in Figure A-2
correlate well with the beam contours. It is concluded that the antenna had a
pointing error of about 0.5°, which increased momentarily to about 1.0°, causing
a fade of about 4.5 dB at the Laboratories and 2.8 dB at the ship. An examination

of many such recordings indicates that, under normal conditions, i.e., when the

*Carrier plus noise versus noise.
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Figure A-l. Comparison of Received Signal at Labs and Ship Stations

link performed well, the nominal tracking error was about ±0.75°. An example
of these conditions is shown in Figure A-3.

Received signal strength measurements

Two factors made it difficult to record the received signal strength onboard

the ship. First, the receiver gain varied nearly 1 dB as a function of the heating
cycle. (The low-noise amplifier receiver was temperature controlled by an internal
heater with a cycling time slightly over one minute). Second, the dual-channel,
azimuth axis, RF rotating joint in the antenna (see Figure 2) contributed about
2 dB of gain variation as a function of the antenna azimuth pointing angle. This
gain variation occurred only in the joint's 4-GHz receive channel, which used
the "outside" channel of the joint. The inside channel, which is essentially a
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straight-through connection , was used for the 6-GHz transmit run, and did not

have this problem.
The gain variations which occurred after the first 40 dB of signal amplification

did not contribute significantly to the noise in the link, but simply shifted the
output of the recording meter and hence the location of the trace on the strip

recorder . The (C + N)/N ratio was not altered. However, to read the received
signal strength values, it is necessary to measure the location of the base line (N).

When time permitted , frequent instantaneous (C + N)/N measurements were

performed by turning off the Labs carrier momentarily , recording the result at

a high chart speed, and comparing the readings with the visual indication on the

meter . Figure A-3 illustrates this instantaneous signal measurement calibration

procedure.
Past experience indicates that C/N measurements on a satellite link such as the

one used in the experiment , but with fixed terminals , generally yield values which

are accurate to within 0.5 dB . Therefore, it should not be assumed that the

records of the experiment are accurate to within less than 0.5 dB.

Interference and obstruction

The interference from the ship's 1500-W high-frequency transmitter to the
satellite communications system pervaded virtually everything in the system,
including all of the test equipment and the recorder channel, whose input was
grounded. The ship's CW transmissions could even be heard as background
noise in the ship's intercom system, which piped music and news to all of the
cabins. It was impossible to ascertain where the interference entered the system,
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Figure A-3. Instantaneous Measurement of Received Signal
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since no test equipment was free of the signal. Interestingly, the other frequencies
(8 and 16 MHz) used by the same transmitter did not cause discernible inter-

ference.
Signal obstruction by the mast is illustrated in Figure A-4, in which the drop

in C/N is clear. Obviously the system did not perform properly during the signal

obstruction.

SHIP
I^ w - - r - Nrrrc^n . uvin - - 3-

OF FADE= 2.7d8 de 2_
RECEIVED SIGNAL 1-
(CaN(/N 5-10-72 CHART SPEED: 5mm/min 125 mm/min 0-k-1-1
1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 1 I I I I I 1 1 1 1 1 I I I 1

Figure A-4. Signal Obstruction by Ship's Mast
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Method for computing the optimum
power balance in multibeam satellites

H. J. MEYERHOFF

(Manuscript received October 18, 1973)

Abstract

Multibeam satellites exploit the spectrum allocated for space communications
by reusing the frequencies on adjacent beams. Aein has suggested that the trans-
mitted carrier power levels to and from the various beams should be selected to
equalize the interference-to-carrier power ratios on all beams. This paper pro-
poses an iterative procedure for determining this unique set of carrier power
levels, with one level predetermined. This procedure is rapidly convergent and
less cumbersome to implement than other potential methods. The paper also
demonstrates that equalizing these ratios is equivalent to minimizing the maxi-
mum interference-to-carrier power ratio on all beams, and that including thermal

noise does not complicate or alter the stability of the iterative procedure.

Introduction

Future satellites will be equipped with spot-beam antennas that con-
centrate the satellite's transmitted power over small separate areas of the
earth's surface. The angular separations between these spot beams at the

This paper is based upon work performed in CoMskT Laboratories under the
sponsorship of the International Telecommunications Satellite Organization
(INTELSAT.) Views expressed in this paper are not necessarily those of INTELSAT.
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satellite provide sufficient discrimination in both reception and transmis-
sion to enable frequency reuse on adjacent beams [I]. Hence, heavy traffic
links for point-to-point coverage can be implemented within the limited
frequency bands allocated for space communications. Global and regional
coverage antennas associated with most present-day satellites are more
suited to broadcast and low-density multidestination traffic schemes in
which frequency reuse is employed to a limited extent if at all.

Frequency reuse implies cochannel interference received at and trans-
mitted from the satellite. It is possible to calculate the interference-to-
carrier power ratio on each spot beam from a knowledge of the received
and transmitted carrier power levels and a matrix description of the spot-
beam antenna gains in the direction of their adjacent spot beams. Aein [2]
has suggested that these interference-to-carrier power ratios should be
equalized since system customers are usually interested in a standard of
performance irrespective of the particular transmission path. Using a
theorem of Frobenius, he has shown that, in most cases, there is a
physically realizable solution for these carrier power levels which is unique
and which corresponds to the eigenvector associated with the largest
positive eigenvalue of the antenna beam matrix.

This paper shows that equalizing the interference-to-carrier power ratios
actually corresponds to minimizing the maximum interference-to-carrier
power ratio on all satellite beams. Furthermore, according to Perron [3],
for a positive matrix such as that of the antenna patterns, in all cases there
is a unique positive characteristic root having the largest absolute value;
the eigenvector corresponding to this unique root is all positive. Computa-
tion of this eigenvector by using an iterative procedure [4], [5] yields the
solution for the carrier power levels that minimize the maximum inter-
ference-to-carrier power ratio on all satellite beams. The method is uncon-
ditionally stable, capable of rapid convergence, and simpler to implement
than a variety of other techniques. Thermal noise can readily be added to
the interference power in the iterative program.

Selection criteria for normalized carrier power levels

The cochannel interference power received in one satellite spot beam
may be obtained by summing the carrier power aimed at the remaining spot
beams, weighted in accordance with the overall spot-beam antenna pat-
tern, since the signals on each beam are assumed to be statistically inde-
pendent. Then, from Aein,
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(1/C); _ E xi, P^ , i = 1, n
1=1 Pi

where (I,IC)i = interference-to-carrier power ratio on
the i beam

xi; = antenna-beam matrix element (x;i = 0)
p; = carrier power received on the j beam
n = number of carriers.

(1)

It is evident from equation ( 1) that the carrier power levels may be
normalized ; one form is p, = 1. Appendix A shows that minimizing the
maximum (I/C);, j = 1, n, is equivalent to equalizing these ratios on all
beams. That is,

(I/C)i = rl , j = 1, n (2)

where r,, the unique eigenvalue of matrix x which yields as its correspond-
ing eigenvector a realizable solution for carrier power p; (i = 2, n), is real,
positive, and the largest eigenvalue for a positive matrix x [3].

Iterative solution for carrier power levels

One method of determining the carrier power levels according to Aein's
formulation would require a multidimensional search over all positive real
values for pi, i = 2, n, to find that set which equalizes (C/I);, i = 1, n. This
method is cumbersome. Another method, indicated by an example in
Aein's paper, is to find the eigenvalues of matrix x from its characteristic
equation and then determine the eigenvector corresponding to the largest
eigenvalue, presumably by matrix inversion. An iterative procedure sug-
gested here always converges to the physically realizable unique solution
associated with the largest eigenvalue [4], [5] of the antenna beam matrix.
Within the iterative cycle of the computer program,

R,(L) _ L xi,Ps(L - 1) , i = 1, n (3)
/=I

pi(L) = R,(L)
RI(L)

f = I, n (4)
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where R; is the interference power on the i beam and L is the iterative
index. Under steady-state conditions,

R1(L)
= (I/C)i

P (L)

- rI , i = 1, n .

Proof of convergence is given by

P(L) = R1(L) [p(L - 1)]

_ [XP' - [P(0)]
II R,(j)

(5)

(6)

The initial values for the carrier power levels [p(0)] may be written in
terms of the eigenvectors [E„], on = I, n, of matrix x suitably normalized;
i.e.,

[P(O)] = [EI] + U2[E2] + ... + Um[E.]

where Ir it > r2l > Ir„I

are the corresponding eigenvalues and U are constants. Then,

[p(L)] _
II R 1 0) 1 [E1] + U,[Ez] (r,) + ... + U,^[E„] (--) )

r`
L [EI]
n RIQ)
J-1

Under steady-state conditions, L >> 1,

P(L) ti [p(L - I)]

[EI]

(9)

(10)

and
R,(L) t R,(L - 1)

r, .

The effect of thermal noise

For cochannel interference over equal bandwidths, it may be assumed
that the thermal noise power is equal on all beams. It is of course statis-
tically independent of all signal components. The noise-to-carrier power

ratio is given by [2]

where

[(N + I)/C], 6 Wi p' 1, n (12)
1 =1 Pi

Wirxi) j^l

WiI = No + xn

and No is the thermal noise power normalized to carrier power p,.
As shown for the case without thermal noise in Appendix A, equalizing

the noise-to-carrier power ratios in equation (12) is equivalent to minimiz-
ing the maximum ratio on all beams. Furthermore, since matrix W is
positive, the iterative procedure for determining the unique set of carrier
power levels continues to hold for the case of thermal noise.

Conclusion

Power balancing in multibeam satellites may be achieved by determining
the carrier power levels that yield equal interference-to-carrier power ratios
on all beams. Evaluation of these levels involves the solution of a set of
simultaneous nonlinear equations by using an iterative procedure which
can be shown to converge rapidly. Hence, this method is computationally
more efficient than alternative schemes that require multidimensional
searches or evaluation of the Perron cigenvalue of a matrix and subsequent
inversion of a related matrix.

The ability to determine these carrier power levels will become important
in the design of new satellite systems that incorporate frequency reuse on
multiple antenna beams to provide the required communications capacity.
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Appendix A. Selection criterion equivalence

To demonstrate that minimizing the maximum interference -to-carrier power
ratio is the same as equating these ratios to the Perron eigenvalue , r,, consider

the simplest 3-carrier system, in which

R, = x,2P2 + x,2P3

R = X21 + xa.aPa
s -

/2 2

R,
X3, + X32/1z

a =
Pe

If

(Ala)

(Alb)

(Ale)

R,=R2=Ra=r,>0 (A2)

then, from equation (2),

r,X+ X22Xa,
P2o= >0

N - x2 xoz

r,xa, + X32x2,
Pao > 0

ri - xzaXa2

(A3a)

(A3b)

With small perturbations on p2 and pa about P2o and it, respectively, all
possible outcomes indicate that at least one of the resulting values for R„ R2, and
R, will be larger than r,. Thus for perturbations A2, Aa > 0, substituting into

equation (Al) yields

POWER BALANCE IN MULTIBEAM SATELLITES

P2 = P2o +A2

P2 = P2o + A2

P2 = P2o - A2

P2 = P20 - A2

Then

Pa = Pao + Aa ,

Pa = Pao - Aa

Pa=Paa+Aa

Pa = Pao - Aa

xa, + xxa(Ps2 - Aa)
P2 =

Pea - A2

A=r, x23A3
= r, + --

P2o P20

For R2 < r„

A,, n

A2 >x2a

Similarly,

R
xu, + Xa2(P 21 -A2)

R, =
Pao - A2

par, x2242

Pea Pau

For Ra < r„

but from equation (A3),

Al X22
< -

A2

r; > x2axa2 .

(A8)

(A9)

(A10)

(A12)

Hence r, is the minimum value for the maximum of R„ R2, and Ra. Similar
reasoning may be applied to systems with more than three carriers.
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R, > r, (A4)

R, > rn (A5)

R2 > r, (A6)

(Al)
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Review of Intelsat earth station
RF out-of-band emission criteria

M. P. BROWN, JR.

(Ma n uscri Pt received October I, 1973)

Abstract

The earth station RF out-of-band emission criteria employed in the INTELSAT
system are reviewed. The review shows that, when INTELSAT IV satellites reach
their maximum tralliic carrying capacity, it will become increasingly difficult to
limit RF out-of-band emission to the budgeted level of 500 pWp through up-link
power adjustments at appropriate earth stations. In addition, the review shows
that carrier frequency assignments for stations with heavy traffic must be selected
so that intermodulation products fall where the resulting interference does not

cause the system objectives to be exceeded.
The possible impact of out-of-band emission on a fully loaded satellite is

analyzed in terms of a 1975 Atlantic region frequency plan. Detailed calculations
are presented in this paper to illustrate the method of analysis utilized for various
transponder configurations, such as spot-beam multicarrier FDM-FM-FDMA

operation.

Introduction

The RF out-of-band emission criteria used for the INTELSAT tv satellite
system were developed in 1969, two years before the launch of the first

This paper is based upon work performed in COMSAT Laboratories under

the sponsorship of the International Telecommunications Satellite Organization

(INTELSAT). Views expressed in this paper are not necessarily those of INTELSAT.
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INTELSAT Iv spacecraft. It was felt that a review of the original criteria was

necessary in light of relatively new system concepts which might have

influenced the outcome of earlier decisions. The two concepts probably

having the greatest effect on these decisions were the introduction of

carriers which placed a greater demand on available satellite power, and

the implementation of a `2-satellite program" in the Atlantic Ocean

region, a primary satellite for small carriers and a major path satellite
for large carriers.

During the early studies, RF out-of-band emission was the subject of a
great deal of debate because of the tradeoff between the transmitter output
backoff and the per-channel system noise budget. It was observed that
operation of a transmitter close to saturation would, of course, produce
more output power; however, it was also noted that this would generate
more out-of-band emission.

For the unfamiliar reader, the phrase "RF out-of-band emission" may
require clarification. In this paper, it refers to the unwanted radiation
generated by the intermodulation of carriers within an earth station's
wideband high-power amplifier (HPA). When transmitted, these inter-
modulation products may fall within the satellite frequency band or out-
side of the satellite band. RF out-of-band emission is therefore meant to
indicate RF emission which is out of the wanted carrier's band.

As a compromise, an emission level of 26 dBW/4 kHz* (representing
an approximate output backoff of 7 dB for most transmitters) was chosen.
This decision was based on the realization that a level of 26 dBW/4 kHz
could add from 1,000 to 4,000 pWp of noise to the up-link of some car-
riers (much more than the 500 pWp already allotted for out-of-band
emission in the system noise budget). However, it was felt that system
performance objectives could still be met, since the power levels of various
carriers could be reoptimized, thereby reducing the effective emission
noise to 500 pWp in all cases. Hence, a reasonable transmitter output
backoff could be employed and, at the same time, a 500-pWp noise level
could be maintained in the system noise budget. Because of the introduc-

* A level of 26 dBW/4 kHz was considered to be the maximum allowable
emission level from an earth station with an elevation angle of 101. For other
elevation angles the criterion was adjusted by using the empirical equation

26 - 0.06(a - 10) dBW/4 kHz

where a = elevation angle [1].
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tion of new system concepts, the application of this philosophy to a fully
loaded satellite will require careful engineering and operational manage-
ment in order to keep within the constraint of 26 dBW/4 kHz.

Eralnation of HF ont-of -band emission criteria

Comparison of 196!1 and 1!175 Er,-gurney plans

To evaluate the total RF out-of-band emission confronting an INTELSAT
Iv satellite in 1975, the intermodulation power spectral density produced
by each of the 17 countries operating in the frequency plan shown at the
top of Figure 1 was computed. A composite of all earth station emission
was then prepared so that it could be compared directly with the analysis
made in 1969 as shown in Figure 2. The observations drawn from this
comparison will be discussed in the following paragraphs.

As shown in Figure 1, the intermodulation spectral density from the
heavy-traffic earth station designated ET appears to have the most signifi-
cant contribution to the total emission environment in the special case in
which this earth station is called upon to transmit a contingency carrier for
restoration of service in the event of submarine cable failure. Although
these products are significant, they are still below the prescribed limit of
26 dBW/4 kHz.

Actual INTELSAT Iv performance was better than specified; thus, it was
possible to expand the channel capacity of selected carriers. Because of
the utilization of such expanded carrier sizes, the transponders in the 1975
frequency plan will be saturated. The use of carriers with heavier baseband
loading had not been envisioned in 1969; as a result, the power levels of
the affected carriers in the 1975 frequency plan cannot be further in-
creased to overcome out-of-band emission noise greater than 500 pWp.
If the power levels are increased, either transponder loading must be de-
creased (carriers taken out), a degradation in channel performance must be
accepted (total noise greater than 500 pWp), or still other steps be taken.
For the carriers shown in Figure 1, the impact of the emission products
falling under transponders I and 3 are shown in Table 1. (Alternatives to
this situation will be discussed later.)

As a result of the factors described in the preceding paragraph, the
present situation is one in which the emission products are within the
original guidelines prescribed in 1969, but because of increased utilization
of transponder loading, the system cannot be operated as originally
planned without some modifications.

I
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TABLE 1. IMPACT OF LARGE 3RD-ORDER PRODUCTS ON

AFFECTED CARRIERS BEFORE CORRECTIVE ACTION a

(pWp of additional noise to up-link)

Noise Added to Up-Link
Carrier of Affected Carrier b

Transponder Affected a (pWp)

I EH 1,500
BM 2,800
RA 2,800
LE 1,200

3 BU 3,000
CM 3,000
FO 2,000

See A + B - C and A + C - B products in Figure 1.
For contingency carrier transmission prior to corrective action. 500 pWp is normally

budgeted.
e Abbreviations correspond to carrier designations of Figure 1.

When the heavy-traffic station is not transmitting a contingency or TV
carrier, the peak RF out-of-band emission for the entire satellite system
falls to approximately 23 dBW/4 kHz, well within the allowable limit of
26 dBW/4 kHz.

The contribution of several products falling in the same frequency range
is indicated by the dotted lines in Figures l and 2. In most cases the net
impairment is not significant. However, depending upon the particular
frequency arrangement involved, there might be a special case in which
the sum of several products would cause a serious total noise level.

The RF out-of-band emission environment shown in Figures 1 and 2
has been presented at the beginning of this paper to provide the reader
with an overview of the total problem. This section, together with the next
section, which describes the assumptions used to produce these mosaics,
should form the basis for an understanding of the calculations which
resulted in the scales at the left of these figures.

Assumptions employed for the preparation of the IIF
out-of-band emission environment in 14611 and in 14750

Table 2 compares the assumptions made in 1969 with those employed
for the evaluation of the 1975 frequency plan. It can be seen that the 1969
frequency plan was indeed a worst-case plan in terms of the number of
earth stations employing TWTs (and transmitting two or more carriers).
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It is assumed that earth stations with multiplexed klystrons, one for each
of several carriers, do not emit intermodulation products. A more ex-
tensive comparison of the two evaluations is provided in the following
paragraphs.

In 1969, it was assumed that 19 earth stations would operate their
transmitters at an output backoff of 7 dB. The introduction of a 2-satel-
lite concept in the Atlantic has eliminated this possibility since carriers are
now split between separate earth stations. On the basis of this concept,
the 1975 frequency plan would have only four stations operating near an
output backoff of 7 dB.

Although a total of 39 earth stations are projected to be within the 1975
frequency plan, only 17 of these stations would transmit two or more
carriers and utilize wideband TWTs. There are other stations which radiate
two or more carriers, but these stations are currently equipped with multi-
plexed klystrons and they will not create out-of-band emission.

TABLE 2. COMPARISON OF ASSUMPTIONS FOR

1969 AND 1975 FREQUENCY PLANS

Criterion 1969 Plan 1975 Plan

Number of earth stations with two or more carriers
and widehand TWT transmitters 19 17

Number of earth stations operating at or near 7 dB
output backoff 19 4

Net earth station transmit antenna gain at 6 GHz" (dB) 60 60

Type of intermodulation product considered', 3rd order 3rd order

Carrier sizes used in frequency plan standard standard and
expanded

Same TWT transfer curve employed for all HPAs
considered? yes yes

Method used to calculate transmit power levels for
optimum transponder performance manual system model

Except ET whose 12-kW HPA is located in the upstairs portion of the antenna

pedestal near the feed. The antenna gain in this case has been assumed to be 62 dB.
1, It is assumed that harmonics (e.g., 2A and 2B) are eliminated by harmonic filtering

normally found in HPA equipment. It is further assumed that 5th- and higher-order

products do not contribute significantly to total emission levels.

1
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Only 3rd-order products have been considered in both the 1969 and
1975 frequency plans. Harmonics which fall well outside the satellite
band (e.g., 2A and 2B) are normally removed by the filtering inherent in
HPA equipment. It is felt that 5th- and higher-order products do not
contribute significantly to total emission levels.

In both the 1969 and 1975 frequency plans, the same TWT transfer
curve was employed for all earth station TWT transmitters. That is, one
TWT curve was assumed to be typical of all HPAs. The curve employed
for the 1975 plan (Figure 3) represents the amplitude transfer characteristic
of an 8-kW Varian 6660A2 TWT. Note that the exact output backoff is
frequency dependent and that an average curve has been assumed to lie
between the upper and lower frequency bounds. Actual HPA output
backoffs could then vary -L 1 dB from the average chosen for this study.

A computer program developed by COMSAT Laboratories was used to
calculate the intermodulation products shown in Figure 1. The program
also includes the simultaneous treatment of distortion caused by amplitude
compression and AM to PM conversion, and provides an improved
capability for computing products generated by TV and SPADE* car-
riers [21, [3].

The backbone of an RE out-of-band emission analysis is an accurate
assessment of the earth station transmit power requirements of each car-
rier. Carrier power requirements depend upon earth station location and
carrier placement within the satellite transponder. An optimum trans-
ponder operating point which is related to the carrier power levels and the
varying intermodulation pattern produced by the adjustment of each car-
rier can be found. Changes in the relative power levels affect the inter-
modulation structure and the backoff of the transponder. For the 1969
analysis, a manual optimization process was used. For the 1975 analysis,
a computerized INTELSAT IV system model was employed, which could
perform the many iterations necessary to calculate the best carrier power
levels.

To simplify the calculations in both studies, it was assumed that earth
stations had a net antenna gain of 60 dB from the output of the HPA
flange up to and including the antenna. There was one exception to this
general rule. It was known that the ET earth station had just undergone
a modification during which its 8-kW HPA was replaced by a 12-kW HPA.
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In addition, the HPA was removed from its original position in the down-
stairs portion of the antenna pedestal and relocated close to the antenna
feed. It was assumed that this modification, along with the measured
antenna gain, provided a net gain of 62 dB.

It was assumed that all HPAs had a 1-dB internal loss between the
TWT and the HPA output flange. Hence, a TWT rated at 8 kW would
have an effective HPA rating of 6.3 kW.

With these assumptions as a baseline, the emission products generated
from each earth station were pieced together into a final mosaic repre-
senting the total system. Once the mosaic was completed, calculations
were performed to assess the impact of the products on system operation.

IIF out-of-band emission erileria calcula tions

The philosophy used to derive the emission level of 26 dBW/4 kHz was
based on the premise that a given amount of emission noise introduced
into the system will affect carrier types differently according to their link
noise budget and respective up-link C/N ratios (see Table 3). For example,
a spot-beam carrier with an up-link C/N of 26 dB will notice a degraded
noise level before a global-beam carrier with an tip-link C/N of 21 dB.

TABLE 3. EFFECT OF OUT-OF-BAND EMISSION ON

VARIOUS CARRIER TYPES

ype of Carrier Affected

Up-Link C/N
(dB)

Additional Noise

Added to the Up-Link

at 26 dBW/4 kHz

(pWp)

Global Beam (single carrier) 25.9 1,860

Global Beam (multicarrier) 20.9 1,290

Spot Beam (single carrier) 31.9 4,350

Spot Beam (multicarrier) 25.7 3,160

Two methods of calculation are used to test this philosophy; both arrive
at essentially the same conclusion and differ only slightly from the original
calculations. This difference, whose magnitude is shown by the scales at
the left of Figures 1 and 2, is attributed to a refinement in the method of

calculation.
RF out-of-band emission criteria calculations have been performed for

each of four cases shown on the scales in Figures I and 2:
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a. multicarrier spot-beam transponders,

b. single-carrier spot-beam transponders,

c. multicarrier global-beam transponders,

d. single-carrier global-beam transponders.

Each case has been calculated separately by using the same general ap-
proach of finding the up-link C/N ratio and then determining the emis-
sion level in dBW/4 kHz which, when added to the up-link, will cause the
total space-segment noise budget to increase from 7,500 to 8,000 pWp.
For the sake of brevity, only the spot-beans multicarrier case has been
treated here.

METHOD I, MULTICARRIER SPOT-BEAM TRANSPONDER CASE

The calculations for a multicarrier spot-beam transponder (Figures 4
and 5) are as follows:

a. total transponder up-link power at the multicarrier spot-beans
operating point (beam edge):

Pr! = W, - BOi + PLlscue gain 1 m' +

=-57.2-16+200.6-37+0

= 90.4 dBW/32.4 MHz

= 51.4 dBW/4 kHz

32.4 X 106
where conversion factor =

4 X 103

= 8.1 X 103

= 10logio 8.1 X 103

= 39 dB

b. total transponder up-link C/T over 32.4 MHz:

C/TIF = PE - PL16GH. + G/TIsat. + G.A.

= 90.4 - 200.6 - 17.6 + 0

- -127.8 dBW/K
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c. transponder up-link C/N:

C
C/Nlu = kTB

_ -127.8 + 228.6 - 10 log 32.4 X 106

_ -127.8+228.6-75.1

= 25.7 dB

d. total down -link C/T over 32.4 MHz at the transponder operating

point:
C/TIn = e.i. r.p.l,,r. - BO. - PLI4cu..

+ G/T ,., + G.A.ID

= 34.2 - 8.8 - 196.7 + 40.7 + 1.0

= -129.6 dBW/K

e, transponder down-link C/N:

C
C/Nn = kTB

_ -129.6 + 228.6 - 75.1

= 23.9 dB

f. transponder intermodulation C/N:

C/Nlr = C/N[052r - C/Nlu - CINIn

C/N1r= 21-25.7-23.9

7,500 pWp - 2,600 pWp - 3,800 pWp

= 1,100 pWp

29.4 dB

g. amount of RF out-of-band emission necessary to add 500 pWp

of noise to the up-link:

• change from 2,600 pWp to 3,100 pWp: 0.75 dB

• noise level 25.7 dB down from 51.4 dB/4 kHz:
51.4 - 25.7 = 25.7 dBW/4 kHz

• emission necessary to increase the noise level by 0.75 dB

(500 pWp):

OBE + 25.7 = 26.4 dBW/4 kHz

OBE = 18.0 dBW/4 kHz (500 pWp of added noise).
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METHOD 2, MULTICARRIER SPOT-BEAM TRANSPONDER CASE

The second approach considers the up-link multicarrier - to-noise

density, Cnr!N0:

C
C,,,/N„ = kTB

=-127.8+228.6-0

= 100.8 dB-Hz.

0

u°

w

The multicarrier -to-noise over 4 kHz is then

C,,,/N„ up-link - 10 log 4 X 10' = C,,/N0/4 kHz

100.8 - 36 = 64.8 dB/4 kHz

and the noise level below 90.4 dBW is

Pe - C;,,/No up-link + 10 log 4 X 103 = 90.4 - 64.8

25.6 dBW/4 kHz

which will yield the same results as method I.

COMMENTS ON METHOD 2

In method 2, C„/No was based on the up-link power and up-link C/N.

The approach used in 1969 differed from method 2 in that it involved

the use of the total C,,,/ No (i.e., up-link + intermodulation + down-link).

It was assumed that the total C_„/N, could be applied to the up-link as
indicated in the following expressions:

RF out-of-band e.i . r.p. (per 4 kHz) = PE - C„/N//TIIOOpw„I

+ 10 log 4,000

where PE = W. - BO; + PL1IGHL - gain of 1 m2

and

CA,/N.17' (b OOpwp) = Car/N./ r (7,6OOpWn) + 11.8 dB

Although it is true that 500 pWp added to the up-link will change the
total noise budget from 7,500 pWp to 8,000 pWp, it is not true that the

total C,„/N,, is equal to the up-link C„/No. Since the up-link C/N estab-
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lishes the noise level that will change with an increase in out-of-band
emission, only the up-link should be treated as specified in method 2.
Fortunately, emission levels derived by using the two methods differ

by only a few hundred pWp.

Review of RF out-of-hand emission criteria

The standard of 26 dBW/4 kHz was derived on the premise that, if an
emission product at this level were to fall under a spot-beam carrier, for
example, the up-link power of the affected carrier could be increased to
overcome the added emission noise with a better up-link CIT. Hence, it

was felt that the total up-link, down-link, satellite intermodulation, and
earth station intermodulation noise could be kept within the budgeted
noise allocation of 8,000 pWp per channel.

However, by 1975, and in some cases sooner, transponder loading
will be saturated to the extent that increasing the power of one carrier
will upset the delicate power balance which must be maintained by the
neighboring carriers to operate the transponder at optimum channel
capacity. In other words, by 1975, control of out-of-band emission using
the concept envisioned in 1969 will no longer be possible. The following

example will illustrate this point.
As shown in Figure 1, a large A + B - C product falls in spot-beam

transponder I under the BM and RA carriers at a level of approximately
26 dBW/4 kHz. Since this product occurs in the spot-beam transponder,
its impact on the BM and RA carriers is equivalent to the addition of

2,800 pWp of noise to the up-link of each carrier.
As mentioned previously, the original solution to this problem was to

increase the power level of the two affected carriers until the up-link C/T

was sufficient to compensate for the additional noise, i.e., about I dB for
each carrier. Since transponder 1 has no excess power margin for its
particular carrier arrangement, several changes will occur if the e.i.r.p. of

the affected carriers is increased:

a. a new transponder backoff (closer to saturation) will be pro-
duced, resulting in a higher intermodulation level;

b. the optimized power balance of the other carriers will be upset;

c. the total C/T available for all carriers will be less so that the

power margin will be degraded.

An interesting situation will therefore exist in 1975. Only the intermodula-
tion products from the station with heavy traffic will create troublesome
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emission levels. Although these levels will be within the current INTELSAT
criteria, they will still produce far more noise than was allocated in the
system noise budget. For this particular earth station (ET), three steps
have been taken to ensure that the system noise budget will be met:

a. To reduce waveguide loss, the original 8-kW HPA has been
relocated near the antenna feed. In addition, a 12-kW HPA has been
installed to operate the transmitter safely under peak loading condi-
tions.

b. Steps have been taken to minimize the possibility that a 432-
channel/17.5-MHz contingency carrier will be required for future
cable restoration. A new restoration plan which will transfer this
service to other earth stations under normal operating conditions has
been devised.

c. The feasibility of using notch filters with an attenuation of 10-15
dB is under active investigation. These filters would be inserted into
the system if a contingency carrier were to be transmitted.

As indicated by this example, there are alternative solutions to the
problem of limiting out-of-band emission to 500 pWp in addition to the
one envisioned in 1969.

TWT vs klystron systems for earth station 111P1s

To determine the type of transmitter which is to be used for an earth
station HPA, several factors must be considered. One of these, of course,
is out-of-band emission; however, other equally important factors, many
of which are peculiar to an individual earth station, must also be con-
sidered. For example, the cost of a multiplexed klystron system handling
large carriers would have to be compared with that of a TWT system. In
addition, it is more difficult to reduce group-delay distortion in klystrons
when large carriers are transmitted. Operational features must also be
examined if it is expected that new carriers will be introduced frequently.
In essence, there are problems associated with either alternative so that
the final decision will be a tradeoff among several factors.

Future satellite systems

The next generation of INTELSAT satellites, INTELSAT Iv-A, will be intro-

duced in the Atlantic region in the 1976 time frame. A detailed analysis

of RF out-of-band emission for this system is still being studied, but some

points are already becoming clear. Because of the exchange between

I
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higher satellite receive antenna gain and interference effects of frequency

reuse, the carrier-to-noise ratio of INTELSAT IV-A carrier sizes will be less

than or equal to those of the INTELSAT Iv system. The use of multibeam

antenna configurations on the INTELSAT IV-A will result in the transmis-

sion of more carriers per earth station, thus spreading out the intermodula-

tion spectrum generated by wideband TWTs. The tradeoff between a

higher satellite receive gain and the requirement to transmit more car-

riers is likely to result in transmitter backoffs very close to those of the

INTELSAT Iv system.

Conelnsion

This review has shown that RF out-of-band emission will have a some-
what higher impact on the INTELSAT IV system than was originally pro-
jected by early studies. The central problem area consists of those earth
stations handling large traffic trunks with wideband TWT transmitters.
The impairment will first become apparent in the Atlantic and then, as
traffic levels increase, in the Pacific and Indian Ocean regions.

It was originally envisioned that RF out-of-band emission could be
overcome by simple adjustment of an affected carrier's up-link power
level. However, in actual practice this method will be difficult to employ
when the traffic handling capacity of an INTELSAT Iv satellite is raised
above the original estimates to meet increased traffic requirements. In-
crease in traffic was actually accommodated both by using the available
margin and by improving the performance of the INTELSAT Iv satellite
series above specifications. However, the power margin originally re-
served for balancing RF out-of-band emission is eventually depleted.
The problem is not due to the inability of earth stations to meet the
original criteria, but is reflected in a somewhat different method of sys-
tem operation than was originally planned to meet an increase in traffic

requirements.
Two actions are necessary to ensure that the effects of out-of-band

emission are kept within the prescribed noise budget of 500 pWp. First
carrier frequency assignments for earth stations with heavy traffic must
be selected so that intermodulation products fall where they create the
least problem, preferably out of the satellite band. Second, if, because no
other alternative exists, large products do fall in-band, appropriate
measures must be taken at the earth stations to reduce the products to

acceptable levels.
Implementation of new satellite systems such as INTELSAT Iv-A or

INTELSAT v will require reexamination of RE out-of-band emission criteria,
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Glossary

BOi Satellite transponder TWT input backoff in dB

BO, Satellite transponder TWT output backoff in dB

C/NI, Down-link carrier-to-noise ratio in dB

C/NII Carrier-to-intermodulation noise ratio in dB

C/NIr Total carrier-to-noise ratio in dB

C/NIu Up-link carrier-to-noise ratio in dB

C/TAD Down-link carrier-to-noise temperature ratio in dBW/K

C/TI, Carrier-to-intermodulation noise temperature ratio in dBW/K

C/TIT Total carrier-to-noise temperature ratio in dBW/K

CITIu Up-link carrier-to-noise temperature ratio in dBW/K

CM/N, Multicarrier-to-noise density in dB-Hz

e.i.r.p.,,,. Satellite transmit e.i.r.p. for single-carrier saturation at beam edge in
dBW

G/T„ Earth station gain-to-noise temperature ratio in dB/K

G/T,,,, Satellite gain-to-noise temperature ratio at beam edge in dB/K

G.A. I>, Down-link geographic advantage for a typically oriented earth station
in a spot beam

G.A.1u Up-link geographic advantage at beam edge (global beam)

gain 1 ms Effective gain over isotropic of a 1 -m2 antenna at 6 GHz in dB

PE Earth station e.i.r.p. in dBW required to reach the transponder operat-
ing flux density

PL!,ox. Path loss at 4 GHz

PLJ,BRI Path loss at 6 GHz

pWp Picowatt psophometrically weighted

W, Flux density for single-carrier saturation in dBW/m2

1 /k 1 /Boltzmann's constant = 1/(1.38 X 10-23 joule/K)

_ -lO log k

= 228.6 dBW/K-Hz
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15.3-G71z precipitation attenuation
measurements using a transportable
earth station at Utibe, Panama

H. J. MEVERHOFF, A. BULGE, and E. A. ROBERTSON

(Manuscript received October 17, 1973)

Abstract

A measurement program to collect propagation data at 15.3 GHz using a
transportable earth station at Utibe, Panama, is described.

Data were collected over an interval of approximately one year. Attenuation
measurements were obtained by using a radiometer whose output was propor-
tional to the sky noise temperature. The antenna was pointed at one position to

obtain a constant reference point. The attenuation measurements were correlated
with regional rainfall data, and plots of various statistical distribution functions
linked rainfall rate to attenuation at 15.3 GHz. The results of this program

provided estimates of the gain margin required to achieve a certain link availa-
bility for tropical earth stations using higher frequencies.

Introduction

As part of the INTELSAT project on propagation research, COMSAT
Laboratories conducted a measurement program using a transportable

This paper is based upon work performed in COMSAT Laboratories under the

sponsorship of the International Telecommunications Satellite Organization
(INTELSAT). Views expressed in this paper are not necessarily those of INTELSAT.

169

i



170 COMSAT TECHNICAL REVIEW VOLUME 4 NUMBER 1 , SPRING 1974

earth station to collect propagation data at 15.3 GHz over earth/space
paths. Utibe, Panama, was selected as a tropical site since propagation
data had previously been obtained in temperate zones.

Of specific interest is the measurement of the attenuation which occurs
when the earth/space propagation path is intercepted by precipitation.
There is a good theoretical basis for the computation of attenuation caused
by the absorption and scattering produced by rain when the distribution
of rain drops along the propagation path is known [1]. However, since the
rain distribution along the path is rarely known, a measurement program
is required to establish the percentage of time during which a particular
value of attenuation is exceeded. This information is necessary to design
a cost-efficient satellite communications system above 10 GHz. To design
such a system, the power margin which is required to overcome precipita-
tion attenuation and provide the grade of service expected of communica-
tions systems (typically outages during less than 0.01 percent of the time,
or one hour per year) must be known.

In this experiment, data have been obtained by measuring the increase
in sky noise temperature in a frequency band near 15.3 GHz and convert-
ing the increased antenna temperature to equivalent attenuation.

Precipitation attenuation is dependent on the prevailing climate.
Hence, its dependence on meteorological parameters should be deter-
mined so that precipitation attenuation data obtained at one location can
be extrapolated to another location where only meteorological data are
available. In this experiment, rain attenuation measurements are correlated
with rain gauge measurements.

Description of the receiving equipment

Overall system description

The station is mounted on a trailer, permitting rapid installation or
relocation to another site. Basically, the station consists of the trailer, a
3-m parabolic antenna and pedestal, and a shelter for the electronic

equipment.
The transportable receiving system may be divided into five subsystems:

a. antenna subsystem,
b. receiver subsystem,
c. radiometer subsystem,
d. output data and recording subsystem,
e. command, control, and power subsystem.
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Figure I is a simplified block diagram of the overall system.

ANTENNA

TEST

COUPLER

SOLID-STATE

NOISE

SOURCE

UWG

SW
TDA

IMAGE

REJECTION

MIXER

ASS V

REF OSC

IFA 1 IFA

COUPLER

GATED

TRACKING

FILTER

SYSTEM

(GTFS)

4 2 M W.86 5- x4
FILTER TCXO

GATE
RECEIVE

0
a. TEST

0 15-MH COMPUTER &
0 0 4S E

0 0
TCXO RADIOMETER PERIPHERAL

w I WARE

a -C

[

j

PEDESTAL -

SERVO

CONTROL&

ELECTRONICS

AZ DISPLAY

SHELTER EL DISPLAY

Figure 1. System Block Diagram

Antenna subsystem

The antenna subsystem consists of a pedestal assembly, riser base,
control indicator, servo power amplifier, antenna assembly, and associated
interconnecting cables. The elevation-over-azimuth-type pedestal assembly
is supported by a steel cylindrical riser base which also provides environ-
mental protection for the azimuth drive components.

The antenna control indicator is contained in the shelter's equipment
cabinet. This unit includes manual and programmed velocity-type (rate)
control for each axis. Decimal position indicators show azimuth and
elevation positions. Readout is provided in each axis from 0° to 360°
with a resolution of 0.1°.
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The servo power amplifier, located in the shelter's equipment rack, is
operated by the control indicator unit. It utilizes 200-W, solid-state linear
amplifiers in each axis. The panel contains circuit breakers, "ON" indi-
cators, and overheating indicators for both axes.

The antenna assembly consists of a 3-m-diameter, solid-surface, alumi-
num paraboloid; a 15.3-G Hz focal point feed; a polarization rotator; and a
pedestal-to-reflector adapter. The antenna position can be adjusted to any
direction between horizontal and vertical. The antenna gain is a minimum
of 48 dB with a nominal 0.5° half-power beamwidth, and the maximum
VSWR is 1.5 to 1. The feed attaches to the vertex area of the reflector and
is also supported by three stainless steel guy rods between the end of the
feed and the reflector surface

Receiver subsystem

The radiometer receiver subsystem consists of an RF down-converter,
a Dicke switch, a tunnel diode amplifier, and a single-sideband mixer
(SSM)/preamplifier. The SSM permits a single down-conversion from
15.3 GHz to 60 MHz while maintaining at least 20-dB image rejection.
The IF bandwidth is 60 MHz. A solid-state calibration noise source is
provided for increasing the effective antenna temperature by 290K.
All of this equipment is contained in a temperature-controlled equipment
enclosure at the antenna assembly.

Radiometer subsystem

The A.I.L. (Airborne Instrument Laboratories) radiometer subsystem
receives 60-MHz input signals from the receiver subsystem. A ferrite
switch preceding the RF down-converter is used as a Dicke switch in the
radiometer mode to switch between the antenna input signal and the
reference signal at a 400-11z rate. The radiometer output may be recorded
on a stripchart or on magnetic tape. Both switched and total power
measurement modes are available. For the measurements described in this
paper, the system was operated in the switched mode.

Output data and recording subsystem

The output data and recording subsystem consists of the following units:

a. computer,
b. D1//A converter,
c. teletype terminal,
d. stripehart recorder,
e. counter,
f. monitor panel.
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These units are contained in the shelter's equipment cabinets. The com-
puter is a 16-bit-word unit containing a 4,000-bit memory. Communication
with the computer is established through a model 33 teletype terminal.
Pedestal position data from the antenna are loaded into 14-bit optical
encoders. The two encoder inputs are then multiplexed into a common
buffer by the computer. Digital error signals are separately buffered into
two 8-bit D%A converters.

Command , control , and power subsystem

The command, control, and power subsystem consists of the model 33
teletype terminal, the manual and automatic control provisions (including
the mode control and monitor panel), and the input power, lighting, and
air conditioning subsystem. It may be operated in either manual or auto-
matic programmed modes. In the programmed modes the model 33
terminal is used to load commands into the system via the computer.

Techniques for attenuation measurement

The original specifications for this experiment called for a relatively
simple, low-cost, transportable, 15.3-GHz receiving system for measuring
atmospheric attenuation from the NASA ATS-5 satellite transmissions.
Because of the limited availability of the ATS-5 satellite, most of the
attenuation data were obtained from radiometric measurements of in-
creases in sky noise temperature with the antenna pointed at the mean
position of ATS-5 at an elevation angle of 55°. The increases in sky noise
temperature were converted to rain attenuation by using the technique

described in the following paragraphs.
The ATS-5 satellite beacon was monitored for two brief periods. During

one 45-minute period no attenuation occurred. During the second period
a severe storm passed over the terminal five minutes after acquisition of the
ATS-5 signal. The satellite signal was attenuated by more than the dynamic
range of about 12 dB. The satellite was turned off before reacquisition

could be accomplished.

Attenuation derived from antenna temperature measurements

Radiometric measurements of rain attenuation can be obtained in two

ways. In the experiment described in this paper the increase in the sky
noise temperature viewed by the antenna when the antenna beam is inter-
cepted by precipitation was measured. During these measurements, the
antenna azimuth and elevation were fixed in the approximate direction of

ATS-5.

I
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Attenuation data can also be obtained by measuring the attenuation
of noise power from a celestial source such as the sun. This technique has
been successfully employed by several experimenters [2], [3]. However,
measurements utilizing the sun can be obtained only during daylight
hours. Furthermore, the data are obtained over a continually varying
azimuth and elevation angle. Therefore, for the experiment described here
no measurements were obtained by using the sun as a signal source.

Since sky noise temperature measurements are only an indirect measure-
ment of attenuation, a discussion of the factors which are involved in
converting sky noise temperature to attenuation is appropriate. As
described in the previous section, a Dicke switch radiometer has been used
to measure the sky noise temperature in this experiment. When the
radiometric receiver is used, the output of the radiometer is roughly
proportional to the noise temperature at the input of the Dicke switch.
This noise temperature is related to various systems and atmospheric
parameters by the relationship

Tmp°s=(1- 1\Tf+-1 T°[ G(2) d2

ky

Lf 4,rLf sr
°

nd

+
f

'Y G(2) du

where Ti,p,, = noise temperature at the input to the Dicke switch
Tf = physical temperature of the antenna feed system
T, = approximate physical temperature on the ground

Tb(2) = brightness temperature of the medium surrounding the
antenna as a function of the solid angle 2

Lf = loss ratio in the antenna feed system
G(2) = antenna gain as a function of the solid angle 2.

In equation (I) the quantity which is related to rain attenuation is the
term Tb(2). If the rain were a perfect absorber (i.e., if there were no
scattering), then the relationship between the brightness temperature and
the attenuation would be

Tb(st) _ ^^ {a(2, r) T,(2, r) exp -
j r

a(2, t) dt]} dr (2)

where a is the power absorption coefficient of the rain and T, is the actual
temperature of the rain at a given point in space. The ratio of energy ab-
sorption to energy scattering at 15 GHz varies with rainfall rate, however.

Over the range of 10-50 mm/hr, the ratio is never less than 4:1 even at the
highest rain rates [4].

Equation (2) can be simplified by employing the following assumptions:

a. the average temperature in the direction 11 is T,(2),
b. the equivalent cloud thickness in the direction U is S,
c. the average power absorption through the cloud in the direction

2 is a(2).

The resulting relationship between brightness temperature and attenuation
is

Tb(2) = CI L,(2) I T(2) (3)

where L,(2) = e°^""s is the attenuation through the rain in the direction 12.
Equation (3) provides a simple means of estimating L,(2) if Tb(2) can

be obtained by measuring the input noise temperature according to the
method described previously. To obtain T0(2) from equation (1), the second
term on the right-hand side of the equation must be known. Also, the
antenna should have a narrow beamwidth so that its response is minimal
except in the direction 2 = 20 in which the attenuation L(20) is to be
measured.

For a good horn reflector antenna with a narrow beamwidth, Lf c 1,
and f ground G(2) d2 ^ 0. Hence, the measured noise temperature becomes

(1)

Tmens = L f Tb(2) G(2) d2^ Tb(20) (4)4r sky

where 20 is the direction of the antenna main beam axis.
It is important to realize that the use of equation (3) can still result in

errors in attenuation estimates . The most important of these errors is
attributed to energy scattering from raindrops. This scattering contributes
to the transmission loss through a rain storm, but does not directly add to
the brightness temperature. Moreover, this effect is partly neutralized
because the drops scatter radiation from the ground into the antenna;
thus, the noise temperature again increases.

Additionally, if the loss through a rain storm is large in every direction,
then a large amount of multiple scattering occurs and some of the energy is
absorbed at each scattering. Since the loss is high in every direction, almost
none of the energy which is scattered from each drop emerges from the
cloud. This suggests that the energy is all eventually absorbed and that, as
a result, the cloud appears as a black body at the physical temperature of
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the rain. Based on these very qualitative arguments, equation (3) should
be valid for losses greater than about 3 dB. For lower losses, however,
scattering should result in a value of TT(Q) which is smaller than that

predicted by equation (3).
It should also be noted that the physical temperature of rain is not a

constant, but decreases with increasing altitude. This means that, when
losses are high, the receiving antenna sees primarily the radiation from
drops which are low in the atmosphere; hence, the effective T, to be used
in equation (3) will be larger than it would be for lower losses. Additionally,
since the lower drops are more effective in scattering radiation from the
ground into the antenna, the contribution of ground radiation to T,(.Q)
will be higher (assuming that the ground is warmer than the rain).

The preceding discussion indicates that a unique relationship between
T,(S2) and L,(12) in equation (3) probably does not exist, and that the values
for T, which are used in equation (3) should at least be a function of
L,(Q). Since T, is also a function of altitude, for a given storm and for a
particular value of U, T,(U) and T, will depend upon the distance of the
storm from the antenna even if L,(U) is constant.

In addition to the problem discussed in the preceding paragraph, the
effect of the finite antenna beamwidth must be considered. In short, the
quantity of interest is generally the loss which is experienced by trans-
missions to and from a point source, that is, a specific L,(U0), in the rain.
However, radiometric techniques actually measure a quantity which is
proportional to the loss, but which is weighted by the antenna gain pattern
and integrated over the entire sky. At best, the radiometer output is
proportional to the average loss through the region subtended by the
main beam of the antenna. This value may be more or less than the loss
in the direction of a satellite. Therefore, a large antenna should provide
radiometric measurements which are more closely related to L,(U0) than

those of a smaller antenna.
For losses less than approximately 10 dB, radiometric measurements

provide reliable estimates of the path loss to a satellite. The major un-
certainty is the proper value for the physical temperature of the rain.
This value is determined experimentally from data for very intense storms
which produce high attenuation. Equation (3) shows that, during high
attenuation, T,(U) reaches a limiting value. This limiting value, experi-
mentally determined from a series of heavy storms, is used in equation (I)
to convert the sky noise temperature measurements to attenuation.

The long-term attenuation data collected from radiometric measure-
ments in this experiment will be summarized in the following section.
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Presentation of reduced data

The raw data were analyzed to provide the following outputs:

a. distribution function for attenuation,
h. fade duration histogram,
c. fade occurrence histogram.

The distribution function indicates the percentage of time during which
the attenuation can be expected to exceed a given value. The fade duration

and fade occurrence histograms provide statistical information concerning
the distribution of the attenuation over the observing time, i.e., the dura-
tion of a particular depth of fade and the time of day when the fades occur.

Attenuation data derived from radiometric measurements were obtained
for the period of 23 September 1971 to 29 June 1972, during which six
separate equipment failures occurred. Most of the outage, corresponding
to 7.4 percent of this interval, occurred during the period of 17 April 1972
to 5 May 1972 and was caused by air conditioner failure. Some rain
attenuation statistics were lost, but the effect of this loss is not considered

to be appreciable.
For radiometric measurements, the antenna was pointed at the mean

position of ATS-5 at an elevation angle of 55°. Table I lists the number of
minutes for which the attenuation exceeded given dB values up to a
maximum of 10 dB (the limit for the radiometric technique).

TABLE 1. TOTAL MINUTES ATTENUATION AT 15.3 GHz EXCEEDS INDICATED

VALUES (SEPTEMBER 23, 1971-JUNE 29, 1972, UTIBE, PANAMA)

Minutes Attenuation Exceeds Indicated Values

Month

1
dB

2
dB

3
dB

4
dB

5
dB

6
dB

7
dB

8
dB

9
dB

10
dB

September 1971 514 260 194 151 128 104 85 78 62 48

October 1971 2,027 807 521 416 338 269 206 171 126 84

November 1971 929 694 514 396 297 237 177 152 126 88

I December 1971 21 14 12 7 1 0

January 1972 78 20 7 4 1 0

February 1972 62 44 42 41 37 35 28 27 17 11

March 1972 90 37 24 17 11 7 2 1 0

April 1972 334 179 118 68 51 48 46 45 41 40

May 1972 704 379 285 219 186 158 136 122 100 80

June 1972 965 444 288 194 140 107 93 65 38 23
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Rain data were available twice daily at Tocumen Airport, which is six
miles from the Utibe earth station, as indicated in Figure 2, and hourly
at Balboa Heights, 20 miles from the Utibe earth station. The average
monthly rainfall for Tocumen and Balboa Heights shows considerable
variation, but there is a similarity between the hourly distribution of rain
and fade durations greater than 4 dB over a 24-hour period at Balboa
Heights and Utibe, respectively (see Figures 3 and 4). The time shift of
one hour in hours of peak rainfall and hours of maximum minutes of
attenuation may result from the 20-mile separation between the locations
at which rainfall and attenuation were measured. This shift also becomes
apparent when the distribution for the number of rainfall hours measured
over a 24-hour period at Balboa Heights (Figure 5) is compared with the
fade durations measured at Utibe.

- N -

CANALZONE

PANAMA
h///

^(((\ {CF PANAMA

TV /' 0P

BALBOA MILES

Figure 2. Regional Map of Utibe, Panama

On the basis of these similarities, the rain data available at Balboa
Heights will be considered to apply to the Utibe earth station in an average
statistical sense. For correlating rain data with attenuation statistics, the
useful parameter is the instantaneous rain rate. The data at Balboa
Heights are measurements of hourly rainfall, which can be converted to
instantaneous rain rate by using a curve-fitting procedure that has been
found to give reasonably accurate results [5]:

P = P,R-x (5)

11

2500 UTIBE EARTH STATION

AZIMUTH )

TO ATSS ^-

TOCUMEN

I AIRPORT r

20

15
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8 10 12 14 6

LOCAL STANDARD TIME L HR)

where K =

18 20 22 24

Figure 3. Percentage of Rainfall at Balboa Heights, Panama,
over a 24-Hour Period

6.5

R0 + 1.5

R = rain rate in mm/hr measured over an hourly interval

R, = average rain rate in mm/ hr
= total rainfall divided by the number of hours in which it rained

PO = percentage of time in hours during which it rained from

September 1971 to June 1972

P = percentage of time during which the instantaneous rain rate

was exceeded.

Hourly and instantaneous curves for the rain rate are plotted in Figure 6.
The data from Table 1 have been plotted in Figure 7 to show the

percentage of the time during which attenuation exceeds the values given
in the abscissa. Combining these results with those of Figure 6 makes it
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Figure 4. Distribution of Fades Throughout the Day at 15.3 GHz,
Utibe, Panama

possible to obtain a curve of attenuation in dB versus instantaneous rain
rate (Figure 8).

Figure 7 shows that l0-dB attenuation was exceeded during 0.1 percent
of the time (or about nine hours per year) at a frequency of 15.3 GHz.
The 1971 WARC allocated the 14-GHz frequency band for the up-link
and the 11-GHz frequency band for the down-link to be used by satellite
services. On the basis of theoretically derived scaling relationships,
attenuation of 8.3 dB at 14 GHz and 5.1 dB at 11 GHz could be expected
to occur during 0.1 percent of the time at Utibe.

Figure 9 provides fade duration histograms for fades of 4 and 9 dB.
It can be seen that several fades of each depth exceeded 10 minutes.
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Figure 5. Distribution of Hours with Rainfall over a 24-Hour Period
(September 1971 July 1972)

Figure 4 breaks down the minutes of 4- and 9-dB attenuation according
to the hours during which they occurred. It can be seen that most of the
thunderstorm activity occurs during the midday hours between 10 AM
and 3 PM local time.

Conclusion

Propagation attenuation measurements were taken at Utibe, Panama,
over a period of approximately one year using a 15.3-GHz transportable
earth station. The attenuation data were obtained with a radiometer
whose output was proportional to the sky noise temperature. Utibe was
selected as a tropical site for which rain statistics were available.
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Figure 7. 15.3-GHz Attenuation Statistics for Utibe, Panama
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Figure 6. Percentage of Time During Which the Rain Rate was Exceeded

at Balboa Heights, Panama

The antenna was pointed at the mean position of ATS-5 at an elevation
angle of 55°. The number of minutes that the attenuation exceeded various
dB levels was recorded, and distribution functions were plotted up to a
maximum attenuation of 10 dB. Thus, it was found that 4-dB attenuation
was exceeded during 0.4 percent of the time, while 10-dB attenuation was
exceeded during 0.1 percent of the time. The rainfall rate distribution
function was also plotted from rainfall data available on an hourly basis
at neighboring Balboa Heights. A simple curve-fitting procedure made it

possible to transform this function into an equivalent instantaneous rain
rate distribution function which, combined with the attenuation distribu-
tion function, yielded a plot of instantaneous rain rate versus attenuation

at 15.3 GHz.
A good correlation between the distribution of hourly rainfall over a

24-hour period at Balboa Heights and the distribution of fade durations
greater than 4 dB at Utibe was obtained.
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(7TR Note

R. R. TAUR

)taro depolarization: theory and experiment

Because of the rapid growth of commercial satellite communications,
the allocated spectrum has become more and more crowded. The use of
two orthogonal polarizations offers the possibility of expanding the
communications capacity. However, rain and tropospheric turbulence
can depolarize the electromagnetic waves. At 4 and 6 GHz, the oblate
raindrops are the main cause of depolarization. This note presents certain
theoretical predictions and the results of recent rain depolarization

experiments.
One possible method of calculating the rain depolarization begins by

obtaining the differential attenuation and phase shift between the polar-
izations along the major and minor axes of the nonspherical raindrops.
The attenuation and phase shift are calculated by expanding the in-
cident, transmitted, and scattered electromagnetic fields into a series of
spherical vector wave functions, and the complex coefficients in the
expansion are determined by matching the boundary conditions of finite
points on the surface of the raindrop. Since the drop-size distribution of
various rain rates is known, the effects of raindrops of various sizes can
then be determined. A detailed description of this method is given by
Oguchi [1]. Once the differential attenuation and differential phase shift
are determined, cross-polarization discrimination for circularly polarized
waves can be calculated by using the expression

This note is based upon work performed in COMSAT Laboratories under the

sponsorship of the International Telecommunications Satellite Organization

(INTELSAT). Views expressed in this note are not necessarily those of INTELSAT.

R. R. Taur is a Member of the Technical Staff of the Propagation Studies

Department, Transmission Systems Lab, COMSAT Laboratories.
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XPD = 20 log
1 + eA+iB

1 - eA+;a in dB (1)

where XPD = cross-polarization discrimination
A = differential attenuation
B = differential phase shift.

Equation (I) and the differential attenuation and phase shift data of
Oguchi [2] are used to calculate the rain depolarization for normal inci-
dence as a function of rain rate at 4, 6, and 11 GHz for assumed path
lengths of 2.5, 5, and 10 km. Figure 1 is a plot of theoretical curves for
circularly polarized waves at 6 and 11 GHz and path lengths of 2.5, 5,
and 10 km. Figure 2 shows the theoretical values for circularly polarized

waves at 4 GHz.
To test the theory, an experiment to measure the rain depolarization

of a satellite-earth propagation path was implemented. A 4-GHz circularly
polarized wave with axial ratio of about I dB was transmitted by the spot-
beam antenna of an INTELSAT IV satellite. The receiving antenna, which
was located at COMSAT Laboratories in Clarksburg, Maryland, separated
the right- and left-hand circular polarizations so that the power levels of
both polarizations could be monitored simultaneously. After approxi-
mately one year of observation, it was found that the experimental values
generally agree with the theoretical predictions. However, theory yields
higher values of cross-polarization discrimination. For example, in Figure
2 it can be seen that the recorded cross-polarization discrimination as a
function of rain rate during the rainstorm on April 1, 1973, was generally
lower than the theoretically predicted value calculated from the attenu-
ation data. This difference is attributable to near-field effects, and to the
error introduced by assuming ellipsoidal raindrops.
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Effet du eouple do an gradient de gravite sur an
satellite INTELSAT IV en orbite de translert

Sommaire

V. J. SLA13INSKI

On calcule le couple du an gradient de gravite sur on satellite a double

rotation, en fonction des proprietes Be masse de chaque partie. Des fonc-

tions elementaires fournissent ledeplacement de !'axe de rotation qui en

resuite en fonction de la position du satellite sur son orbite elliptique, ainsi

que le deplacement Be l'axe de rotation par periode d'orbite. Des graphiques

montrent le mouvement de l'axe de rotation du satellite INTELSAT IV F-4

Bans son orbite tres elliptique de transfert, et en orbite synchrone. Le

deplacement net de l'axe de rotation en orbite synchrone a la valeur negli-

geable de 10-1 degres/jour.

Les donnees du capteur solaire d'INTELSAT iv F-4 montrent que la direc-
tion de l'axe Be rotation dans l'espace est deplacec de 0,05 degre a chaque
passage an perigee, en orbite de transfert. Ceci est en accord avec la

valeur theorique, compte tenu de la precision Be mesure Be 0,01 degre.

Aspeets de stabilisation d'un sysleme
d'emmagasinage d'energie el de stabilisation
d'orientation utilisant des roues destine aux
satellites geostationnaires

M. H. KAPLAN

Sommaire
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Figure 2. Theoretical Prediction and Experimental Results of Rain

Depolarization for Circularly Polarized Wave at 4 GHz

On presente one etude an point de vue Be la stabilisation sur on sys-
teme a roues pour !'emmagasinage d'energie of la stabilisation d'orientation,

destine a one configuration de satellite geostationnaire, a stabilisation selon
les trois axes par la rigidite gyroscopique du moment.

On suppose un systeme d'emmagasinage d'energie et Be commande

d'attitude constitue de deux roues jumelees en contre-rotation ayant BIT

moment resultant non not. On a inclu les relations exprimant l'equilibre
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