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CONVERSION FACTORS

~ Length 1.000 m = 3.281 feet = 6.214 x 10_'4 mile (statute)
= 5,396 x 10_'4 mile (nautical)

©1.000° of arc at surface of.earth = 1llsi km
Mass 1.000 kg = 6.852 x 1072 slugs
Force  1.000 N = .2248 pounds

1.000_kg (force)+—> 2.205 pounds (at surface of earth)

CONSTANTS

' R - Mean radius of earth: 6.371 x 106 m (3,959 st. mile) i
Réq Equatorial radius of earth: 6.378 x 106 m (3,963 st. mile)
M Mass of earth: 5.98'x 1024 kg (4.10 x 1023 slugs) .

G Universal Gravitational Constant:
- 3 3
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. .3 - 3
M . 3.986 x 107 & 5 (1.408 x 106 £
5 : 8

P, " Solar constant: 1.38 kwatt/m2
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Kms
‘Abbreviations
-:[K” = Kelvin
“"'kg = kilogram
m = meter
N = Newton
.8 = second
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PREFACE

TO THE SCIENCE EDUCATOR: = -
The priméfy objectives of thisfbbokiére:

1. to show science educators how space satellitesican be used to
a) present normal course content—ifi a new and intrinsically
interesting format and/or
b) introduce students to space science;

2. to provide educators with complete information needed to assemble a
satellite ground station suitable for 'live" classroom demonstrations

and "hands-on' ''real-time' student laboratory exercises;

3. to provide science educators with background material on satellite
systems. - i

This text treats the use of a new and exciting tool for science

instruction -- multi-million dollar satellites which-are directly available

to faculty and students without charge for use in.the classroom. . Note that

this text is not concerned with instructional TV or radio via satellite.

o
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INTRODUCTION

The major practical development of the space age has been earth
satellites. In the brief pericd since the launch of Sputnik I (Oct. 4, 1957)
space technology has evolved to the point wheré today, the majority of inter-
national telecommunications 1s handled by satellite [1]. Sateliites are
also ‘used ,to provide daily data for weather forecasting and environmental
monitoring as well as for natural resource assessment, navigation, and
instructional TV broadcasting. Satellite parking problems have already
developed in some regions of space due to ‘the increasing number of satellites
in certain desirable orbits [2]. '

While ‘a few science educators pioneered in using early satellites in the
classroom, educational applications of satellites never became widespread.
Perhaps the main reason for this is that educational applications have always
been a distinctly secondary consideration in the development of most satel-
{ites. Therefore, system design, scheduling, etc., have not been arranged
to facilitate educational use. Meanwhile, dAmproved technology and the large
amount of data béing transmitted to eéarth have led satellite communications
system designers to employ higher and Bigher frequencies and use involved
‘modulation schemes —- greatly complicating ground station requirements. We
are all familiar with the pictures of big "dishes" and rooms"full of electronic
equipment. . Using commercial and scientific satellites in the classroom was

actually much easier in’ the'good old days'" when satellite systems were far
less complex. - \

In 1969 work.began on a series of 1ong—lifetime nOn—ccmmercial satellites
designed to facilitate educational applications. The first satellite in this. -
series, AMSAT-OSCAR 6, was launched Oct. 15, 1972 and served until June 1977.
Two satellites in this series, AMSAT-0SCARs 7 and 8, are currently. operating.
Built p“imarily by volunteers from Australia, Japan, Canada, the United States,
and West Germany these satellitas were launched by the United States
National Aeronautics and Space Administration (NASA) to provide "an oppor-
tunity for radio operators in the developing countries to become involved
directly in space communications and, -for the first time, for educators to
have available a real satellite for direct student participation in and -
observations of space communicaticns" [3]. OSCAR is an acronym for Orbiting
Satellite: Carrying Amateur Radio, and AMSAT stands for the Radio Amateur
Satellite Corporation,aanon—commercial organization composed of individuals"
devoted to building satellites for educational, public service, and scien-
tific purposes [4]. Construction has begun on a4 new advanced series of -
spacecraft designed for much higher orbits. These high altitude models are
referred to as Phase III satellites while AMSAT-OSCARS 6, 7, and 8 are '
called Phase II satellites.

A group of-Russian scientists and academicians_formally announced in
July 1977 that work on a series of satellites similar to those in the AMSAT- :
OSCAR Phase II program was underway. The firxst Russian RS satellite (RS-1) will.
probably be launched shortly and two or three additional spacecraft are
promised for 1978. The reader should keep in mind that, although this text
only provides. data on RS-l there may be a number of similar RS spacecraft
in orbit and available for. use as this is being read.

e iygddd ’



It is hoped that this book, in conjunctior. with the AMSAT-OSCAR and
Russian R3S _spacecraft will enable science educators to introduce into their
curricula demonstrations and student laboratory exercises involving direct
use of these satellites.. Since each institution will (1) have available
different types of equipment and (2) be interested in different educational
objectives, this text is designed to provide comprehensive background infor-
mation enabling, science educators to formulate student laboratory experiments
.and/or demonstrations which complement their curricula objectives and which
when possible, use equipment already on hand. :

An attempt has been made to balance the presentation giving (l) specific.
information on AMSAT-OSCAR 7 and 8 and RS-1 so educators can develop programs
around them and (2) presenting general information applicable to all satellite
systems so that this book will also prove useful when future satellites in
the AMSAT—OSCAR and Russian RS series become available.

‘This text was primarily written for the science educator. However, a
number of study aids have been incorporated so that instructors may assign
specific sections to students. The MKS system of units is used exclusively
in the body of the text. — ‘

Chapter 1 introduces the general satellite orbit problem and, using an
intuitive and non-rigorous approach, discusses how it is solved and the
. general characteristics of the resulting motion. The aim is to provide the
reader with an overview of the important properties of satellite orbits, an
‘ability to visualize the motion, and access to the equations needed to compute .
particular orbital parameters. .In Chapter II a number of tracking methods,”
based on the. developments of Chapter I,.for computing the positions of
current and future AMSAT and Russian satellites are presented. Chapter II
"has been designed so that it is completely self-contained and can be read
out 5f context. In Chapter III, important onboard systems common to most
satellites are discussed. A complete description of each of the satellites
currently in orbit, or planned for the near- future, is given in Chapter v,
- In Chapter V, the specifies of ground station assembly are presented. It is
hoped that readers will be pleasantly surprised to find out how simply a
ground station can be constructed -- the ubiquitous "short wave" receiver
" and a little "know how" can make a number of experiments and demonstrations
possible. Chapter VI includes (1) four complete student Satellite Exper-
iments” (SEs), (2) fifteen detailed Satellite Project. Outlines (SPs), and
nineteen-brief Satellite Miscellaneous Suggestions for’ topics and activities
{SMs) focusing on satellites. A list of addresses of the organizationms,
~ manufacturers and publishers mentioned in the text is contained in
'Appendix A.

Comments on this text are helpful and always appreciated by this author
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CHAPTER I
} EARTH SATELLITES; ORBiiS AND TRACKING
ya . - . N . ..
In order to work with satellites, we have to know where they--are
going to be at any given time so we’begin this book by examining satellite
orbits. The obJectlves of this-chapter are:-

l. to 1ntroduce the satelllte-orbit problem,

2. to provide the reader with an overview of the important parameters
of satellite motion and an ab111ty to visualize satellite motion,

AW
3. to summarlze the important- equations needed to cowpute orbital
parameters so that ‘these’ equations will be easily accessible

" when" needed . . e

The reader who, at ‘this point, is primarily interested in simple
step-by-step technlques-for tracking AMSAT-OSCAR and. Russian RS satellites:
can skip directly to Chapter II. Many of the key equations presented in -
this chapter are derived in Qhapter VI,_§ect%pn 2.

.-

-~




1.1 BACKGROUND

The satellite—orbit'problem (determining the position of a satellite
as a function of time and/or finding its path in space) is essentially "
the same whether we are studying the motion of the planets around the sun,

. the moon around the earth, or an artificial satellite revolving around
‘either. The similarity is a consequence of the mnature of the forces on
“the orbiting body when no propulsion systems are in use. Our understanding
.0of our own solar system is based on the work of Kepler who, in. the early
17th century, using the extensive and highly accurate data on planetary

motion compiled by Tycho Brahe, discovered some remarkable propert1es
of planetary motion1 -

I. Each planet moves around the sun in an ellipse, w1th the sun
~at one focus (motion lies in a plane),

) II The rad1us vector from the sun’ to a planet sweeps out equal

areas’ in equal intervals of time; \

III The. ratio of the square of the period (T’“to ‘the cube of the

semimajor axis (a) is the same for all planets in our solar
.system. , o

These,three properties, known as Kepler's laws, summarize observations'
they say nothing about the forces governing planetary motion. It remained
-for Newton to deduce the characteristics of the force that would yield
Kepler's laws. Newton-showed that the second law would tresult if the
_planets were being acted on by an attractive force always directed at a
"fixed central point -= the sun (central force). To satisfy the first law
this force would have to vary as the inverse .square of the distance @
between planet and sun (1/r2) Finally, if Kepler's third law was to
hold, the force would have to be proportional to the mass of the p1anet.
Actually, Newton went a 1.t further' he assumed that not only does the sun
attract the planets in this manner, - but that every mass (ml) attracts -
every other mass (m2) with a force directed along the line Joining the

two masses and having a magnitude (F) given by -

Gm m,

(1.1) - F.=*% ; z (Universal Law of Gravitation)
oy . -

. where G 1is theganiversal GravitationaI'Constant.

Figure 1: 1, showing a typical earth satellite orbit, westablishes the
terminology that we will be using. As per Kepler's observations, the
. orbit is shown as an ellipse and confined to a plane.. It takes two
- independent parameters to cescribe the size and shape of an ellipse.
- For example, one could specify: major and minor axes, apogee and perigee
- distance, apogee distance and eccentricity, etc.
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satellite

apogee perigee
- b NS Ir
\\'\
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a semimajor axis i .

b semiminor axis 2.5 v T

e eccentricity = [1-(b/a)“]1"" ; 0% e< 1l ; (circler.e = 0) B
c distance between center of ellipsé and focal point = ae oo
R
r

mean radius of earth

,0 polar coordlnates of satellite, e (the true anomaly) is measured from
perigee :

geocenter: position of center of mass of: earth
sub-satellite point: point where . intersects surface of earth
altitude (height): h = r-R . .
apogee: point on orbital ellipse where r is a maximum
perigee: point on orbital ellipse where r is a minimum
N .

r apogee distance = a(lte)
ha apogee altitude = ra - R
fp K Eerigee distance = a(lTe)
hp perigee altitude = rp - R s

§

" Figure 1.1. .Geometry of the orbital ellipse for earth satellite.

H .
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Pnobﬁem 1.1.
A éa,td,ute 48 4in an eanth oh.bpt with an apogee d,wtance (n ) of 6. 64R
and .a perigee distance (n.p) of 1.23R. Spec,cﬁy the onbit in /tum,s of the
semi-majon axis (a) and eccentricity. (e).
Answen: Referning to Figure 1.1, ny * %, = 2o, Fromn = a(l+e) and

_n, = all-e} we obtain n,o- Zae. Thvuzﬂone e = (n -np)/(n mp) The
‘majon axis of the épeuﬁfced onbit is 3.93R and the eccentricity 448 .668.

If the major and minor axes of an ellipse are equal, the ellipse 1is
a circle. Since the circular orbit (e=0).is just a special case of the
elliptical orbit, the most general approach to the satellite-orbit problem’
+* would be to study elliptical orbits. However, we sometimes work with

circular orbits directly when this simplifies the analysis. At times the °

term ellipse is used when the circular orbit is being excluded but this
ambiguity should not be troublesome ‘as the meaning is usually clear from
the context.

Our approach to the satellite—orbit problem involves a number of
‘discrete steps:

1. The path of the satellite in spaceTis determined,

'2. The path of the. sub-~satellite point on the surface of a static
(non—rotating) earth is computed :

3. The- earth's motion about its axis is taken into account
4 Effects of the earth's motion about the sun are considered

5.  From any point on the surface of the' éarth, the distance to the
satellite and the azimuth and elevation angles of the satellite
~ are computed at any point in time.

15




1.2 SATELLITE PATH IN SPACE ,

_ To determine the path of a satellite in space (1) a number of simpli- -
fying assumptions are made about the forces acting on the satellite and
other aspects of the problem, care being taken to keep the most prominent
determinants of the motion intact; (2) the simplified model is solved;

(3) ‘corrections to the solution, accounting for the initial simplificatioms,
are.added. We start by listing the assumptions usually employed:

1 The earth is considered stationary and a coordinate system is
chosen with an origin at its center of mass (geocenter);

2. The earth and satellite are represented by p01nt masses M and m,
) located at the1r respective centers of mass;

L]
3. The satelllte 4is subject to only one force, an attractive force
directed at the geocenter whose magnitude varies as the square
'.of the inverse distance separating satellite and geocenter a/x7).

Detalled solutlons to this problem are glven in.many introductory phyS1cs
_ texts [1,2]. % :Some of the important results follow.

1 Certain 1n1t1al conditions, namely the velocity and pOS1flon of
s the satellite at burnout (the instant the propuIS1on system iz

/ o turned off), produce elliptical orbits (0 £ e € 1). Other initial
’ conditions produce hyperbolic (e>1) or parabollc (e=1) orbits
which we will not be d1scuss1ng

2. For a certain-.subset of the set of 1n1t1a1 conditions resulting in
elliptical orbits, the e111pse degenerates : (S1mplif1es) 1nto a
c1rc1e (e=0).

3. The sate111te orbit lies in a plane which always contains the geo-
.center. The orientation of this plane remains fixed in space
after being determined by the initial conditionms.

4. The period. (T) 'of the satellite and the semimajor axis (a) of the
orbit" are related”by. the equation ' :

N

Al

2 _ 4" 3
(1.2) T = a

where M is the mass ui the earth and G is the Universal
Gravitational Constant. Note that the period of an artificial

/,¢~’"‘*sateié1te orbiting the earth depends only on the semimajor axis
////¢/ : its-orbit. , B
/ 5. The magnltude of the “Gatellites total velocity (v) is glven by

'2\6 2 1.
(1.3) v. =M ( s -3 )

. '\
where r is the d1stance between satellite and geocenter. Note
that the range of wvelocities is bounded -- the maximum velocity
occurs at,perigee ZVhen the satellite is closest to earth) and

P
|
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the minimum velocity occurs at apogee (when the satellite is
farthest from earth)

Problem 1.2,

.Considen oul.w&ut onbu:A ‘
1. Plot T (period in minutes) vs. aktitude (6/wm 0 to 50, 000 km) Don't
6onge,t that attitude 48 meached from the chgace 06 the eanth white "a"
8 mezusuned grnom the geocenter. How wowEd the x.mtmme,twtwn 06 this
plot be changed 60/1 an elliptical onbit? .
2, PI_ot v (speed in m/s) v, altitude (6lwm 0 £o 50,000 km). pr would
the w,tume,ta,twn 04 this p!.ot be changed fon e&upucal onbu:é?

Ansdwer <ee Figure 1.2. ‘ _

" Yaing the appropniate conAtanté Eq 1.2 can be wiitten: . ,
.24 x 10772372 (T in minutes, a in metens). A pot of this nelation
gives\the period of elliptical onbits having .the indicated semimajon axis.
For circulan onbits:the semimajon axis is equal to the nadius. '

2. Fon ouwulaa OILbM‘A n:a, Eq. 1.3 Mmch&cu 2o u‘z GM/n (v 48 a

constant). The magnitude of the velocity of a sateflite in an elliptical . = |

onbit varies. Figure 1.2 yx.e,&db the velocity at the two points on the
~path where n=a. -Eq. 1.3 will-give the velocity at any point on the path.

Some corrections to the satellite—orbit problem which can be taken
into account ‘are:

l In the two body (earth, satellite) problem, ‘the stationary point

. is the center of mass of the system, not the geocenter. The mass
of the earth 1s so much greater than the mass of artificial satel—
lites that this correction is negligible for the applications
discussed in this text

2. Treating the earth as a point mass involves the assumption that
the shape and the distribution of : iss in the earth are spher-
ically, symmetrical. Taking into aczcount the actual asymmetry of

~ the earth (most notably the bulge at the equator) produces
additional central force terms acting on the satellite. -These
forces vary as higher orders of 1/r (i.e., 1/,.3, 1/44, etc. ).
The main effects of these additional terms can be visualized as
¢9) causing the major axis of the orbital ellipse to rotate slcwly .
(precess) in the plane of the satellite and (2) causing the plane

“'of the. satellite to rotate (regress) about the rotational axis of -

" the earth. 'These effects are: readily observed and. are qiscussed
in several places in this text.

3. The satellite is affected by a numbér of other forces in addition
to gravitational attraction by earth. ' For example gravitational

17
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attraction by the sun; moom, and other planets; friction due to -
_the atmosphere (atmospheric drag), radiation pressure due to the
sun, etc. We turn now to the effects of some of these forces.

At. low altitudes the most prominent perturbation is atmospheric drag
"'Let us consider tie effect ‘of drag'in two cases: .(1) elliptical orbits with
high -apogee and low perigee and (2), low altitude circular orbits. In the
first case drag acts mainly near perigee,- reducing the satellite velocity,
and causing the altitude at the following apogee to be lowered - (perigee
altitudé remains nearly constant). Atmospheric drag therefore tends to
creduce the eccentricity of elliptical orbits (makes them more circular) by .
lowering the apogee In the second case drag is of. consequence during the
entire orbit. It causes the ‘satellite to spiral in toward the earth \\\
with an increasing velocity.n A satellitds lifetime in space (before ™
N burning up upon reentry) depends upon the 4iitial orbit, the geometry and \\\
“*mass of the spacecraft, and the composition of the earth's ionosphere.
'r:The lifetime of satellites similar in geometry and mass ‘to AMSAT-0SCARs 7

" -and 8’ can be roughly estimated from Figure 1. [3]

105 \
—~ 104 | ’ Figure 1. 3
% Satellite lifetime for _
) 3l circular orbit and satellite
N 107 | | geometry and mass similar to
'E , AMSAT-0SCAR 7 ‘and 8., . '
-2 Ll ’ e s
@ 104
od ~
w3
10t | .
. 100' . 1 1 B :
0 .2 4 .6 .8 1.0

Altitude ( x 106 m)

 The altitudes of AMSAT-O0SCAR spacecraft are greater than 850 km so lifetime
in orbit should be greater than the lifetime of the onboard electronic
subsystems '

, Effects on the orbit due to gravitational attraction by the sun and
moon are most prominent when a‘satellite's apogee distance is large. The
sun and moon will.therefore have a significant long-term effect on the orbit

"of AMSAT Phase III satellites. The casual user need not worry about this
problém but AMSAT scientists must ‘investigate this perturbation in detail
‘to insure that the orbit chosen is stable. Instabilities due to resonant
perturbations are capable of causing the loss of the satellite within months.

Now that the motion of the satellite in .space has been described, we .
turn to the problem of determining the path of the sub-satellite point on
the surface of the earth. . :

19
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1.3 ‘SUB—SATELLITE~PATH ON EARTH (GROUND TRACK)

The rotational axis of the earth (N-S axis) provides a unique ‘reference
line through the geocenter which intersects the surface of the earth at two
points- designated the north (N) and south (S) geographic poles. The inter-~
section of any plane containing the geocenter and the surface of the earth
is called a great circle.- One such great circle is the equator which is
formed from the equatorial plane, the plane containing the geocenter which is
perpendicular to the N-S axis. The set of great circles containing the
N-S axisg are of special interest. Each is divided into two meridians
(half circles), connecting north and south poles. C o

Treating the earth as a sphere, points ot the Surface are specified by
two angular coordinates, 1atitude and longitude As an example, the angles
used to specify the latitude and . 1ongitude of Washington, D C. are shown
in Figure l.4. - : :

Latitude. Given any point on the surface of the earth the 1atitude is
determined 'by (1) driwing a line from the given point to the geocenter, (2)-
“dropping a. perpendicular from the given point ‘to the N-S axis, and ‘measuring
. the included angle: A more colloquial but equivalent, definition for
. latitude is: the angle between the line drawn from the given point to the-.
.'geocenter and the. equatorial plane. To prevent ambiguity a suffix is appended
'_wsouthern hemispheres. ‘The set of all points having a given latitude lies on
a plané perpendicular to the N-S axis. The set of all points: having the
_1atitude Qf,ﬂknown -as. the- equator, -has- already‘been mentioned,

Washington,
D.C.

. Washington, D.C. - ™

Latitude: @ = 39°N
Longitude: A = 77°W

Longifude:

77°W Prime Meridian -

-

. Figure 1.4. Location of Washington, D.C.
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 Longitude. -All points on a given meridian are assigned the same -

. longitude. To -specify longitude one chooses a reference or prime meridian
", (the original site of the Royal Greenwich Observatory in England is used).

‘The longitude of a given point is then obtained by measuring the angle

" between the lines joining the geocenter to (1) the- point where the equator.
and prime meridian intersect and .(2) the point where the equator and tke
' meridian containing the’ given point intersect. " "For comrenience, longitude
is given a suffix, E or W, to designate whetber one is measuring the angle
east or west of the prime meridian.

As the earth rotates on its axis ‘and revolves around the sun, the
- orientation of both the plane containing the equator (equatorial plane) and,
+0 a first approximation, the plane containing the satellite (orbital plane)
remhin fixed in space (fixed relative to the "fixed stars"). Figure 1.5
shows how the orbital plane and equatorial plane-are related. The line:

- of intersection of the two planes is called the line of nodes. The relative
~ orientation of these two plames is very important to satellite users. It
=, is partially specified by giving the inclination. ' The inclinatiom, (i),
" is, the angle between the line’ jo.."ing the geocenter and north pole and the
‘ 1ine through -the geocenter perpendicular to the orbital plane (to avoid
ambiguity the half line im direction of advance of a right-hand screw

following satellite motion is used): An equivalent definition of the inclin4_‘,

ation -- the angle between the equator and sub-satellite path as. the

. fsatellite enters the northern hemisphere ~- is shown in Figure 1. 6.

A

perpendicular to .-
orbital plane

»

- line of

, . .nodes - .
N | ‘ 1 \
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The inclination caa vary from 0° to 180°. To first orden,?hone of the
perturbations (corrections to the simplified model) cause the inclination to’
change, but higher order effects result in small oscillations about an

sub-satellite : , o ]
path o . ' : Figure 1 6. Inclination angle (i)
' - of orbital plane.

equator

ascending/)’
node-

average value.. Diagrams showing orbits having inclinatioms of 0°, 90°,

and 135° are showa in Figure 1.7. A quick analysis of these three cases

yields the following information. ..When the inclination is 0°, the satellite
~ will always . be directly above the equator. When the inclination is 90°, the

satellite passes over the north:pole and over: the south pole once -each

orbit ‘and over the equator twice, once- heading north and once hLading south

1=0 L a=900 7 1=135°

Figure 1.7. Satellite orbits with inclination angles of 0°, 90°, 135°.
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Orbits are sometines classified as being polar (near polar) wheu their inclin- -
ation is 90° (near 90°) or equatorial (near equatorial) when their inclination
is 0° (near 0° or 180°).' Flaally, for other values of inclination, 135° for
example, we see that the satellite still passes over the equator twice:each . .
orbit but it never crosses. above the north or south poles.., The maximum
latitude ‘(Ppsx)» north or south, that the sub-satellite point will reach
equals: (1) ‘the inclination when the inclination is between 0° and 90°;

(2) 180° less the inclination when th% inclination is between 90° and 180°

This can be seen from Figure 1.8, it’ proved in Problem 1. 5.

equatorial
plane

orbital plane

Figure 1.8. Relation between maximum latitude (0 ) of sub-satellite point

and the inclination angle‘(i) Crossagection taken through geo-
. center perpendicular to orbital and equatorial planes. .

<

The position of the satellite when it crosses above the equator from

."southern- to northern hemispheres is known as the ascending node. Thé position

of the satellite when it crosses above the equator from northern to southern .
hemispheres is called the descending node.‘ Referring to Figure 1. 5 the nodes
are the two poirnts where the satellite orbit intersects the equatorial plane.
The line of nodes .(the line of intersection.of the orbital and equatorial
planes) contains these_two points. Every satellite orbit circular or
elliptical, for which the inclination is non-zero, has two nodes. Later,
taking into account the rotation of the earth, we'll see that there 1s one
very special case for which the longitudes of the two nodes coiucide.

When working with elliptical orbits, it is important to specify an
additional parameter which locates the perigee in the orbital plane. This
is usually done in terms of the angle -- called the- argument of perigee
(0.) -- between the lines Joining the geocenter to (1) the ascending node
and (2) the perigee- (see Figure 1.12). Since the argument of perigee changes .

with time it is computed between an ascending node and the fcllowing perigee
and labeled according to the time of node. When. discussing circular orbits, S

such as those of AMSAT-OSCAR 7. and 8, this- parameter can be ignored.
However, future OSCAR satellites may be placed in highly elliptical orblts
making it necessary to take the argument of perigee into account Elliptical

orbits-are discussed in section 1.5:

.In the simplified case of a non-rotating earth if we knew that a satellite_'
in a circular orbit having a period of 115 m1nuteé had an ascending node at,
for example, longitude 66° W at 09:09 local time,*it would again have ascend-

= ing nodes every 115 minutes at 66° W (i. e\u at 11: 04 12:59, 14:54, ete.).

If the same satelliLe passed over Washington, D.C. 1at 09:22 (13 minutes after .

,_ ..23.3
c : f«A . 5 . 1
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the ascending node), it would again pass over Washington, D.C. at 11:17,
13 12, 15:07, etc. (i.e. 13 minutes after each node or every 115 minutes)

Now, to take the rotation of the earth into account, we recall that

the orientation of the orbital plane of the satellite and the equatorial
plane of earth are fixed in space, it is just our vantage point that is
~ changing. The earth rotates approximately 360° each day, or 15° per hour
(counter-clockwise as seen by an observer above the north pole).. . Referring
.to our previous example, in 115 minutes the earth would rotate about 29°.
'If an ascend' ng node occurred at 09:09 at 66° W, ascending nodes would again
_occur a%t 17 Jb4, 12:59, 14:54, etc. but. .they would not all be at 66° W e
Since the earth would have: .rotated about 29° during each complete orbit,
each successive node would ‘be 29° farther west, i.e. the ascending nodes in
our example, based on a node at, (09:09, 66° W) would be (11:04, 95° W),.
(12:59, 124° W), (14:54, 153°. W), etc. Continuing with the example, 13
minutes after: each node, the satellite would reach latitude 38° N (the
latitude of Washington, D. C ) but on each successive orbit it would be

about 29° farther west. Referring to a map, at 11:17 the sub-satellite
point would actually be near: Denver, and at 13:12 about 1,000 miles due
- west of San Francisco.

The angular rotation'of the earth during one complete orbit (the.
increment) is an important parameter to satellite users. The increment, (I),
given in degrees west per orbit, equals the change in longitude between two
successive ascending nodes... The increment can be estimated from the satel-
lite's orbital period (T)- C

: T [min/orbit] o _
(1.4)" I[° west/orbit] = — 360 [° west/day] = T/4
' ' - = 1440 [min/day] s :

where units are specified within the. brackets Consider the example we
used earlier where T =115 minutes: = 115/4 = 28.75 °west/orbit

This estimate of the increment has neglected two factors —-- (1) the—~—¢ —-
earth's rotation about the sun and (2) the regression of the orbital plane
" caused by the departure of the earth from spherical symmetry -- which can
be important when following a satellffé*ﬁﬁﬁ% a number’ of revolutions. We
now look at how these two factors. change the'approximation to the increment -
given by Eq. 1.4. ’

The motion of the: earth about the sun tauses the solar day (the time for
one revolution of the earth with respect to the sun) and nd the sidereal day
“( the time for -one revolution of the earth with respect to the fixed stars)
to differ. The solar day contains 1440 minutes (by definition), the sidereal
day 1,436.07 minutes. Eq. 1.4 should, therefore, be modified by replacing
1,440 minutes by 1,436.07 minutes. This amounts to a correction of roughly
.27%. Taking:the motion of the earth' around ‘the sun into account, therefore
increases the estimate of the increment given in Eq. 1.4 by about .27%.

.Finally, the regression of the orbital plane about the rotational axis-
of the earth causes another correction to the increment. The magnitude of
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/ this effect on circular orbits ( %{}in'°east/day ) is‘given, to first order, by

o | R, 3.5 ° | "
Ao - = -0 Q' eq: ‘ circular earth
(1.5) 5% [°east/day] = -9.95 ( - ) cos(i)  (CIEME onty - )

where Réq, the equatorial radius of the earth, is 6,382 km [4]. . y

Frobem 1.3. S : u o : C
I. Find the negnession of AMSAT-0SCAR 7 (eincuban onbit with 4 i 101.7",
altitude = 1.45 x 10° m).. : R
2. Estimate the erron which would /Luuu 6/wm using Eq. 1.4 without any
_ coueotwm in this case. - : , LT _ o
Aw;tude-usuoém,a-'m’zuoém%‘ 99e¢wt/day
A positive’ ncgnuawn must be subtracted from Eq. 1.4, - -
2, The two caMec/tcaM are.nearly equal in magrwtude and oppobue 4.n sense.

, In this case uu.ng Eq. 1.4 wothou,t any comec,uon would nuu,&t m an euvon
06 &%4 than 01%

,When the two corrections to the increment which wé have been discussing
"cancel out", as.in Problem 1.3, we call the orbit "sun synchronous". Sun. 4

synchronous orbits have a property which is often convenient for ‘many missions --

© if the satellite passed within range between, for example, 9 am and 11 am
-local standard time soon after launch it- will; continue to pass- nearby between
9 am and 11 am for year after year. Sun synchronous orbits also maximize
exposure to- sunlight (when the point. of injection into orbit -is chosen proper-
ly) --a factor which is important when solar cells are ‘being used to: power
the satellite T :

:In practice, when a satellite is. first launched Eq .4 can be used to
- estimate increments. "The true increment is usually obtained by averaging
observations over a,long time interval,,not by computing éorrections

Once the time and longitude of cune ascending. node are known, alil future
ascending nodes (time and longitude) can be:computed using'the period and _
inérement. However, errors will accumulate and the accuracy “of any predictions
“is only as good as one's data. Restricting our attentionfto circular orbits
for a moment, a descending node always occurs T/2- minutesiafter each ascending

" node and at a longituda 180° + (increment/2) Iurther westlof _the ascending node.

If the satellite period is ar. exact divisor of 24 hours, the’ satellite
will pass over the same position on earth at ‘the same time each day. = For. ~
example, a period of 8 hours-(480 Minutes) yields an increment of 120°.

24 hours (3 complete revolutions) after passing over a given point on the
. surface of the earth, the satellite will be at the same point in its orbit
: and the earth will have rotated exactly 360° placing theﬂsatellite back over

!

i
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the initial point.. Satellites hav1ng a period of 24 hours are of special .
interest. From Eq. 1.2 we find that such aneriod\occurs for satellites in "~
circular orbits having a radius of about 4.21x% 10’ m (synchronous orbit)

and .for satellites in elliptical orbits having 2 Semimajor axis of the same
amount.. A-24 hour satellite placed in a ‘circular equatorial orbit (0° inclin-
“ation), will appear 'to’ remain stationary (stationary orbit) over a particular
site on the equator. If a satellite with a 24 hour period is placed in a,

- circular orbit with an inclination™ other than 0°, it will have two nodes.

For such .a satéllite the positions of the sub—satellite points at che
ascending and descending nodes will coincide and the sub-satellite ‘path

(the ground track) will look like a symmetrical figure eight. See Figure 1.9.

B

40°N

20°N

o | = ,
f_‘”zoos . . .', + -
\/I " |
40°5L—— oL H/’/‘

120°W  100°W 80°W 60°W  40°W  20°W 0°

Figure.l.9.' Subsatellite path for satellite with 24 hour period, circular
- -~ orbit, and inclination of 3e°. .

Note that it is impossible to have a stationary satellite above Washington,
" D.C. or ‘any other city not on the equator This results from the basic
fact that the satellite orbital plane must contain the geocenter.

We now turn to the problem of determining the position of the sub-
satellite point at time t after an ascending node at time t,. The problem
‘1s- mainly one of spherical trigonometry. Full details of -the solution for
‘elliptical and circular orbits are presented in Chapter VI, section 2.

The latitude, #(t), and longitude,)\(t), of the sub-satellite point:
as a-function of time are described by Eqs. 1.6 and 1.7 where the sign’
convention adopted designates: North latitu@es and East longitudes as
positive;’ .
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positive, South latitudes and West longitudes as negative -- angles are
given in degreesg time in minutes.

i = inclination of .orbit : '
. T. = period = C . ‘ -
£. = clock time -
‘to = time at ascending node - o - ¥
. t -= elapsed time from ascending node = t-t,

w(t) = angular position of satellite in orbital plane measured
' fronf ascending node
A, = longitude of sub-satellite point at ascending node

(1.6).  B(£) = arcsin (sim w(t) sin 1 ) o (Latitude)
... ) H . n +n . v ) ‘ |
‘ , _ _ 5'_ 1 3 ‘cos W(t) : o
(;.7){ >'\(t).;—”.'¥o .L ( l) arccos ( cos B(t) ) .-” (Longitude)
L sz . s’ go Northern )
) 0 90 i1£180 ] 0 Q(t) O (Hemisphere
n, = oc 45 M5y o Southern
e l 0 i ( 90 o | 1 Q(t) < 0 ('Hemisphere)'

‘0

In Eq. 1.7 the t/4 ‘term results from the rotation of the earth about _

- 1ts axis at the rate of .25: degrees per minute while the arccos term results

- from a static problem in spherical trigonometry. The n, and n, terms incor-
_porate our sign convention. The angular velocity of. a satelli%e in a

. circularvorbit is constant solJ(t) = kt. To obtain k consider one .complete -,

orbit: W= 360°, t = T. -Therefore, k = 360°/T and the u(t) term in Eqs l 6 |

and 1.7 can be replaced by ‘ : . ) -

.‘-‘

"(1.8) oJ(t) = 360°t/T (circular orbits only)u

‘Eqs." 1.6, 1.7, and, 1.8 enable us to plot~grouna tracks for satellites in B
circular orbits. 1In chapter II we will present-a number of fast and simple -
methods for applying these equations. Note that the ground track of a - ..
satellite in a: circular orbit ran be obtained if one knows four parameters

1, tesy Aoy and T. There are ctner sets of four independent orbital parameters
(often called orbital elements) which can be used for tracking [5]. This
particular set was chosen because it is .convenient for the applications
discusged . in this. book. - In-section 1.5 wewill generalize this discussion to
elliptical orbits. Eqs. 1.6 and 1.7 will still apply. However, Eq. 1.8
will need to be revised. - ' T ‘ T

/' - ~

Problem 1.4. ;

Use Eqs. 1.6, 1.7 and 1.8 o pnepa)z.e a "aa.ck,wg table" 60& 0SCAR 7 Ahowmg
- the ground thack Ratitude and Longitude ievery four minutes starting at the.
ascending node and ontinuing until the satellite enters the southern hem-
sphene. Let 4 = 102' T = 115 rru.n.u,tu t. 0 and A, =

- Answer: See Table 2.4: v o o
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Problem 1.5. C :
Prove W the non,thMumou: Latitude that. i te can neach 48 given by:
1. the inclination (&) L
2. 1800 - L when 4 48 b

Angwern: Starting from Eq. 1.4 we comfute df/dwand set it equal o zero:

For 4 # 0 this equation will onﬁg be 6(11}%64.261 when cos b= 0, in-which case
unﬁ = t &dn 4.

1.4, AZIMUTH, ELEVATION, COVERAGE

. A ground station using a directional antenna needs to know where to
point it. The most widely used coordinates for this purpose are azimuth

. (direction in a plane tangent to the earth at the ground station measured

 with respect to true north) and elevation (the angle above this plane). The
physical situation suggests a unique solution if the positions (latitude and
longitude) of the ground station and sub-satellite point, and the height of
the satellite, are known. The problem can be divided into two parts: (1) a
problem in spherical trigonometry on the surface of the earth of finding the
azimuth from one point to a second and the surface distance between the two
points and (2) a problem in plane trigonometry of finding the elevation angle
from ground station to satellite and’ line of-sight distance (slant. range)
between ground station and satellite. Part (1) is a ‘standard problem in
spherical trigonometry and nav1gation Although we will not solve this
problem, the solutions are.included here (Eqs. 1.9 and 1.10) for. reference

,1, Xl latitude and longitude of point 1- (ground‘stdtion)
Qz,)\i. latitude and longitude of point 2 (sub~-satellite point)"

Y surface .distance in degrees of arc (1 degree of arc.
" corresponds to 1.112 x 103 m on surface.of earth)
S ‘surface distance in meters; § = RY (Y in radians)
8 " azimuth (east or west of north) of point 2 as seen from
point 1 :

-(1.2)“' cos Y = sin ¢1 s‘in‘Q)2 + cos<¢i cos ¢2 Eos‘Xl fxzji
(1.105‘ sin B = cos'(b cscx sin(x —)\ )

Approximate solutions for azimuth and terrestrial surface -distance having

the accuracy ve need can often be read off a globe, or an azinuthal equidistant
. projection map if one.is available for the ground station position, Part (2):

'1s solved in section 6.2.. The results are. usually presented in terms of




(1 122) 0= [em? + R

. Problem 1.6.
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'surface_distance'(s) in meteps between sub-satellite point and ground station

(1.11) tan€ = (R-*(-;-z-h():o:irsaéls{}R;R : ' (elevation angle)

2 _ 2R(R+h)cos(s/R)] 1z, 3 (alant range)

where the following notation has-been used R = radius of earth, h = instan-
taneous altitud. of satellite, £ = line-of- -sight distance between satellite

and ground station (slant range), € = elevation angle, and s/R:is in radians.
‘Slant range can also be expressed in terms of the 1atitude and longitude of

the ground station and the sub—satellite point.

2

(1.126) - § = [R+w? + R? - 2R(R+h) [s1nf, sind, + cogﬁi cosp, cos(h; -x )]]1/2

Note that elevation'anglé and slant range depend only on the height.of the
satellite and the surface distance between sub-satellite point and ground

station. Egs: 1.11 and 1.12 are valid for elliptical as well as circular or
orbits. co , ’

b

Use €Eq. 1.71 and Eq. 1.12 £o plot (1) deua,uon angte vs. Awnﬁace chAtance

Cand {2),. Line-of=3ight distance vs. sunface distance gor a satellite in a

cireubar onbit at a height of 1.45 x 10° m (AMSAT-0SCAR 7).
Anawejc. See FA,nge 2.2 for (1). : i

We turn now to the queéstion of coverage —- when will a ground gtation
be_able to hear radio signals from the satellite? Because thc radio frequen-
¢ies used in conjunction with most satellites normally propagate over line-
of-sight paths, we will consider a communications satellite to be within
range whenever the elevation angle at the ground station is greater than:
Zero. However, depending upon the actual propagation conditions, communi-

" cation -could: begin when the satellite is below the local horizonm, or
- communication might not be possible until the satellite is well above the

loca1 horizon.

The locus of all lines through the satellite and tangent to the earth
at a specific instant of time forms a cone. The intersection of this cone
with the surface of the earth is a circle whose center lies on the line through

- the satellite and sub-satellite point. Any ground station inside the cirele

has access to the satellite. . Any two suitably equipped ground stations iaside
the circle can communicate via the satellite. The maximum terrestrial distance
‘(between ground station and sub-satellite point) at which one can hear signals
from the satellite is s, (see Figure 1.10). The maximum surface distance over
which communication'is possible is 2s, (see Figure 1.10, stations B and C,

for example). Since line AC is tangent to the earth, triangle AOC is a right
triangle, cos.ﬁ = R/ (R+h),7and s, is given by le Therefore .

‘ (1 13) 2 = 2R arccos[R/(R+h)] . ) (maximum communication distance)

Eq.. 1 13’ is plotted in Figure 1. 11

Sy
-
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”1'-.5_ ELLIPTICAL ORBETS: SELECTED TOPICS .

In this section we will discuss a number of topics related to tracking
hsatellites in elliptical orbits ' The topics cdvered include: '

1. Motion of satellite in the orbital plane,

2. Motion of the orbital plane about the earth,
- 3. The ground track, !

4. Azimuth Elevation, Coverage

Since the objective of this chapter is to provide an overview we will
primarily point out -important consideratiors and summarize results. Relevant
derivations have been included in Chapter VI, section 2. Simple ‘mechanical

trabking methods based on the equations in this section are presented at
the end of Chapter 1I. ’

Motion gf_satellite'in.the-orbital plane; The formula for'an'ellipse in
polar coordinates is (see Figure 1.1) ; ' '

5 é l—e ) T (r, e are polar coordinates of
-(1.14) r(o) = . satellite with. e measured from
- l+e cos(o) .
perigee)

.where a is theseni—major axis and e is thereccentricity of the ellipse.
Using Kepler's third law, we can obtain the relation between e and time
"since perigee passage (t) (see Chapter VI, section 2 for derivation)

& -

@15 e= 3= [ E(e) - e sin (o) T e = arcsin( G-e’)" sin 2y
A : : ° ’ l+ecose .

o L]
'Eqs. 1.14 and 1.15 can be used to locate the satellite in the orbital plane
at a specified time. Eq. 1.15 can be regarded as the generalization of Eq. 1. 8.
The -quantity E(e) in Eq. 1.15:1is known as the eccentric anomaly and it should
be expressed in radians for calculations.

When discussing elliptical orbits, one must specify the argument of
perigee W,- (the angle that locates the perigee in the orbital plane with
respect to the line of nodes) -- see Figure 1.12. As mentioned in section 1.2,
the argument of perigee is not necessarily constant the equatorial bulge
of the:earth causes the perigee to precess in the orbital plane. . To first
order the precession, in degrees per day, is given b& :

1.16) 9% o4 9 ( e‘l) > (5 eos (earth orbits only [6]),

‘When 1 = 63.4° the argument of perigée iz constant. The position of the
perigee rotates-in the same direction as the satellite when i € 63.4° and

" -in the opposite direction when i ) 63.4°, Eq. 1.16 should be used to

modify Eq. 1.15." However, as long as the change in W, over an orbit is small,
(for our purposes generally less than 1°), it's simpler to treat W, as a
‘constant during the orbit and to increment it at the end of each orbit.

3
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Anawm. 3”.7

sateilite-*
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Coordinatg system in orbital ‘plane.

Find Zhe precessdion mu:e of the a/agummt 05 pmgee 5on a éa,tew,te in the

6ouowutg onbit: 4 = o101.7

perigee beguw at 315°

{130 dayé) 275

Problem 1.8. PLot dwe/dt (Eq.

Increments fon each of the following cases:

= .688,a = 3.93R. 1§ the argument of

. what uu,U, it be at the - end 0f 30 dayM one year? '

(one ‘Yeanr). - ‘

1.16) fon 56° ¢ ¢ ¢ 80 using 2 degnee

" l.ce = .705, a'= 4.17R  (period = 12 howns) =
2. e-= .614 a = 3.18R . (period = & houns).
3. e= 533 a = 2.63R (period = 6 hourns).

- These Jchnee onbu‘.b ha.ve been considered fon the AMSAT Pha/se 111 p/wg/cam

a .
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Motion of the orbital plane about the earth. Earlier in.this chapter .
we discussed how the earth's asymmetrical distribution of ‘mass causes the
orbital plane of the satellite to regress about the rotational axis of the
earth. To first order, the regression for elliptical orbits in degrees per
day is<given by

< g;}= - __11 cos i . : : f..“n;;earth ,
(1.17) a -9.95 ( ) _(l-e2)2 - 71 Ggite onty)

Eq. 1.5, the regression rate for circular orbits is just a special case of
Eq. 1.17. . . ,

- +The ground track. The latitude and longitude of the sub-satellite point,
- @(t) and A(t), for a satellite in an elliptical orbit.can be obtained, as a
function of time, from Eqs. 1.6 and 1.7 with equation 1.15 used to relate

6 to t. A set of six independent parameters (orbital elements) is needed to
specify an elliptical orbit. The six used here, i, \o» bk, T t,, and e,
are referred to an classical or Keplerian elements

Educators interested in using a satellite in an elliptical orbit for
many of the experiments in-Chapter VI may find it easier to work with the
following set of orbital elements:

'® - latitude of sub-satellite point at apogee,,

x: longitude‘of suhrsatellite point at apogee, .
ta‘ time at apogee,
-1 inclination,

e u,eccentricity, . f; -

'g' period

. It is also. convenient to measure angles in the orbital plane from. apogee SO
we introduce o' = e - 180° and &,' = W, + 180° (the argument of apogee). As
an example, ¢(t) and A&t) aré now presented for a single revolution of the
satellite in terims of the new set of orbital elements. Details of the
derivation are contained in Chapter Vl, section 2, and ~ a numerical example
is presented at the end of.Chapter II.

: One begins by solving Eq. 1.15 in graphical or tabular form for
0°€ o € 360° yielding the positon of the satellite in the orbital plane as

' a function of time for one half period before and after apogee

( -180° € o £180°). Note that when e is between 180° and 540° 2ﬂrmust he

added to E(e) in Eq. 1.15. - Figure 1. l3_shOWs e as a function of t for an |

orbit where T-= 11 hours and € = .688. Next we solve Eqs. 1.18 and 1.19 for

tae argument- of apogee' and the. 1ongitude at ascending node., Recall that our

' sign convention designated N latitudes and E ongitudes as positive, S lati-
tudes and W longitudes as negative. :

33
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o ﬁi ~ sin ¢a ‘ argument of.
v - (L 1 — 4 . h
v (1718) ,Z'_'(.)o = _nl‘\'\_' .+ -1 . ar_csin(sin 1 > ) ( §pogee )
:: 0 satellite headed north at épogee;
I - | iRAbae
‘ L 1 satellite headed south at apogee
S ' - " on . : oo ‘ E '
-\ 41y 2 . /) cos W' » longitude at -
(1.,19) Ao = Xa + (. 1) a?ccos( cos B . - “(ascending node’
. (0 90° £ £ 180° -
L | ,
- S .1 0° €4 < 90°

‘Finally, using'COnVenient,increments in eitner time or J we solve Eqs..l.ZO
- and 1.21 for @(t) and A(R). : ‘

érésinﬁsin(i) siﬁ(e;(t)+ﬁ§')]

' (1.20) B(e)

1

n.+n.

1’ N a2 cos(e' (£)-We' )N _ t
(1.21) X (t) >\'o (1) . arccos( cos B() ) "%
O,VWheﬁ #(t) 2 0° (Northern hemisphere)
n, = o . L L
3 {1 when @(t)' € 0° (Southern hemisphere) -
S - F150°
T = 11 hours o'
e = .688 - 90°
-30° .
U 4__‘_;_,_] L ’—ll | [T N | I"‘
rie B
— L .timé from aﬁdgee (minutﬁs) o : s

'1
‘Figure 1.i3. PQsition of- satellite in orbital plane (measured from apogee)
: vs. time from apogee. ’

s
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Azimuth, Elevation, Coverage. As d1scussed in section 1.4, the azimuth
and elevation of a satellite from a ground station can be computed at any
instant if the latitude and longitude of the sub-satellite '\\
point and the height of the satellite are known. Therefore, Egs.. 1.9, 1. 10 ‘
‘and 1. ll can be used to compute azimuth-afid elevation for .a satellite in an

: elliptical orbit as long as.the height, h, is treated as a variable which
must be computed at each point on the orbit This is easily accomplished
using /Eq. 1. 14 The maximum terrestrial communications distance can be .
.computed us1ng Eq 1. 13 after Eq. 1. 14 is used to obtain the altitude.

Problem 1.8.

. T. Denive an exphession 5on e (the polan angle in the Aa,te,&ute plane . .
measuned from perigee)- ad a function of & (the teuestrial distance between
~ub- ‘;a,tc&ute point and g/wu.nd station), e (eccentrnicity), and a (semi-majon
axus .

- Assume that'e = .688 and that a = 3.93R. Fon what values of e will the

fmax,unum tovestrial communication distance be 4,000 ftm, 4,500 km, 5,000 km, -

6,000 km, 7 000 km §,000 km,- 9 000 km, and 10, 000 km’ ‘

 Answen: N |
~ . ) .‘ 1 ! a 2 - A - : ’
1. ‘ .9 = MCCOé( z (-\R—“'Q )cos ('ﬁ') -1 ) ) -
/ |
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o CHABTER II
TRACKING AMSAT-OSCAR SATELLITES

The objectives of this chapter include:

1. Introducing a numher'of tracking techniques which can be used in
conjunction with AMSAT Phase II (OSCAR 7 and 8) and Phase TII
satellites, and the Soviet RS system;

2. Demonstrating how these techniques can be used to predict the
position of the satellite and times when signa1s from the sate11ite
can be received;

3 Presenting information on the cons ruction of orbit ca1cu1ators°

- 4. Discussing the relative advantages and disadvantages of various
Cﬁ..tracking techniques :

2.1 INTRODUCTION

This is a "how to do it" chapter. It discusses a.number of widely
used methods for tracking AMSAT-OSCARs 7 and 8, and the Soviet RS
satellites. The equations on which theTmethods are based were included
-in Chapter I. This chapter has been designed so that it can be read

' without first reading Chapter I by those who are primarily interested in
the practica1 aspects of tracking L

- In this section we discuss some basdc information common to all
tracking methods. The point on the surface of the' earth directly below
a.satellite. is known as ‘the sub-satellite point. The path.that the o
subsatellite point traces out on the surface of the earth is known as the
ground track. A portion'of the ground track for three consecutive orbits
of AMSAT-OSCAR 8 is shown in: Figure 2. 1. We use the term ground station
to refer to any fixed or mobile station'on or near the surface of the
earth set up to receive radio signals from satellites. We say that a’
satellite is in range of .a ground station when radio signals from the
satellite can be received. This generally occurs when the satellite is

.+ above one's lccal horizon. For sate11ites in circular (or nearly circular).
orbits. the: satellite will be in rangerwhenxthe distance between the .
sub-satellite point“and the ground station is less- than some critical
value which we call the maximum access distance. The maximum access
distance for AMSAT-OSCAR 7 is 3,950 km; for AMSAT-OSCAR 8, 3,250 km;
and for RS 1 it will probably be 3,140 km (assumes 860 km altitude).
AMSAT Phase JIIT sate11ite:\wi11 usually have a much greater access distance
but we can't specify it- with\a single number since it varies along ‘the orbit.
Usually, the closer a.ground station-is to the sub-satellite point, the

2 8tronger the received signals wiil be.. Most users will find that they are
in :tange of OSCARs 7 and 8 and 1 for. three passes each morning and
_three passes each evening (for each atellite). Most passes have a
“duration‘of about ten to twenty. minutes Phase' ‘III .satellites will be in
range of stations’tn the northern hemisphere for about’ 13 hours each day
during ‘the first few years in orbit :

~
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. . . Vs
Figure 2.1 The ground track for three consecutive
: orbits of AMSAT-0SCAR 8.

ES

Satellite ‘tracking data is presented in terms 6f a 24 hour clock
based on. Universal Coordinated Time (UTC) Table 2.1 will enable ground -
. stations in the contiguous United States to convert from UTC to local

standard or daylight time. -

_ Time EST | EDT |-CST | CDT | MST| MDT | PST | PDT |  °
: zone o .

Time

difference 3 4 6. 1.5 7 6 8 7

To convert from UTC to _. - subtract - hours.’

: : ‘ (time zone) - (time difference)

To convert from to UTC add i e hours.

(time zone) ' - (time- difference)
Table 2.1 Time conversion chart. ; -




- —

._\

P/wbtem 2.1 f.‘\\ . :
Make the 5o££ow&ng time conversions (ude 24 houn clock gon all anAumAA)

a) 2:45 pm PST June’ 21 = _ PST June
b) 9:13 UTC May 11 = COT May
c) 22:37 EST Oct. 13 = urc Oct.

Answer: .a) 14:45 PST, June 21;- b) 04:13 CDT, May 11; c) 03:37 UTC, Oct. -14

The first and simplest tracking method we will be discussing is-
called the Selected Cities Method. While the Selected, Cities Method may
be ‘adequate the first few times one listens for the satellite, it has a
number of shortcomings which limit its’ usefulness. If at this time you’
~are primarily interested in the Selected Cities Method, . skip directly
to section 2.2. If you are interested in one of the more informative
~methods continue with' this section.

As the - satellite moves in space, the sub—satellite point moves ‘over
the surface of the earth.  In order. to compute when a specific ground
station will be able to receive radio signals from the satellite, one has
to trace out the ground track on a map or globe and note when the,sub—
satellite point will be in range of the ground station. A number of’
simple graphical techniques for accomplishing this are described in
sections 2.3 - 2.8. Sections 2.3 -2.7 apply to circular orbits like those
‘of OSCARs. 7 and 8,and RS 1.. Techniques to be used with elliptical
-orbits like those planned for Phase I1I satellites will be covered in
section 2.8.

We now concentrate on tracking methods for OSCARs 7 and 8, and RS 1.,

Each method can be thought of as ionsisting of two parts: (1) the path of -
the sub—satellite point is drawn fer the orbit of interest and (2) an

: acquisition 'circle" is drawn around one's ground station. The ground
track must -be drawn for each orbit. The acquisition "ecircle" need only
be drawn once for each satellite. - Whenever the sub-satellite point is
inside the acquisition "circle", the ground station will be able to
receive radio signals from the satellite. The term "circle _has been
put in quotes because most map projections disto§t diStanceés and a.circle
on the surface of the globe .often does not look 1iké a circle on these.

. maps. Later in this: chapter we see the-odd shapes*taken by
acquisition ' "eircles" and discuss the advantages of tracking methods
based on different map projectioms. It shouid be noted that, on the
stereographic map’ discussed in section 2.3, acquisition circles are
ttue circles. Ground’ stations with directional antennas also need
information on where.to point their antennas. We discuss how to obtain
this information later in the chapter.

We Lurn first to tracing éut the ground track for a single orbit.
Orbits are arbitrarily said to start at the point where the sub-satellite -
point crosses the equator headed north (called the ascending node). Our
problem 'is to locate the ascending node and ‘then plot. the ground track .
for. the remainder of the orbit. The first ascending nodg each UTC day
is’ called the reference node. - . .

-
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P/waie,m 2.2 |

An, ascending node fon 0SCAR 7 ocewrs at (02 10 urce, 80 W). Use a
globe to determine whethen a ground station 4in Miamd, Flonida wile: be
able to hear nadio signals- 6/wm the satellite as the. :uscend,mg node
‘ocewrd: - How about a station in-San Francisco? - '

Answer: Loolwag at a globe one can see that the teestrial distance
-befween the sub-satellite point at Latitude 09, /fongitude §00 West, dnd
- Miami 4s conu.dvuzbﬂy Less than 3,950 km. . The distance between the node
and San Francisco.4is conudmb!_y gncwtu than the access distance. ’
Therefore, at 02:10 UTC, the Aa,tu;%t_e 48 in nange of Miami and ot of-
/Lange 04 San F/w.nwco. - ' : : : :

’

Commonly used methods of obtaining data.%m the time and longitude of
ascending nodes ‘for gsatellites of .interest’ are:

‘1. A computer generated ORBIT CALENDAR listing all ascending nodes for a
year can-be purchased from S. Reymann, P. 0. Box 374 San Dimas,_
Calif. 9l773 - (1978 price: $5 00)

2. Members of AMSAT receive iistings of reference nodes- and other ‘relevant
information on the OSCAR satellite program via the AMSAT Newsletter
which is published four times per year. Individual membership is
$10 per. year, institutional membership is $20 per year. (AMSAT, Box 27,
Washington, D.C: 20044). o *

-t
“\

3 Reference nodes for the coming month are published in each issue of . QST
' QST is published by the ARRL monthly -- see Appendix A for address.

Ascending nodes for a particular satellite occur at specific ! v' -
' intervals .called the period.’ Due to the rotation of the earth the '
" longitude of each ascending node is a .Specific distance further west
(the” increment) than the preceding one. For example, OSCAR 7's period‘is-. B
115 minutes and its increment is about 29° ‘(west per orbit).  If OSCAR 7 N
“has a reference node at (01:18 UTC, 68°W). the next ascending node will P
occur at (03:13 UTC, 97°W) and the next’ at (05:08 UTC, 126°W) etc. - So
we see that these,numbers -~ 115 minates for ‘the period and 29°. west/orbit
for the increment -- can be used to forecast future ascending nodes for
OSCAR 7 when one ascending node is known. The numbers we've just used
are ,approximate. and errors will be cumulativeso they- should not be
employed to forecast more than one day (about 12 revolutions) .in advance

\.

Problem 2 3 s

. Speuﬁy agl 0SCAR 7 :uscendm:; nodes dwu,ng the UTC day A4 the :
neference node 48 (01:18 UTC, 680W) using approximate vafues gon the T

. perdod (115 minutes) and mc)cemmt (299 west/onbit).

;

Answer: ! Onbit - - Twe (urej Longitude'

R 1 01:18 - esow -
7. T 03:13 S 9% - ;
3 05:08 . 126% ' . -
4 - 07:03 - 155% ~ .



onbit Tune (UTC) Longuﬁude
75 . 0858 . 184% -
4 6 10:53 - 21300 o
‘ 7 12:48 - 24200 . '
; § 14:43 2710w - - L
/ 9 o 16:38 3000w . T
/- 10 - 18:33 . 3299y ' : L
: j b 20:28 3550y " \
- .12 . 92:23 27%) - S
« . 1 (next 00:18 5600 -

*”Data for the period -and increment of the.satellites currently in
orbit ig- presented in Table 2.2. - Since OSCAR 7 has been in orbit a.
number of . years we.can describe its orbit relatively precisely. OSCAR 8

_ hag ofily been in orbit a few weeks as this is written so our data is not
ag precise.- Space ‘has been left so the reader can add values for RS 1 .
‘and other satellites-as they are:launched.’ Additional orbital parameters
are -listed in Table 2.2 for reference although we will not be using them
- at this time : e .

'Satellitefi' -};:::iﬁ;) ’?fg7§f§g¥3 Inclination Alziizde Date*
.|'AMSAT-OSCAR 7 | 114.945 |. 28.747 o101i7°. | 1,460 km |'1/78

AMSAT-OSCAR 8 | 103.23 | 25.81 '98.99° | 910 km |3/78
"Soviet‘RS-l. .~_ v e : o - ‘ | ; | .

T

L "]

~Table 2.2 Summary of orbital parame*ers for low altitude satelliteg .
i _of interest. (*) Date when parameters were computed.

P/wa_ﬂ
' Recompwte the answers to P/wbtem 2.3 usding the mone - accwuu:e OSCAR 7
" data in Table 2.2. What are Zhe ewrons in Zime and Longitude of the

ascending node during onkii 12 which nesult grom using the appnowna,uonb.
- perdod = 115 muupteé incneaent = 299 wut/onbd: ? .

i

' - Having .seen how ascending nodes ean be .determined once one node is
',known we now turn to the problem of tracing out the path of the ‘sub-
'satellite point for the: ~orbit following- the node. Table 2.4, which was
obtained using® Eqs. 1.6 “and 1.7, enables. q§ to compute the position of.
the sub-satellite] point off the equator.. Ia* ‘order ‘to -use it, we have to.
r._know the cbordinates of the most recent ascending node.
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Time after | ,yoa1_0SCAR 7| AMSAT-0SCAR 8 | Soviet RSZ1
ascending ' - R .
.node | Lat. Long. Lat. - Long. | ' Lat.. Long.

. (minutes) ; (°N)  (°W) ° °Ny  (°W) Ny (°w) -
0 0.0 0.9 0.0 0.0 ., 0.0 0.0
T2 6.1 1.8 6.9 1.6 7.0  359.5

4 12.3 3.5 13.8 - 3.2 14.0 °359.0
6 18.4 5.4 20.7 4.9 | 21.0 358.4
8 24.5 7.4 27.5 6.7 27.9 357.7
10 ©30.6 - 9.5 34.4 7 8.7 34.9 356.9
12 36.7 11.9 41.2: 11.0 | 41.8 355.8°
.14 42.7 14.5 48.0.  13.6 | 48.8 354.3
) 16 48.7 17.6 '54.8.  16.9. | 55.6 352.1 -
18 54.6 21.5 61.47  21.4 62.4 348.9
20 60.4 26.4 €7.9.  28.0 69.1  343.4
22 66.0  -33.2 74.0  .39.0 75.3  333.1
24 71.2 . 43.4 79.0 60.7 | 80.4 309.7
25.5 L : '82.0 276.4
25.8 . |. - . 81.0 96.4 - - '
.26 75.5 59.9 80.9  100.8 .81.8  264.0
28" 78.1 85.8 «[- 78.2. 137.7 | 78,1 -228.9
28.7 78.3  97.2 Y
<30 77.7 °116.3 72.9 156.6 72.3 (213.6,
.32 74.5 139.6 66.7 166.5 65.8 206.2
- 34 69.9 154.1 60:2 .'172.5 59.0 - 202.1
-36 64.6 163.2: 53.5 176.7 | 52.2" " 199.4.°
38 '58.9 169.4 . 46.7 179.8. | 45.3 197.7
40 53.1 - 174.0 7"[:°29.9 182.4 *38.4 - 196.4
42 47:1  177.6 33.1. 184.6 31.4 195.4
A 41.1 -.180.6 26.2 186.5 | 24.4 . 194.7
: 46 35.1 183.1° 16.3 188.3 | 17.5 194.0
| 48 29.0 185.4 '12.4  190.0 10.5 193.5

50 '22.9 187.5 - 5.6 191.6 3.5 193.0
51 : : 0.0 °192.8.
51.6 , 0.0 192.9 . -

52 16.8 .189.4"
54 10.6 -191.3.
56 . * 4.5 ©193.1
57.5 0.0 194.4 -

Table 2.4 Data for Plotting ground tracks

orbital parameters

* AMSAT-0SCAR 7
. AMSAT-OSCAR 8

Soviet ‘RS-1

Period

114.945 min.

103.23 min.
102.  min.

based on follbwing

'Inclination
101.7° ‘
. 98.99°
82.°
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Continuing with the example used in Problem 2.2 where an ascending
node for OSCAR 7 occurred at (02:10, 80°W). The columns labeled OSCAR 7
in Table 2.4 reveal that at 02412 (2 minutes ‘ater ascending node) the
sub—sat‘:ellit_:e‘ point will be at latitude 6.1°N and longitude 81.8°W (1.8°
further west); at 02:14 it will be at 12,3°N, 83.6°W (3.6° further west); etc.

 Problem 2.5 - -

1. Use Tabfe 2.4 to construct a chart fon 0SCAR 7 fon the sub-sateflite

path §ollowing an ascending node at (02:10, 80°W). Include time (UTC);
Latitude, Longitude, time {Local). PLot these points on a map o globe
and connect them with a smooth curve. Locate your ground station on the map.

2. At'what time (UTC) will the satellite be closest fo your ground
station? This time is catled TCA (time of closest approach). '
3. What i the TCA in Local time? o )

4. WiLL the pass be within nange of youwr ghound station? ,

5. At what time (UTC) will the satellite come into range? This time
is called A0S (acquisition of signal). '
6. At what time (UTC) wibl the satellite pass out of range? This time

48 called LOS (Loss of signal). EE _ — . -
Note: 5 and 6 should only be attempted if a globe is available for pLotting
the sub-satettite path and draviing the acquidition cinele (radius = 3,950 km

§or OSCAR 7). % R
- Answex. _ : . L
1. . Time (UTC)  [fatitude  'fongitude  time (£ocal)
T02:10 . - 0.0 . 80.0°W -
02:12 6.1°N 81.8°W
02:14 12.3°N  83.6°W
02:16 18.4°N §5.5°W
02:18 24.5°N §7.4°W
o 02:20 . 30.6°N '89.6°W
T 02:22 36.6°N - 91.9°W 3

2. Looking at the plot of the sub-sateflite path, pick out the point
which is closest to youn ground sitation. - This point will~alt between
two plotted points. Since the points were plotted at two-minute intervals,
you should be able to use "eyeball interpofation" to esiimate TCA to .

". betten than one minute. : A P C

3. To convent gnom UTC to Local time see Tabe 2.1. . .

4. The satellite will be within nange at TCA if the surface distance:
between the sub-satellite point and the ground station 4Ls Less: than . -
3,950 km (0SCAR 7) at this time. This distance can be estimated using a'

map or globe -- nemember, we are interested in whether the distance 44
gneaten on fLeds than.3,950 km, not the actual value. Stations in the 4§
contiguous states and mosi of Alaska will be in-nange of Zhis pass at TCA.

~7
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5. and 6. To caleulate ios and .LOS we have to draw an acquisition circle
around the giound station with a radius of 3,950 km. This is easLly. done
on a globe using a protracton. Methods fon drawing acquisition cincles

on various map profections are discussed Later in the chapter. The time .
marks on the sub-satellite path can be used to estimate A0S and LoS

(the points where thé sub-satellite point enters and Leaves the acqusition

' circlel.  Othen methods of finding AOS and LOS ane covered Zater in.the "
chapter. R o N
) Refering to Table 2.4, we see that each orbit has two nodes (points

- where sub-satellite point crosses équator; latitude = @); one as the orbit
begins with the sub-satellite point entering the northern hemisphere- -
(ascending node), and a second one midway through the orbit as the
sub-satellite point enters the southern hemisphere (descending node).

Problem 2.6 : . ' .
Use Table 2.4 to answer the gollowing questions.

1. How gar nonth dou-'-:-each’éz'bte,&ute go?
+ 2,714 an 0SCAR § ascending node occurs. at 09:13 UTC, when will the next -

descending- node oceunr?

" 3..1§ an OSCAR 7 ascending node dceurs at (09:13 uTC, i7m will
be zthe time and Longitude of the next descending node? - - =

4. 1f an OSCAR § ascending node occurs at (09:13 UTC, 170°) give the
time and position of the sub-satellite point when it is. next .
“headed due west. S - . .

Answer: - - : : ' i

1. 'OSCAR 7: 78.30N; OSCAR 8: §1.0°N; RS 1: 829N (pne-faunch data]
2. 10:04.6 UTC. Fon cincubar onbits nodes ane sepanated in time by -
one half the period. : ' ‘ : -/

3. 10:10.5 UTC, 004.4° (364.4% = 004.4%). Fon cinculan onbits the
- ascending node and descending node are separated in Longitude by
1800 plus one halg the increment. o '

4. As OSCAR & approaches 819N, its nonth-south velocity component passes
» Zhrough zero. When the nonth-south velocdity 4is zero, the sub-satellite
point i8 moving due west. The time 48 midway between ascending and
descending nodes on 25.8 minutes after the ascending node. The Zime
‘48 zherefone 9:38.8 and the position, §nom Table 2.4, .is §1°N, 266.50W. -

Acquisition Circles, Azimuth and Elevation. Having covered the first
part of the satellite tracking problem -- tracing out the sub-satellite
path during an orbit -- we turn to the second part -- acquisition circles,
. azimuth, and elevation data. Information on the position of the satellite
with respect to one's ground station is usually most convenient in terms °
of elevation (éngle-above the horizontal plane) and azimuth (angle in the

13
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" horizontal plane with respect to true north). If one is using an omni-
directional\antenna (no direction favored) or an antenna which can not-be

"_aimed then one can generally ignore elevation and azimuth data -- only an
acquisition circle is needed.. If one is using a broadly directive antenna
‘array crude pointing data becomes necessary. If one is using a highly
directive array\precise peinting information is required. . .

) The elevation angle of the satellite and the concept of acquisition

~ circle are closely*{elated —- ‘the acquisition circle is simply the lo€us
of all sub-satellite points for which the satellite will have an elevation
of 0°.. This value was arbitrarilyichosen because radio signals from the
satellite are generally restricted to line-of-<isight paths and, if one's .
ground station is sef’ub\in-relqtively level terrain, the satellite will

_be line-of-sight when its. elevdtion angle is above 0°. The relation
between the elevationl angle and the terrestrial distance between ground
station and sub~satellite point is shown in Figure 2.2 for OSCAR 7 and-
OSCAR 8. Note that for a particular satellite in a circular orbit
‘elevation angle only depends 6n terrestrial distance. - The basic relation-
ship for elevation angle, Eq. 1.11 applies to all satellites.(circular

and elliptical orbits). \,‘: ,
¢ . ’ '\_ o .
190° . (Rthycos(s/R) - R 7|
' ~ _tan € = — — x
o] I E\\ (R+h)sin(s/R) .
80 : S ‘ -
. 6 .

;R"'\,= 6_.37 x 10"m .

\ -
R

.\‘

N

1
< in
-%0' " — AMSAT osc! 7: h .;\‘1450"\'1@1‘
g o '/_ | N :
o 50 o _ : \ _
S AMSATZOSCAR 8: h =910 km . .
. 4; . 400 I . / . "
> T \
g7 ( ' e
m 300- "a ‘\\‘
‘ \._\
\
(o} \
20°L o
\
e} \
107 LN

\
12 3 4
Surface Distance (x 1000 km) (s)

Figure 2.2 Elevation angle vs. surface diétaﬁce between ' ground st#EIbn and
: i sub-satellite point for OSCAR 7 and 8o D
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Probfem 2.7 -
Refer to Figure 2.2 and utuna,te the ZWMMC dutancu

‘corresponding to elevation angﬁu of 07, 30°, 60°, and 90° for
OSCAR and OSCAR §. . L '

Answen: See TabZe_ 2.3,

Since -we already know how to find the position of the sub-satellite
point at any time, the elevation-azimuth problem reduces to: given two
points_ on the .surface of the earth, find the terrestrial distance between
them and the azimuth of the second with respect to the first. This is a
fundamental problem in spherical trigonometry, perhaps more familiar in
navigation. The solution to the Problem in terms of the latitude and

. longitude of the two points (sub-satellite point and location of ground

station) was given in Chapter I, Eq. 1.9 and Eq. 1.10. - However, information
on bearing and terrestrial distance having the accuracy we need for
tracking can usually be obtained using simpler methods based on maps and

‘globes as we secon see. S A

- The map based tracking methods discussed later - in this chapt“r Will

-suggest that you draw an- acquisition circle around your ground station A

for each satellite. 'This is just an iso-elevation circle for a 0°
elevation. Additional iso-elevation circles at 30° and 60° may also be
useful. Radii values for.the. various_circles are given in Table 2.3

2

‘which was obtained from Eq 1.11.

mean “(*1) Elevation Angle

SRrelMEe laresrwad | 00 150 - 300 4se. e0c 750

OSCAR 7  [1460 km |3950 km 2580 km' “1690 Km 1099 kn 667 km 316 kn
OSCAR 8 -~ | 910 km [3220 km 1925 km- 1193 km 754 km 451 km : 212 kn
RS 1 (*2) | 860 km [3138 km 1854 km 1141 km 719 km 429 km, 202 km

Table 2.3 Terrestrial distances (radii) for iso-elevation circles

Data obtained by inverting Eq. 1. 11: S o o
= R[W/2 - € - arcsin (Rcosé&/ (R+h))] e O
- Term in [] expressed in.radians; R =: :an radius of earth;

h = mean altitude, s = terrestrial distance.e = elevation.
(*1) acquisition circle.
(*2) tentative data.

On maps we will Be'plotting azimuth every 45°. This is adequate with

_a broadly directional antenna. Again, if one is using an omnidirectional

antenna, this data can be omitted-and if one is using a highly directional

. antenna, the same approach can be used to.plot azimuth lines at closer

intervals. For most map projections (not including sterquraphic or

— T T~
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-azimuthal equidistant projections centered on ones ground station) data on
surface distance and azimuth.is most easily transferréd.from a globe to the
‘map point by point. This can be a very,tedius“procedure but azimuth -
lines only have to be drawn once for your ground station. Acquisition
and iso-elevation curves only have to be drawn once for each satellite.

 Our next step is to choose one of the plotting methods described in
sections 2.3 - 2.7 which are designed to eliminate the time-consuming
calculations needed to plot the ground track for a particular orbit
point by point. But before turning to these methods, we pause to look at

the simplest (and least ipformatiQe) tracking'method'—— Selécged Cities.

.2.2 METHOD I: SELECTED CITIES. . "
T}ackipg”informa;ion in. the Selected Cities format indicates the times
at which the satellite of interest passes’ near the selected cities.. To
use information in this format, ' ne picks a nearby selected city and starts
listening about 15 minutes befcce the time indicated. Data in this format
usually takes the form shown in, Table 2.5. The first column gives the )
total number of complete revolutions of the satellite since launch. It is
“often useful for reference. The.second column contains the UIC date.

Ascehding Node , ' _TCA_
Orbit ‘Date (UTC) Time (UTC) . Longitude : City  Time (UTC)
112253 Sept. 9 00:52.4. ©  64.5°W  New York 01:06 .
12254 Sept. 9 02:47.4  +93.3°W  Demver .  03:01
" | 12255  Sept. 9 04:42.4  122.0°W -Fairbanks 05:04
12256  Sept. 9 06:37.4  150.8°W  Homolulu 06:44
Table 2.5 Tracking data using Sélected Cities. format. AMSAT-0SCAR 6
' September 9, 1975. : . '

For example, OSCAR 6 orbit 13253 September 9, 1975, actually occurs
during ‘the evening of September 8, local time for station in the eastern
United States. The next two columns contain data on ascending nodes --
information which can be ignored when using the Selected Cities method.
The final two columns corntain the selected cities and times when the
satellite is closest to them (time of closest approach or TCA). - If you
live in one of the selected cities, you can expect to begin hearing
‘satellite signals (acquisition of satellite == AOS) about’ tem minutes -
beforé the satellite passes overhead and continue receiving them until
about ten minutes after the time listed (loss of satellite -- LOS).
The pass duration will be about 15 to 20 minutes for a ground station in
the selected city. If you.do not live in a selected city, just pick the
closest one and start listening about 15 minutes before the time B
- indicated. The trackimg methods discussed later in this chapter enable

)
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St _ . :
one to make more accurate predictions of when to listen —-— using these

ternate methods most stations can predict A0S, TCA, and LOS to better
than one minute. : e 5 ) .

-

B

Phoblem 2.8 , — . . -
1. Use Table 2.5 to predict the and ‘'date of (a) ‘a pass over NYC in
EST; (b) a pass over Denvern 44 MST. ' '

2. Use Table 2.5 %o. predict when a ground station in Chicago will be.
able to necelve s4ignals from the satellite. -

Answern: S , , I
1. NYC pass: & Sept. 1975, 7:56 - 8:16 pm EST. Ty "
Denver pass: & Sept. 1975, 7:51 — §:11 pm MST. - ol

‘2. Chicago 4is appnoxima,téey midway between Denver and .NYC. Az‘:g/wund
station in Chicago should be able to neceive satellite signats dusing

¢ both tha Denver and NYC passes -- 01:06 UTC and 03:01 UTC. The ghound
station should actaally start Listening about 15 minutes earliern 4o as
not to miss AOS. A demonstration is always more effective when you
tune around for a few minutes and there are absolutely no signals -

.present and then, all of a sudden, signals grom the satellife begin
Lo appeanr. ' _ o : ) ‘

Tracking informagion_in the Selected Citieé format is available from:

OSCAR Educational Programs Office, American Radio Relay League, 225°
Main Street, Newington, Conn. 06111l. - '

. ,Iﬁ you have not already done so please reah péges 2-3 to 2—11
_ before continuing.. o

N . Lo,

2.3 METEOD II: NORTH POLE PROJECTION MAP.

. More satellite ground stations use tracking aids based on polar
projection maps than any other method. Two types of polar maps are
of special interest: (1) Azimuthal Equidistant Polar Projection (AEPP)
charts and (2) Stereographic Polar Projection (SPP) charts. Latitude
lines on both of these charts are concentric circles centered on the pole.
AEPP charts are characterized by equally spaced.latitude lines while
SPP charts.are characterized by increasing spacing'between latitude lines _
as one moves further from the pole. SPP charts have certain advantages.but,
because they're more readily available, AEPP charts have been used and '
described more extemsively [1=5]. -Sources for both types of maps are
listed at the end of':this section.

_ “"Sub-satellite paths. The first requirement of any trac ng method is
that ‘it show sub-satellite paths. If Table 2.4 is used to-plot ground A
tracks of a specific satellite for a number of orbits on either AEPP ~ ..
or SPP charts, one observes that every ground track has the same shape.
This makes it possible to construct an "orbit ‘calculator" by drawing a .
single gfound track on”a transparent .overlay (ground ‘track overlay) using
: Table 2.4. 'The overlay is then repositioned for each orbit by rotating it

Q L] o . ) ‘ :
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until the ascending node on the overlay coincides with the actual ascending
ncde on the map. Figure 2.3a and 2.3b contain drawings which can be used to
construct a simple orbit calculator for OSCAR 7, OSCAR 8, or RS 1. .%o
assemblé the calculator, trace the ground track overlay for the satellite
‘of interest (Figure 2.3b) on a plece of transparent plastic. Then place .
the overlay on the map and insert a pin through the pivot point on the -
overlay and the north pole on the map. To preview a specific orbi:z,
rotate the overlay until the a&scending node on the overlay and the position
of the node on the map are aligned.. One can then see exactly where the
sub—satellite point will be“2 4, §, 8y~... minutes past the ascending node.

The exact same procedure works with an SPP_map as shown in Figure 2.4
where we have drawn a single ground track for-~OS(mQ 8 on the map! The
ground track can be traced on a‘ transparent overlay to nreview other orbits.
In sum, techniques “for using AEPP and SPP charts to observe ground - tracks
_are identical. Techniques for plotting acquisition and iso-elevation circles
(iso-distance for circular orbits) about ones ground station are, however,
different. ' , o - ~.
Acquisition and elevation circles. Plotting acquisition and elevation ~
.circles on an.AEPP chart is done by the tedious process of- transfering
them point by point from a globe to the map as outlined in section 2.1.
"Circles" 'scaled to. the map in Figure 2.3a for ground stations at various
" latitudes are presented in Figure 2. 3b where acquisition and elevation .
information is for OSCAR . 7. K . oot

.

All circles on the globe are also circles_on the SPP chart. This
greatly simplifies drawing acquisiton and .elevation circles on these
maps. To draw a circle. ‘about ones ground station ‘(latitude = ¢ : longitude
T = Ag) on the SPP chart note that the center of the circle does not
‘coincide with the ground station, although both lie along the same.
longitude line, and then fgllow;the;following steps. -

1

L. Select the radius distance and transfoi. it into degrees of arc on the
surface of the earth using: 1. 000° of arc = 111.2 km. This gives p*

2. Compute ¢ +¢* and 0 ¢* .and then‘plot these twg points along longitude h

4. Bisect the line joining the two points found in step (2) ~- thig givas
the center of the circle.

- We now have the center of the circle (step 3) and two poiuts lying on
ir so it is easily drawn.

As an example the acquisition circle for OSCAR 8 has been drawn in Figure 2.4
about a ground station in Wachington, D. C. (39°N, 77°W). The calculacion -
is outlined below following the procedure just described. '

1. radial distance = 3, 220 km; ¢* = 28.96° (about_29°)
2. 68°N, 10°N ' '
3. and 4. See Figure 2.%.

Map sources: AEPP charts. .Commercial- tracking calculators of this type
megsuring about 30 cm in diameter are available from Ham Radio Magazine
. {the Satellabe at $7.00) and from the ARRL (the OSCARLOCATOR at $1. 00)
Addresses “are in. Appendix A and prices are subject to ‘change. A more

3
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Figure 2.3b . Orbit oveflayé”for 0§CAR j, OSCAR 8, and RS-1, to be'used_with'
map of Figure 2.3a.” Sample acquisition, elevation circles
for OSCAR 7 also shown. | - ‘
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Figure 2.4 ‘.\\Stereographic polar projection mép with acQuisition circle
. fgr ‘OSCAR 8 drawn about Washington, D.C. Sample OSCAR 8 .
__ground track shown. ) .




2-17

S
accurate calculator can be constructed from a larger map and a transparent -

plexiglass overlay. A good map (60 cm in diameter) is available to -
" educators.without charge from: APT Coordinator, U.. S.- Department of _
Commerce, NOAA, National Environmental Satellite Center, Suitland, Md.,
.20233. Request "APT plotting board". A useable AEPP tracking calculator

can be. constructed from polar graph paper as illustrated in section 2.8.
N . .

-

Hl

, ~ R . N
Map Bources; SPP charts. A highly. accurate SPP chart is_available
from Department of Commercej Distribution:Division (C-44); National -
Ocean Survey; Riverdale, Md. 20840. It is titled "U. S. A. F. Physical-
Politica)l Chart of the World". Chart GH-2A (60 cm diameter) c&gts .50¢.
+ . Chart GH-2 is twice the size but otherwise identical ($1.00):

You can easily draw your own SPP chart using the following formula
for constructing latitude lines concentric with the pole: . -

A

s =k tan[(90°-¢)/2] o
“where ) g = distance between pole and latitude lines
' @ = latitude (when using north pole as center northern. latitudes

are (+), southern latitudes are (-)); .
k =.arbitrary constant which adjusts overall size.

rs._'—’
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S 2.4 METHOD ITI: MERCATOR MAP

Mercator maps-are widely available, familiar to most students and

well suited to satellite tracking [5]. If Table 2.4 is used to plot a.
number of orbits on this type of map, one will notice that. every ground
track has the same shape. This makes it again possible to construct' an
“orbit calculator by drawing a single ground track on:a transparent. ‘
overlay (ground- track overlay) -and repositioning the overlay on the map

" for each orbit. Figure 2.5a shows an orbit . overlay for a calculator

. based on a mercator map, To use this type of calculator one sets the
equator on the overlay to coincide with .the equator on the dhp and aligns
the reference ascending node on the overlay with the correct position

" on the map. One can then see precisely where the satellite will be 2, 4,
6 8, ... minutes after the ascending node

] The second requirement of a plotting method is that it provide-an ..
acquisition circle and information on elevation and azimuth. Techniques ~
for obtaining this information from a globe and presenting it on any °
type of map were ‘discussed in section 2.1. TFigure 2.5b shows the results
" for a ground station at latitude 32°N. ’ B ) ’

“

2.5 METHOD IV: AZIMUTHAL EQUIDISTANT PROJECTION MAP (non-pblar{

The azimuthal equidistant projection (AEP) map can be constructed
around any central city. On this type of map straight line azimuths
radiate out from the central city and- the loci of points at a given . :
distance from the city form concentric ‘circles. Although the AEP map is -
relatively unfamiliar to students,. it is very useful forx tracking a
specific satellite in a ecircular orbit [6]. However, these maps are only
available for certain cities and, if you are located more than 150 km
from such a city, using an AEP map causes significant tracking errors.

In addition, a separate calculator must be drawn for each satellite.

If one uses Table 2.4 to plot a number of orbits on an AEP map one
quickly notices that sub-satellite paths do not have the same shape.
Therefore, one cannot construct. an overlay’ showing a single ground
track which can be repositioned- for each orbit. However, one can
construct an orbit calculatnr-in the following manner. ‘(An OSCAR 7
AEP tracking .calculator is shown in Figure 2.6). Use Table. 2.4 to plot ’
orbits for the satellite of interest with ascending nodes at 0°, 20°, -

*_40°, 60°, 80°, 100°, and 120° directly on the AEP map using ‘a distinctively
“colored pen. Use a second colored pen to draw the orbits of descending .
nodes occurring at 50°, 70°, 90°, 110°; 130°, and 150°. (The nodes
specified include orbits available to east coast U.S. stations for - .
near polar, low-altitude satellites. Central and western ground stations -
should begin and end further west) Use Table 2.4,to label latitude lines
on ‘the map in terms of minutes from equatorial crdssing —- the closest
minute is sufficient.. Now affix a_sheet of clearﬁpifstic over the map.-
To preview a specific orbit, for example one havipg ‘an ascending nede at
66° W longitude, one notes that this is between the orbits shown at 60°W
and 80°W. Using a felt-tipped marker, the orbit is sketched in using
eyeball interpolation'. A damp tissue serves to erase the orbit.

I
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The second requirement of a plotting method is that it provide an
acquisition circle and information on elevation and azimuth. This is
already built into.the AEP chart. Azimuths and distances. from the central
city on the AEP map are true and elevation and acquisition "circles"
are actual circles at the distances specified in Table 2.3.

Problem 2.9

Can an AEP map be comﬂwated s0 that all glwu.nd thacks will have :the
same shape?

Answer: Ves, buLt ‘only AEP mapb cem:ued on the No/uth orn South poze haue
mopmy -- see Aec,uon 2.3.

2.6 METHOD V: GLOBE S o ; |

A globe does away with the distortions of two dimensional maps
and provides a clear picture of the sub-satellite path when Table 2.4
is used to plot an orbit. ‘However, for mechanical reasons, orbit calcuf
lators based on a globe are mot as convenient to use as: those’ based on
maps.. . A globe tracking calculator for OSCAR 7, for example, can be
constructed by drawing a latitude line on a globe at 78°N and using Table
2.4 to label existing latitude lines as to time from equator crossing.
Some simple methods for previewing an orbit are:

1. Tape a piece of string to the ascending node and route it tangent '
to the circle at 78°N (97.2° west of ascending node) and then down to the
descending node (194.4° west of ascending node), - '

2. Bend a wire coat hanger into a semicircle matching the globe equator-
then twist the ends slightly sc that when one end of the wire is set at
the ascending node the wire will align with' the reference points at. 78°N
(97 2° further west) and at the descending node (194.4° further west).

3. If transparent overlay hemispheres matching the globe are available
Athen the actual ground track for a single orbit can be drawn on the
transparent overlay using Table 2.4 and repositioned for each pass
Hubbard Scientific Co...(2855 Shermer Rd., Northbrook, I1l. 60062) has an
“‘inexpensive 20 cm diameter globe which.comes with two transparent

overlay hemispheres (about $8 in 1978). The National Geographic Society
(17th and M Streets, N.W., Washington, D.C. 20036) has a 30 cm diameter

- political globe with transparent overlay (about $29 in 1978).

The first two globe methods are approximate. The third is more accurate
but users almost unaanimously report that the map based methods are more
convenient and ‘accurate.

B
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2.7 METHOD VI: COMPUTER
Since the map and globe methods are sometimes used mainly to provide
information on (1) surface distance to sub-satellite point, (2) azimuth,
and (3) elevation, a number of satellite users have decided to compute
these three parameters directly and thereby ' eliminate the middle step --
- plotting the sub-satellite path on a map or globe. This can be done on\ .
_a small programable hand calculator A large computer speeds up’ the prOcess_q
and provides printout in a more useful format. The information needed/ Y
to write the computer programs is ‘contained in Eqs. 1.6, 1.7, 1.8, 1. 9 '\
and 1.10 and in Table 2.2. . Rather than provide a.priﬁtout for each actual
orbit -- the amount of paper soon becomes overwhelming -- the: usual /practice
is to produce "look up tables" for each satellite for ascending nodes at -
-~ 1° intervals along the equator. The tables will depend on the location of
-’ the ground statich. A sample printout for Baltimore, Md. is shown in ;
* Figure 2.7. When the ascending node is 53. 6°W for example, the table for
- 54°W could be used with very little error. " If greater precision is j
required one could interpolate between the tables for 53°W and 54°W or
. even rerun the program for 53.6°W. Information in this format is especially
"~ suitable if one desires to automate the antenna aiming mechanism or to/do
mathematical simulation studies of the orbital’ characteristics of a
particular satellite. . /

OSCAR 7 - TRANSIT CHART FOR ASCENDING NODE AT 63 DEG/;EST
CALCULATED FOR BALT Mg LONGITUDE =76+60 LATITUDE 7?.35

: _ . SLANT
) 'MIN AFTER NODE  AZIMUTH ELEVATION  RANGE (m)
| 2.0  159,1 0.6 4476.1
3.0  1%59.%1 4.0 4121.5
4,0 . L .159,1 7.7 - 3768.5 |
5.0 159,1 - 11,9 3418,.8 /
6.0 159,1 16.6 .3074,9 /
7.0 159.0 - 2241 2740.1 |
8.0 158.,9 28,7 2419,6
9.0 158,6 L 36,7 2120.8. .
- 10,0 158,1 . 46e7 - 1855,7
11,0 156,9 . 59,1 1641.5
12,0 152,8. 7%,2 - 1500,9
13,0 43,7 - 87.4 1455,8
prs S 14%,0. 348,3 - 72,06 1514,9
© . . . 15,0 345,0 87,3 1667.0
16,0 344,0 45,2 1889,2
17,0 343,56 35,5 2159,.5
. 18,0 3u3,4 27,7 2461,3
19,0 C383,3 21.3 2783,6
20.0 . 43,4 L 1559 ) 3119.?
21,0 343.4. 1.3 .. 3463.3
. 23,0 - 343,7 3.6 4165,0
: ' 0.2

24,0 . 343.8 .4518,6

Figure 2.7. Page from coﬁputer'generared "look up tablesh for AMSAT-OSCAR 7.

Q ; " - ﬂ _.--.‘~ ,. : '_.j : . ESE)




© 2.8 ELLIPTICAL ORBITS AND AMSAT PHASE III SATELLITES

2223

-~

An orbit calculator for a satellite in an elliptical orbit must
take into account two parameters -- apogee position and altitude —— .
which a-calculator for a satellite in a circular orbit can ignore.
Before proceeding with this section, the reader should be familiar with
the tracking methods for circular orbits," especially those discussed’ in

’ conjunction with north'pole projection ‘maps (section 2.3).

" The apogee of a satellite is the point of greatest distance from the
earth In order to plot the ground track fo® a satellite in an elliptical
orbit we will assume that the latitude of the sub-satellite point at
apogee ‘(latitude of apogee) is known. For a specific latitude of apogee

- all ground tracks of a given satellite will have the same shape when

plotted on a polar projection map, Mercator map or globe. ' For clarity
-we temporarily restrict ourselves to’ techniques based on a polar projection

- map. If the latitude at apogee ‘is constant for a specific satellite, we °

‘can make a single transparent ground track overlay to be used with the
-polar projection map.. The overlay can be rotated. to show ground tracks
for all orbits as.was done with circular orbits The latitude of apogee
does not generally remain constant for satellites in elliptic orbits. As
_an example, one Phase III orbit under consideration_(period = 11 hours,
eccentricity = .688, inclination = 102°) has a rate of change of latitude
of apogee of slignrlv less than 4° per month. A single ground track : iy
overlay based on the mean value for :he latitude of _apogee. for a 30

day period will give relatively accurate data. So, to make a calculator
for this orbit, we use a polar projection map and change the ground track
overlay every-thirty days. - A set of. tables using appropriate increments
in 1atitude of apogee, each similar to Table 2.4, will“be published soon

. after a Phase III spacecraft is.in orbit. These tables will enable one to

“construct accurate ground track _overlays using any type of map or globe

One possible orbit for a Phase III satellite is described in Figure 2 8.
Ground track data for: this orbit is presented in Table 2.6.

~Phase III orbit

Period: 11 hours
. Eccentricity: 0.688
_ Inclination: 101.7°

(e=.688, T=11 hrs)
1Y
NI

24 hour. circular - ,
orbit - \

'figure 2.8 .Possiblc'Phase III.orbit‘(approkimately'to scale).
. »

60
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o 1 ' : : \\ . Argument of Apogée. ;
o' Lt " r(e') | h(e') | s(e') 90° - 60° / - 30° _
£y (min) (km) (km) (km) Lat.\ Long.  Lat. Long. Lat. Long.-
~130 -330.0 ;) 7811 | 1440 | 3930 -78.3\ 262.5 [-58.0 262.5|-29.3 262.5
~170 | -327.5 7860 1490 | 3990 .| -74.7 | 220.9 | -67.0 252.1 |-39.0 258.9
-160 | -325.0 8008 1640 | 4140 | -67.0 1200.4 |-<74.7 231.7 | -48.6 254.4
~-150 ~322.3 1 8262 1890 | 4400 | -58.0 1190.0 |-78.3 190.0 |-58.0 247.9
~-140 ~319.5 8634 2260 | 4720 |.-48.6. ﬁ83.5 -74.7 148.2 | -67.0 237.5
=130 | ~316.3 9142 | 2770 | 5090 | -39.0 178.8 |~67.0 127.6 | -74.7 216.8
=120 -312.7 9810 |. '3440 5500 | -29.3 174.9 [-58.0 115.8 {-78,3 173.8
-110 -308.5 10673 4300 | 5930 | -19.6 1?1.35 -48.6 110.0 |{-74.7 132.8
=100  =303.4 | 11777 .| 5410 6370 | -9.8 167.9 {-39.0 104.9°|-67.0 . 111.7
-90 =297.2 ‘| 13184 6810 6790, 0.03'1q4.3 -29.3 100.3 { -58.0 100.3
-80 -289.2 | 14973 .8600 | 7210 9.8 160.3 |-19.6 95.9 | -48.6 92.6
| -70 =278.8 | 17241 | :0870 | 7600 -{ 19.6 155.5 | -9.8 91.1 {-39.0 86.0
~60 ~264.8 20098 | 13730 }{ 7950 29.3 149.5 0.0 85.61-29.3 79.6
-58 ~245.6 -] 23638 | 17270 8270 39.0 14ﬂ.7 9.8 78.7|-19.6 .72.3
-4¢ |'-218.9 | 27876. | 21510 | 8540 | 48.6 1311 | 19.6 69.8| -9.8 63.4
-30 - | —~182.0 32620 | 26250 \8750 - 58.0 116*1 29.3 58.2 0.0 52.2
«-20 ~132.5 | 37298 30930 | 8910 | ‘67.0 94.p . 39.0 42.8 9.8 37.7
-10 . -70.4 ’ 40888 | 34520 9010', 74.7 58.? 48.6 23.4 19.6 . 20.1
¢ 0.0 | 42258 | 35890 9040 78.3 .'.O.q 58.0 0.0 29.3 0.0
10 | 70.4 | 40888 | 34520 | 9010 |, 74.7 -58.6 | 67.0 -27.4| 39.0 -20.6
20 132.5 | .37298 | 30930 | 8910 67.0 -94.0' 74.7 -62.7 48.6 -40.0
.30 182.90 32620 | 26250 { 8750 58.0 -116.1|- 78.3 -116.2 | 58.0 -58.2
40 ,; 218.9 | 27876 | 2151C. | 8540 48.6 ~-131.1 | 74.7 -166.4 67.0 -77.1
50 | ~245.6 | 23638 | 1727G | 8270 39.0 <141.7 | 67.0 -192.9 | 74.7 -103.7
60 264.8 | 20098 | 13730 7950 29,3 -149.5 || '58.0 -207.5| -78.3 -149.5
70 278.8 | 17241 10870 7600 19.6 --155.5 1 48.6 -216.8] 74.7 -194.0
8¢ 289.2 (14973 , §600. | 7210 9.8 -160.3 139.0 -223,3 | 67.0 -216.5 |-
90 -+ 297.2 13184 ¢ 6810 6790 0.0 -164.3 | :29.3 -228.3 | 58.0 -228.3
100 303.4 11777 5410 | 6370 ~-9.8 -167.9 | 19.6 -232.3'] 48.6 -235.8
116 | 308.5 | 10673 | 4300 | 5930 | -19.6 -171.3 | {9.8.-235.7 | 39.0 -240.8
120, 312.7 9810 | 3440 { 5500 { -29.3 -174.9 10.C -238.9 29.3 -244.8
130 "316.3 9142 2770 | 5090 | -39.0 -178.8 | -=9.8 -241.8 ©19.6 -248.2
140 | 319.5 | 8634 | 2260 | 4720 | -48.6 -183.5 | -19.6 -244.8 | 9.8 -251.2
150 - 322.3 8262 1890 | 4400 | -58.0 -190.0 | -29.3 -247.9 . 0.0 -253.8
160 " 325.0 8008 - 1640 | 4140 | -67.0 -200.4 | -39.0 -251.6 | -9.8 -256.7
170 327.5 |- 7860 1490 | 3990 . -74.7 -220.9 —4836 ~256.% [.-19.6 -259.4
180 - | - 330.0 7811 144G 3930 | ~78.3 -262.5 ~58}0 —262;’ =29.3 -262.5

R, (radtus of earth) = 6391 Kk

| & . |

g 4 ° Y a {semi-major axis), = 3.93 R

D gy - g L ) | L .e .

el o &% ad £ 2% |r, (apogee radius) = 6.64R_= 42300 km
Go. | B2 1832 | 3 | 95 |.® tertuee vadius) = 1.235 = 7820 ka
S & J" a s 2 98 _,1:p {perigee radius) \= i.23 R;e- 7820"

— . ,\ ,
Table 2.6

Data fofpreparih'g.,AMgAT-OSCAR Phase III orbit (w\erlays fof orbit
of Figure 2.8 (T = 11 hours, e = .688, 1 = 10]..7"&. Ground tracks
~for arguments of apogee of 0°, 60° and 90° imcluded. .

\
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Ground track overlays for latitudes of apogee of 78°N (argument of apogee

= 90°) and 58°N (argument’ of apogee = 60°) are shown in Figure 2.9b.. The
overlays are scaled to polar graph paper (Figure 2.9a). “ Notice the tick
‘marks on the ground track which indicate time from apogee. In a working
orbit caiculator the ground track would actually be drawn on a transparent
overlay which could be rotated } :

To prepare your own orbit calculator, obtain a polar projection map
(AEPP or SPP) and draw constant distance{circles about your ground station:
as’ shown in - Figure 2.9a. using 4, 4.5, 5, 6, 7, 8, and 9 x 10°m radii. This

_part of the calculator is never changed A new transparent ground track

overlay will generally need to be drawn every thirty days (data for drawing
‘the“overlay will be supplied by AMSAT). To use the calculator set the
overlay so that the position of the longitude of apogee lines up with the
true apogee longitude published for. the orbit.. Time, latitude and long-
itude of apogee, and possibly other orbital data for each orbit will

"be distributed by AMSAT once a satellite is launched. The time marks on
the ground track overlay show where the sub-satellite point will be at
various times before and after apogee. A simple but useful ground track
calculator can be constructed using polar- graph paper instead of the polar
projection map as in Figure 2.9. We turn now to the problem of determining
when the satellite w1ll be w1thin range.

.Determining when the satellite will be within range is a special case

of the more general problem of obtaining the elevation angle from one's
ground station to the satellite. " We say that the satellite is in range

when this elevation angle 1s§greater than zero. The elevation angle of"

the satellite depeéends on tWo ¥actors: (1) the surface distance between '
gxound station and sub-satellite-point znd (2) the altitude of the “satellite.
For a satelJite in a circular orbit the altitude is constant so we ‘can

plot elevatlon angle vs. surface distance as in Figure 2.2. The surface

: distance for zero. elevation is then taken as the radius of the acquisition

circle. However, with elliptical orbits, one does not have a constant .

acquisition c1rclé‘because the altitude is changing. ¥or a specific B
satelllte, ‘altitude is a function only-of time from apogee. As’a result,
oné can plot elevation angle vs. (1) surface distance and (2) time from

- apogee, parameters which can be read directly from the ground track

calculator. In Figure 2. /10 we present the satellite elevation angle vs.
surface distance and timé from apogee for the possible Phase III orbit
described in Figure 2.8 and Table 2.6. Figure 2.10 was constructed from
Egs..1.11], 1.14 and 1.15.

Figure 2 10 may be used in conjunction with the orbital calculator
to determine the elevation angle to the satellite and azimuth of the ’
sub~satellite at a specific time.

1 Use ground track plotter (Figure 2.9) to:
a. locate position of, and azimuth towards, sub—satellite point,
b. estimate surface distance between ground station and sub-satellite
point, .
c. obtain time from apogee,

2. use graph (Figure.2.10) to obtain elevation angle.
That's all there is to it!- v
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Figure 2.9a. - Azimuthal equidistant polar projection map
o ’ : ‘with range circles drawn about Washington, D.C.
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--.L‘-” =.11 hours

= 11 hours = .688

= .688 '\ = 907 |

. Figure 2.9b . Orbit overlefs for use with Figure 2. 9a (Phase III orbit
' - - described in Figure 2.8 and Table 2.6). Overlays for
"arguments of apogee of 60° and 90° L -

v, .
L)

. . A-modification of the technique just described makes Ft possible to.
determine when the satellite will be in range without using the graph of
Figure 2.10. The’ method involves color coding (1). the ground track .
overlay and (2) the constant distance circles drawn about one's ground N
station. By using the standard radio component color code an integer can
be associated with _each color. The color code of Table 2.7 is useful
for the orbit we've been working with (Figure 2.8). First, we draw .
constant. distance circles on the map using the color code. liext, the orbit
is divided into segments and the color code is used to indicate the ; \\
minimum communications distance during each segment. To preview -an orbit
the overlay is positioned as before. When the integer associated with the
ground track overlay color 1s greater than, or equal to, the integer
associated with. the range circle color, the satellite is in range. AOS
and LOS times can ‘theréfore be read directly off the plotter without
referring to the- grqph of Figure 2.10 or the key of Table 2.7.
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Elg;étion angle'vs. surface dis;ancé aﬁdk;ime from apogee for
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- less than ~— Range - ' | Téb1e12.7'
71 minutes '9,000.. km’ blue- Color code used
' ' ' with AMSAT Phase III
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317 minutes 5,000. ‘km red Figure 2.8).
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! Y ,\

65



" 2-29

w

2.9 COMMENTS

¢

(1) satellites in circular orbits (sections 2.3 - 2/7) such as OSCAR 7,
OSCAR 8, and RS 1 and” (2) satellites in elliptica
as proposed for AMSAT Phase III.

.This chapter has’outlined'practical-trackinglm2thods suitable for

rbits (section 2.8)

Although the techniques have been illustrated with specific satellites
they can be used with'any spacecraft if information in the form of Table 2.4
or Table 2.6 is available or by computing equivalent information from the
orbital elements. ‘

The Selected Cities method is only suitable for casual listening
© since it provides almost no information on the grqund track. The map
based methods all work well -~ orbital calculators using them are simple-
to construct and use and ‘they provide re1ative1y accurate results. The
- . .glgbe and computer based methods are most suitable for certain special
+ - ap lications Nothing beats a globe for helping students visualize
. 8& tellite motion in. three dimensions

For most tracking applications 1 prefer the method based-on_ the north )
:’pole stereographic projection map. It is suitable.for circular and ellipt=
i¥al. orbits.  Special circumstances or projects may make one of the other
techniques.more convenient. ’

The Orbital; Ca1endar, mentioned in section 2.1, with data for all
ascending nodes’ during the year is thé\most convenient source for this
‘informatioh. It enables one to plan demdystrations and laboratories far
in advapce without having to pause for ca1 1ations -- assuming that the
date of Switching from daylight td standard WNme is not varied. According
to the Uniform Time Act of 1966 daylight savinps time is observed for six
months each year extending from the last Sunday of April to the last
Sunday of October. ’Arizona, Hawaii and Michigan do not conform

- . . ] -
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CHAPTER III

SATELLITE SYSTEMS

Ihe'objectiVes of this‘chapter include:

_ 1. Providing a general introduction 'to scientific and communications
- satellites,

-

2. Discussing the functions and design options for each satellite : .
- subsystem; _ . . ICTR

3. Describing the subsystem design approaches selected by AMSAT and .
’ , the’ tradeoffs involved.

s

/3.1 SATELLITE SYSTEMS: OVERVIEW = = S : ) S

N A satellite is a complex collection of hardware. When.designing
communications and scientific satellités it's usually convenient to think

of them as being composed of a standard set .of subsystems each with a

specific task [1]. See Table 3.1.  One then atialyzes and optimizes each of

the subsystems There are a number of design objectives which apply to

- ‘almost all spacecraft subsystems: minimizing weight and cost, maximizing .
reliability and performance, 'and insuring compatability. Since these |
objectives frequently conflict" it is important to constantly keep in mind

‘how each subsystem impacts on the others so'that effective tradeoffs

. can be made. For example, if- state—of-the-art battery lifetime is of the
order of five years and power available from the solar panels is expected

to drop.to a marginal level after about the same period of time, it would

be foolish' to invest a great deal of expense or effort trying to design

‘'other systems to last much longer. So, the first step in satellite design
is system __gineering -~ specifying the major overall system parameters.
These include: mission subsystem requirements, size and welght limits for

- the spacecraft, projected orbit, minimal design lifetime which all subsystems
‘will be expected to attain, and the funds available for the proJect.

1

Next, all the subsystems are designed, constructed, tested and refined.
Electronic subsystems usually &are built in a number of 'versions: an engin-
eering development -model, a flight prototype, -and the flight unit which
. uses the highest reliability components available. All the subsystems are
then integrated into the spacecraft which is then checked for proper
operation and intersystem compatability.

- After passing the preliminary operational tests the satellite is
‘subjected to a series of stress-tests and ‘operational-checks —- the
- spacecraft is stressed under harsh conditions and its operation completely
checked. The object of the series of tests and checks is _to try and insure
‘that any potential problems will turn up while the satelliite is still on
the ground where repairs are relatively easy. The procedure is based on
the failure curves applicable to many electrical and mechanical components -

B



starting off re1ative1y high the .curves quickly level off at a consideraoly
lower value. n . ‘ ,\

The stresses include. a burn-in period for electronics systems duriag
which electrical parameters and temperatures are similar to those expected
in space but with the system at atmospheric pressure; environmental tests
which involve operating the spacecraft in a vacuum chambei --— with temper-
ature extremes considerably more severe than those expected in space
(for example, -20°C and +60°C): and a vibration test to insure that the
satellite will make it through the launch. The objectives of the vacuum.
test include (1) checkiry for material sublimation, which. could result in
the contamination of spacecraft subsystems, and corona- discharge, and (2)
verifying the predicted thermal behavior in the absence of/convective heat
flow. g - / '

Now we briefly look at the ﬁonstruction of a satellite from a project
management perspective. The procedure can be roughly diyided into six
stages: (1) preliminary design, (2) system specification, (3) subsystem
design and’ fabrica:tion, (4) integration and testing, (5) launch operations,
and (6) information dissemination and post launch management. The time

frame for these activities is roughly outlined in Figure 3.1. The prelim-
inary design stage involves feasibility studies related to new approaches

to satellite design. State—of-the—art advances in electronics. cost
reductions in.components, launch access to unusual orbits, sources of
financial support, etc. continua11\ open up new design options. In a long" %
term program where many sateﬂlites are being: constructed feasibility studies

‘are going| on continually At some point inltime the decision is'made to

construct a satellite. A set of system specifications must then be sgreed

- upon -and ‘the subsystem requf ryements defined. Subsystems are then designed,

built and ltested. With AMSAT satellites subsystem construction is by small
volunteerlgroups, usually from a number of countries. ‘Next, the subsystems
are integrated into a spaceg iraft and the stress~tests and operationa1~checks
are performed When the satellite is performing satisfactorily it is
transported to the launch range, attached to the launch vehicle, and tested
one last time. The project !doesn't end with the launch Information must
be dissemi..ated to.users, command stations must be available when and where
needed, and data on spacecraft operation must be collected to assist in the
design of future spacecraft. |\ The entire procedure, from system specifica~-
tion to launch, can take any&here from nine months to five years depending:
on the complexity of the spac scraft and the available personpower. .

Problem 3.1.

How many uttvl.ﬂaceé are there between n AubAyMemM

Answen: Slnce onden. 44 not meontant this is a pnobﬂem in comb&nat&oné.

There are nin-1)/2 possible comb&nat&oné o4 two items taken from a group of n.
The remainder of this chapter presents an overview of satellite

subsystems ﬁocusing on systems from Table 3.1 which have immediate or —

potential educationa1 applications.|\ For each subsystem, we look at some
of the methods which can be used to\accomplish the system objectives,

1

| | '69‘\
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_consider ‘the important tradeoffs involved, and discuss the particular
approaches selected for AMSAT spacecraft. In Chapter IV satellites
"currently in orbit and available for use or planned for the near future
are described in detail. Ground station equipment needed to monitor the
OSCAR communications links is discussed in: Chapter V. Sugoested classroom

. experiments based on information in this chapter are .presented .in Chapter VI.

3.2 'COMMUNICATIONS,_MISSION AND ENGINEERING SUBS§STEMS

The communications subsystem providea a direct 1ink to the satellite,
enabling us to (1) observe what is happening inside the spacecraft as it
happens (via telemetry) and (2) to make changes in the control logic aboard

" the spacecraft. The immediacy of ‘this link generates a great deal of
student interest and excitment. While it is possible to provide students
with telemetry information in a "non re:l-time" format -- i.e., a cassette
recording of satellite signals made by someone else or a decoded and
printed table of telemetry -- this approach is a pale second insofar as

. generating interest is concerned.

" There are three communications links involving the OSCAR satellites of
interest to educators: (1) downlinks (signals generated aboard the satellite
which are transmitted to earth -- beacons), (2) uplinks (signals generated
by.ground stations and directed at the satellite for control purposes --
command signals), and (3) communications or broadcast links (signals
generated by ground stations and retransmitted by the satellite). See
Figure 3.2. We now turn to the functions performed by beacons, - command
links; and transponders (devices which receive and retransmit signals).

Beacons' Function

The beacons aboard the OSCAR satellites serve a number of functions --
(1) in the telemetry mode they convey information about onboard ‘satellite
systems (for example: solar cell panel currents, temperatures at:various
points, storage battery condition, etc.); (2) in the Codestore mode they
can be used for a special form of delayed communication; (3) .in either the
telemetry or Codestore mode they can be used for Doppler studies (see
Chapter VI, experiment SE 2), propagation measurements, and as a reference
signal of known characteristics, Beacon functions are listed in Table 3.2.

1. Telemetry - : :
a. Morse code : 7
b. Radioteletype (RTZIY)

vie Ce Adpaﬁfed encoding techniques

2. Communications -
a. Codestore

3. Miscellancous

a. Doppler studies
. b. Propagation'measurements . .
| : " ¢. Reference signal ' - N

Table 3.2. Beacon functions. Each OSCAR satellite includes some, but
not necessarily all, of the telemetry options listed.
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Beacon telemetry. From the users point  of view, each telemetry mode
can be characterized by (1) the capacity (the amount of information that
can be transmitted in a given time interval) and (2). the complexity of the
decoding equipment required at the ground station. There is, to a certain

- ektent, a tradeoff between these two factors as summarized in Table 3.3.

Telemetry - _Relative Ground ' Telemetry
Encoding Method = Station Complexity Capacity
Morse code -~ low o - low
Radioteletype moderate ' - moderate
Advanced . —_— '
encoding B high .. high
techniques T
‘Table . 3.3. Telemetry encoding methods and the relative data capacity
and ground station complexity associated with each. i

We now look at each of'tho beacon operating modes in. greater detail.

Morse code telemetry. The Morse code telemetry system is one of the

ingenious features that make the OSCAR series of satellites so valuable to .

_educators [2]. Im the Morse code telemetry mode information on satellite
systems is sent in the form of Morse code using a numbers only format,
usually at .either 25 or 50 auzde.: ‘minute (about 10 or 20 words/r.inute).
Because of the regularity wiwl #aduaacncy ¢r the Morse code numb.rs (see

- chart, section 6.4) students cay: Learn to decode Morse code te:iemetry after:
a short period of practif@; % myivispeed tape recorder (recurd at high
speed, play back at low =:¢2d} mak2s decoding even easier. 3ecause AMSAT

. put the telemetry inform"icn pror2ssing equipment ‘aboard tie satellite,
ground statinns do not newd amny spwcialized decoding elecironics. The
information capacity of :%iis mewis 75 inherently 1imited .n that any attempt
to speed up the Morse cocz fyuepsiissicn would interfere with the ability of
untrained’ users to _decode % %’-hout.special. equipme~t - . -

Radioteletype teleme. ; Standard radiotelety; -..ipment is readily
available, often at low cost through the used equip:vrt market {see Chapter 5).
'AMSAT therefore felt that iunformation in this formz: 2oul. provide da=a o7
a moderate speed %0 a large number of users. Radiol:iztve: telemetry us
wmost useful to the advanced experimenter, to. stations mzvaging sateilites,
and'. to the scientists designing and building future spacecraft.

Advanced er«toding techniques: A number of :dw:aced techniques for
encoding telemetry, including various forms of pu.se code modulation (PCM)
can be uséd to transmit large amounts of data in a2 short period of time. .
Ouie PCM encoding scheme known as ASCII (Americam Standard Codé for Infor=-
mation Interchange) is espe"ially useful because it enables ground stations
to handle the telemetry an standard data nrocessing equipment with a
minimal amount of interfacing hardware or software. In the past these
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advanced modes have not been used on AMSAT satellite beacons because of -
the specialized equipmeng needed on the satellite and at the: ground station.
However, recent advanceg in microprocessor technology make-it likely that
these, modes will repl e radioteletype telemetry on future (post 1978)
AMSAT spacecraft.. Phase III satellites will: hav% onboard computers which
can be instructed from the ground to use ASCII, Morse or other codes.
Present plans are-'to simultaneously use Morse code ‘telemetry. on one.or
more educational beacons and ASCII or some other code on an.engineering
beacon. The performance of telemetry formats has been operationally
tested by generating a signal on the ground and relaying it through trans- '
.. ponders aboard ,Ooperating spacecraft :

.

Beacon communication mode (Codestore) - The beacon'Codestore mode
relies on a digital memory system zboard thevsatellite which can be loaded
by .suitably licensed and equipped ground stations for later rebroadcast in

" the form of Morse or other codes. The system .has proved very useful for
disseminating information to the world wide network of OSCAR users and
command stations. .

‘Beacon: Miscellaneous Functions. In either the telémetry or Codestore
‘modes '‘a beacon, with a well characterized intensity and{irequency, can - -

" serve a number of useful functions. For example, it caf be used for Doppler
shift studies, propagation measurements, and testing ground based receiving
equipment. In addition, stations communicating via a satellite transponder
can optimize their uplink power levels so that the strength of their down—
link signal, relative to the beacon, is at the desired level

———

Beacons' Design

Engineering beacon power levels are chosen to. provide adequate signal
to poise ratios at well equipped ground stations. ~Overkill (too much

_power) only serves to (1) decrease power -available for other satellite
subsystems -- especially the transponder, (2) reduce reliability, (3) lead
to potential compatability problems with other spacecraft electronics

_systems. Educgtional beacons generally- require-a higher power level-so
that they can be used in conjunction with relatively simple ground station

—equipmént;meince"beacons~are~often used- for Doppler studies, frequency
stability over a wide range of temperatures and battery conditions is an.
important requirement. Although some saving in satellite complexity and

weight can be achieved by using one power amplifier common to both the
beacon and transponder this approach has undesirable .consequences ~=-

- beacon power output is no longer constant and system reliability is degraded
If possible, telemetry systems should include provisions for monitoring
beacon power output ‘Beacon reliability -is usually enhanced by including

_redundant systems, often at different frequencies. Beacon frequencies are
usually set just outside of the transponder downlink passband ---a"location™
convenient to both users (the same ground-station receiving system can be
used for both downlinks) and to spacecraft designers (the same satellite
antenna can serve both-systems). As with all spacecraft subsystems, a
high power efficiency is very important.

|
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Command Links

The OSCAR satellites have been designed so that cooperating ground
stations with the necessary equipment can command them from orie operating
mode to another. The ability to command ‘the satellites is both a necessity
and a convenience. It is a necessity because AMSAT must be able to turn
off a malfunctioning transmitter since it could conceivably cause harmful -

.radio interference to important services worldwide. The ability to command

‘satellites greatly enhances their utility. t Subsystems which are not working
* properly can be turneéd off, operating schedules can be adjusted to suit

changing. needs of users, telemetry modes can be:switched when required,  etc.

Intensive commanding of the AMSAT-OSCAR 6 spacecraft was probably a signifi-
cant factor in its serving for approximately-4.5 years even though the
design lifetime was only one year. -Command stations are constructed and
manneéd by dedicated volunteers. Command frequencies,  access coding, and
formats -are considered confidential. However, they are available to
responsible stations for projects coordinated with AMSAT. To date, command
stations have operated in more than 8 countries. -

Although the OSCAR operating ‘schedules have been designed to facilitate
general educational use, educators may find that a special event or demon-
stration necessitates'a special operating feature which is not scheduled to
be on. - If this happens, the desired change can usually be arranged by y
contacting the OSCAR operations office as described later in this section
under Operating Schedules.

T
Transponders. Function .

A transEonder is ‘a device which.receives’ signals in a narrow slice of
the radio. frequency spectrum, amplifies them, translates (shifts) their

' frequency, and then transmits them. The transponders aboard AMSAT satellites

are the primary mission unique subsystem. To transmit signals to the
satellite, one needs a government issued license. In the United States,
these are Amateur Radio Service liceuses issued by the Federal Communica-

.tions Commission to individuals who pass appropriate exams. Note that
..the applications in this book stress receiving only experiments which do

not require any license. However, the ability to transmit does make a
larger variety of experiments possible. Students can legally use the trans-
ponder if they are being supervised by an instructor who is licensed. The

. translators currently.in orbit are linear in the sense that any type of

signal put in (single sideband, FM, CW, AM, facsimile, slow scan television,
etc.) comes out the same except for the shift in frequency and the great
amplification -~ of the order of 1012 (120 dB).. Because all stations using
the transponder must share the limited power available, the general use of
modes such as FM .and AM with’ carrier, which are inefficient with respect to .
power consumption, is discouraged. Listening to the-transponders one often
hears stations discussing new equipment being tested or experiments. in
progress such as bouncing radio signals off the moon. In addition to two-

'way communications, the transponders are also used at certain times for

special one-way educational broadcasts. These broadcasts are especially \,

-well suited to demonstratinns where the. group can be greeted by name and

e ]
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the. sate111te and its .path can be described via s‘.-llite In addition,
one-way broadcasts of general interest to satellite users are currently
seheduled on reference orbits (the first orbit each UTC day) on OSCAR 8.

Transponders: Design o -

Transponder design is, in many ways, similar to HF (High Frequency)
receiver design For a low orbiting satellite,input signals are often of
the order of ‘10712 watts and the output level is of the order ‘of 1 watt.
However, the satellite output is at radio ‘frequencies while the receiver
‘output is at an audio frequency. ‘The normal convention is to specify a
transponder by first giving the approximate input frequency and then the
output frequency. For example, a 146/23 MHz transponder will have an
input frequency passband centered near 146 MHz and an output ‘frequency
passband centered near 29 MHz. Often, wavelength is used instead of
frequency and the same transponder would be referred to as ‘a 2m/10m unit.
A block diagran of a simple transponder is shown in Figure 3.3. For a

Y
4

input 4 : S ' output

145.9 MHz o ' ‘ 29.4 MHz

= 100 kHz . BW = 100 kHz

" bandpass 'amplifier
amplifier —_" mixer 1 filter _'J -(multi-stage)
145.9 MHz 4 29.4 MHz - . _
4 = 100 kHz - . L ,
- crystal
oscillator | .
) 116.5 Mz - - \

e '

Figure 3.3. Block diagram of a simpie 2m/10m linear tranéponder input
passband 145.850 - 145.950 MHz, output passband 29, 350 -
- 29.450 MHz.

-
v

number of reasons, flight model transponders are more complex tnan the one
‘shown. As with receiver design, considerations related to.band pass filter
availability, image response, and required overall gain often lead to a

"+ multiconversion approach. -

Linear vs. nonlinear transppnders. If a transponder only (1)'shifté
the frequency of all incoming ' signals by a certain fixed amount and (2)
amplifies them, it is' called a linear transponder. Such a transponder will< :

9

- accept input signals of any mode and transmit them in the same mode -- on

a different frequency and at a higher power level.. Undesired sum and
difference frequencies resulting from input signals- should be down by. 30 dB .
or more. : . f
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One Qway to build linear transponders is to use linear amplifiers and mixers
for 31__stagesv——HoweverT-liaear~amplifiers are not very efficient, a fact
which crectes serious problems aboard a spacecraft. A special technique

" for constructing high efficiency linear transponders was developed by Dr..

Karl Meinzer to ovetcome this problem [3]. Although a number of" stages in
the transponder developed by Dr. Meinzer do not operate in a linear mode
the overall transponder is a linear device. His technique is usually

,employed when transponder output.- power requirements rise above about 4

watts.

Inverting,vs. non—inverti;g_transponders. In any multiconversion
mixing scheme the various local oscillator frequencies can each be above
or below the incoming frequency. If the local oscillator frequencies

i,

before being retransmitted we have an inverting transponder. “Such-.a
transponder will change upper sideband aignals into lower sideband (and
vice-versa) and transpose re1ative mark-space plzcement in RITY, etc.

An-important advantage of an inverting transponder is that Doppler . shifts/“*~~\A

on the uplink and downlink are in opposite directions.' As a result they "
will, -to a limited extent, cancel. Using the 146/2S% MHz link combination

. Doppler is not serious so transponders using this frequency combination

have been non-inverting. . Transponders using higher frequencies are
usually inverting. ’ ' ' '

" Power - Bandwidth - Frequencies. The power, bandwidth, and frequencies

of a'transponder must be compatable -- 1.e., when the transponder is fully
loaded with equal strength signals each should provide an adequate signal
to noise ratio at the ground. It .is difficult to select appropriate values’
with the needed accuracy on a purely theoretical basis. However, experience
with a number of satellites has provided AMSAT with a great deal of pract-

ical data from which it is possible to accurately scale to different orbits,

bandwidths, power levels, frequencies, and antenna Systems using the f
""ehannel transmission equations" [4] and to different modulation schemes
by employing information theory concepts '[5]. Linear amplifiers are.

characterized by their Peak Envelope Power (PEP) output —- the maximum ~ ™-.

instantaneous power output which can be preduced without exceeding a

_specified distortion level. .

In general, low-altitude (800 to 1,600 km) satellites using passive

:\magnetic stablization and- roughly omni-directional antennas (over at

least a hemisphere) can provide reasonable downlink performance with from -
1 to 4 watts PEP at frequencies between 29 and 435 MHz using 'a 100 kHz
transponder. A high-altitude /(35,000 km) spin-stabilized satellite

- elmploying modest '(7-10 dB;) gain antennas should be able to provide

acceptable performance with 35 watts PEP using a 100 kHz transponder
downlink at 146 6r 435 MHz. Path loss and satellite antenna pattern
constraints (see Chapter 6, Project SP "14) strongly favor 146 MHz for
the . downlink and 435 MHz for the uplink. The difficulty of employing a _.
gain antenna on the satellite at 29 MHz makes this frequency unsuitable
for the downlink aboard a high—altitude spacecraft. !

t .
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Dynamic range. The dynamic range problem for transponders is,cuite
different than for HF receivers. At first glance it may seem that satellife

- transponders pose a simpler problem. After all, an HF receiver is. designed

to handle signals differing by as much®as 100 dB while a low-altitude
satellite will énly encounter signals in’ its passband differing by perhaps
35 dB.  Good HF *aceivers solve the problem by filtering out all but the
desired signal »ufere employing significant gain. A satellite, however,
has to accommodate all users simultaneously The maximum ovevrall gain is
therefore determined by the strongest signal in the passband. Considering
the state-of-the-art in transponder design and available power budgets
aboard the spacecraft it seéms that an effective dynamic range betveen

.20 and '25 dB 1is about the most that can be currently obtained. If/the

AMSAT satellite program were to continue to empliasize low-altitud satellites
this problem would merit a great deal of attention. However, th emphasis'

will be shifting to higher altitude satellites where 20 dB dynamic range
should be adequate.

,' The practical implications of the dynamic range limitations are:
If the strongest gignal in the passband is driving the satellite transponder
to full power output than stations down more than about 22 dB from this
level will not be heard on the downlink, even though these weaker stations
might be perfectly readable if the strong signal were not present. Any
attempt to remedy this problem by changing the transfer characteristic of
the transponder from linear to logarithmic would cause intermodulation
problems between stations using the transponder which would  serve to.

‘decrease the dynamic range.

Transponder design is an interesting area for innovative developmental

"work. Topics deserving attention include (1) increasing effective dynamic
‘range by using channelized transponders (linear and non-linear) where "each
" channel .has its own automatic‘gain control, (2) evaluating the potential = ..

utility of limiting type repeaters suitable for FM voice and/or digital
signals. .

r

Redundancz. Since the transponder is the primary mission subsystem
reliability is extremely important. . One way of enhanc&ng reliability is
to include two transponders on each spacecraft -=- if one fails, the other
will be available full time. Rather than use identical units it is usually
advantageous to work with differeat frequency combinatibns This enables.

~ AMSAT to acquire practical data on the performance of different link

frequencies and to allow for\the fact that during the period of time between
satellite conception and the later psrt of the satellites useful life

(a period on the order of seven years for AMSAT-O0SCAR 6) there may be
drastic changes in the availability of equipment to users.: For example,
in 1972 when planning for AMSAT-OSCAR 7 began, 432 MHz power amplifiers

~ were not being produced commercially for the amateur murket. -However,

theoretical predictions of link performance led AMSAT to include a 432/146 MHz
transponder on this spacecraft -(in addition to a 146/29 MHz unit). In
1978 a large number. of commercial amplifiers from at least six manufacturers

. at power levels ranging from 10 to 1,000 wa:%s are:availabie. The excellent

performance of the 432/146 MHz unit and the increased -equipment availability_
have led AMSAT to schedule this transponder for operation 67% cf the time.
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Telemetry Systems

The telemetry system gathers information about all onboard subsystems
and encodes the data in a format suitable for downlinking (engineering
subsystem) and then transmits it via the spacecraft beacons (communications
subsystem). In this section we look at engineering aspects of the telemetry
subsystem. A block diagram of a typical telemetry encoding system 1is-
shown im Figure 3.4. Each parameter of interest aboard the spacecraft {is
monitored by a sensor and associated electronics having a voltage output
with an appropriate transfer characteristic. The sensor signal passes
through a variable gain amplifier and into an analog-to-digital converter.
The digital output is then changed into Morse code, RITY or some other
format for transmission via a beacon. Phase II AMSAT .satellites have used
hardwired logic to convert the output of the analog-to-digital converter
to Morse code or RTTY. Phase III satellites will probably employ software
in the resident computer for this purpose. Telemetry control logic (either

Sensor .to beacon
transmitter
SX221%% S | t
Input Variable © | Analog to Decimal to “
Selector - L3 Gain - Digital = -3 Morse )
lofn Amplifier Converter Converter

P N : ~

Control Logic
_.and Clock

Figure J3.4. AMSAT-0SCAR Morse code telemetry enchéf.

‘hardwired or software) takes care of selecting the proper input sensor,
_choosing the appropriate amplifier gain, and other bookkeeping chores.

The sensors are usually sampled sequentially ‘(serial mode). and the
measurements are transmitted as they are made. Some satellites can be:
- commanded to stick with a particular sensor (dwell mode) so that short
"term changes can be studied. The capabilities of each satellite are des-
cribed in Chapter IV. In general, the control logic on future satellites
will be handled by software which can be programmed from the ground
providing AMSAT with a great deal of flexibility in telemetry encoding.

8L , S
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Morse code format. The Morse code telemetry systems aboard OSCAR

satellites have a number of features in common. The parameters being

- measured are sampled in a°fixed serial mode.  One complete series of
measurements is called a frame. The beginning and end of each' frame are- .
" marked by a distihctive sigrdal -~ the letters H” in Morse code ( +=e+ o+ )
are %sed on OSCAR 7 and. OSCAR 8 Each measurement consists -of three
integers called a channel. To interpret a channel we need to (l) identify :
".the parameter being monitored and. (2) obtain a raw data measurement which

- can be converted into a meaningful value. .AMSAT uses the first integer in
the channel for- parameter identification. When the number of channels is

//small (OSCAR 8 has six channels) a single digit can uniquely identify the’

parameter being measured. When the number of. channels 1s larg~- "~ urer
"must alsc attend to the order in which the channels. are being - 1 )
order to identify the parameter being measured. As an example. : :demetry

frame for an imaginary . satellite might consist of nine chanriels .. shown in
~ the ‘top row of Figure 3.5. Channel identity information, shown in the

bottom row of Figure 3.5, takes into account the order in which the channels

are transmitted to uniquely label them. The -last two_digits in_ each channel

" Raw data (begin) HI 142 116 1?8'239 202 216 392 352 365 HI (end) ‘i

* Channel ID ' 1A 1B 1C 2A 2B 2C 3A 3B 3C
== | ¥ i _

Figure 3.5. A Morse code telemetry frame with nine channels. The top
, row is the actual data as received. The bottom row assigns a
" unique label to each¢ channel .Channel 1A is the.-first one receiv-
., channel 1B is the . second '1C is- the third, 2A is the- fourth
etc, The data is sometimes written innthe form of ‘a 3.x°3 matrix
“in whichlcase ‘the ID integer is a line number and the ID letter
_is a. coldmn label - o Yy -

LS

.encode the information of interest To decode a_telemetry channel one
refers to .the specific satellite in Chapter IV to determine the parameter’
measured by the given channel and to:obtain the simple algebraic equation
'relating the last two digits in the channel to ithe quantity being measured.
For example, the spacecraft description for the imaginary satellite which
- transmitted the data in Figure 3.5 might inform us that channel 1A is _
total solar panel current and that mu1tiplying the significant digits (42)
by thirty will yield. the current in milliamperes (1,260 ma).

. Advanced: telemetry formats._ Radioteletype and other advanced
. telemetry systems aboard OSCAR spacecraft- can generally be operated in
a serial mode, a dwell mode, or a combination of the two where important
“data- -are—frequently sampled. With these modes each chanel can include the
information'needed to uniquely identify the parameter being measured. So,

" uhlike the Morse ‘code telemetry system, knowledge of the location of a

e
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channel within a frame is not very important to use.s. Since these modes
transmit data .ati 2 relatively high speed more dccurate data can be‘sent
down to earth in a reasnnable period of time by\uS1ng three digits to :
encode measured levels. Decoding information fdr each satéllit~ is included
in Chapter IV. 3 4 R '\

‘ : C ; \
Operating Schedules frequencies, telemetry‘modes) etc.

Every OSCAR satellite has- a number of beacons\and transponders
operating at various frequencies and in different modes. In additiom to
keeping track of when a given satellite will be within range users must
therefore be aware; of the frequencies ana operating od~s scheduled. The
latest schedule informatlon available| at presstime for each satellite is
included in; Chapter IV. Up-to-date scheduling infornation is available
from: OSCAR Educatlonal Programs, , 225 Main St., \Newington, Conn. 06111.
In addition, scheduling information is included in the\yearly_AM$él Orbital
Calendar (see Section 2.1) and monthly in QST magazine. Educators can .
usually arrange for specia1 changes‘ n operating schcdu es by contac 'ng

/"the ARRL educational programs office. Requests should be submitted as far
in advance as possible so that the changes can be publicized so as not
to inconvenience other users.

3.3 STRUCTURAL; ATTITUDE-CONTROL, PROPULSICN, AND ENERGY-SUPPLY SUBSYSTEMS

s
Ry

Structural Subsystem_,fm C g \

~ The structural subsystem -- the box that holds it all\together -

- serves a number of functions including support of antennas,'solar cells,
and internal e1ectronics, protection of onboard subsystems - from .the
environment during launch .and while in space; and conduction of-heat into
and out of the satellite interior. Structural design (t¢ize,| shape, mater-
ials) is influenced by launch.yehicle constraints and by function AMSAT
low-altitude satellites have é§33?aily been in the 20-30 kg range s
Phase III high-altitude spacecraft, withi their own kick motors and fuel,
will probably weigh in at close to 70 kg at launch. Insofar\as possible,
AMSAT satellite structures are fabricated from sheet aluminum to minimize
machining operations. The prominent featu Les one observes when looking at
a satellite (satellites currently in- orbit nd under construction are shown
in Chapter IV) are (1) an attach fitting us 3d to mount the satellite on
the launch vehicle, (2) anténnas for the various radio links, |(3) solar
cells, (4) heat radiative coatings designed to achieve a desired equilibrium
temperature aboard the spac°craft and, for Phase III, (5) the nozzle of the
apogee kick motor. For a discussion of how satellite shape efifects
equilibrium temperature and cverall solar cell efficiency see Chapter VI
experiment SE 3 and project sP 7. o .

Attitude—Control Subsystem |

Attitude control of a satellite (control of its orientation in space)
can provide distinct advantages with respect to antenna gain, solar cell
efficiency, thermal control and operation of scientific instruments.

!
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Attitude-control subsystems vary greatly in complexity. A simple system
might consist of a bar magnet which tends to align itself parallel to the
earth's magnetic field while a complex system might employ cold gas jets,
solid rockets, and inertia wheels, all operating under the control of a
computer and in conjunction with a sophisticated system of sensors.
Complex attitu@e—control systems can be used to provide three axis .
stabilization or to point a p%rticular satellite axis toward the earth,
toward any fixed direction in inertial space (with respect to the fixed
stars), or along the earth's magnetic field. Single axis orientation is
usually achieved by spinning the spacecraft about its major axis.
Attitude-control systeuas are classified as active or. passive. Passive
systems do not require any power or sensor signals for their operation.

As .a result they are usually\simpler and more reliable. However, they are
also less accurate and flexible. Some of the attitude—control systems in )
general use are described below [6]. :

'‘Mass Expulsors. Devices of this type’ ‘are based on the rocket princi-
Ple. They are classified as active ‘and are relatively complex. Examples
are cold gas jets, solid propellent rockets and ion thrust engines. Mass
expulsors are nften used to spin a satellite around its principal axis.
The resulting angular momentum of the satellite is then parallel to the
principal axis. The principal axis therefore tends to maintain a fixed
direction in inertial space as a result of angular momentum conservation. -

N Angular Momentum Reservoirs This category includes devices based on
the inertia (fly) wheel principle. Assume that a satellite contains a fly
wheel as. part of a dc motor which can be powered up from the satellites
power -supply by ground command. If the angular momentum of the fly wheel
is changed then. the angular momentum of the rest of the satellite must
change in an equal and opposite direction. Systems of this type are
classified as-active. : . - ’ :

Moment-Of-Inertia Changers. The spin rate of a satellite can be
changed by deploying booms. .The booms change the satellite's moment. of
in2rtia and the spin rate therefore changes in .order to conserve angular
momentum These.systems are classified as active.

Environmental-Fcrce Couplers. The satellite is coupled to . (affected
‘by) its environment in a number of ways. In the two body centralaforce .
model of Chapter I, we discussed how the satellite and earth were first’
treated as point masses at their respective centers of mass. We went.on
to discu#8 how the departure of the earth from spherical symmetry caused
readily observable perturbations of the satellite's path. The departure
of the satellite's mass distribution from spherical symmetry likewise
causes readily observable effects. :‘An analysis of the mass’distribution
in the satellite defines a specific axis which tends to line up with the
geocenter as a result of the earth's gravity, gradient. (Seenote under
Energy Absorbers). Gravity gradient devices can be used to point a specific
satellite axis towards the geocenter. However, anyone who's been on a sail-
boat knows that gravity can produce two stable states. Another- environmental .
factor which can be tapped for attitude control ‘purposes is the earth's :
magnetic field. ‘A strong bar magnet carried by the satellite will. tend to~ "
align itself parallel to the direction of this field. One characteristic -
of the earth's magnetic field, the dip angle, is shown in Figure 3. 6‘ '
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Magnétic and gravity based ‘environmental couplers are .passive systems which
are simple and reliable. Note that even if a satellite designer does not
employ environmental coupling for attitude control, these forces are always

present and their affect on the satellites atti;ude-must‘be taken into
account. : :

Energy Absorbers. Energ absorbers or dampers’ are used -to convert
.uridesired motional energy tod%b@t' They are used in conjunction with many
of the previously mentioned devices. ' For example, if dissipative forces
did not exist, gravity gradient forces would cause the-satellites prin-
'Ciggl axis to swing pendulum-like about the local vertical instead of
pointing towards the geocenter and a bar magnet carried on a satellite
would“oscillate about the local magnetic field direction instead of lining
up parallel to it. Dampers are passive devices.  “They may consist of
springs, viscous fluids, or hysterisis-rods (eddy-current brakes).

I
~
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Practical Attitude Control. Let's look at some of the trade-offs
“involved in choosing an attitude control system for low-altitude satellites
such as AMSAT-OSCARs 6, 7 and 8. .If stabilization systems w&re not employed
on these satellites, isotropic satellite antennas would be desirable. The
mechanical complexity of th: antenna system would increase and power levels
~on all ‘uplinks and downlinks would need to be raised to provide the desired
signal levels.at the satellite sund at earth. Higher power aboard the
satellite means more complex cransmitters, larger power supplies, more
solar cells and batteries or less operating time -- generally more weight
and complexity. In addition, efficient illumination of the solar cells
calls for matching the physical structure .f the satellite to the attitude-
‘control system. If no attitude control is used, then a spherical distribu-
tion of cells is most efficient. An attitude-control system is clearly
desirable if its requirements in terms of system complexity, weight, etc.
are small compared to the savings it provides. The system chosen for
AMSAT-OSCARs 6, 7 and 8 was a passive one --- bar magnets were mounted in
the satellite to align & specific axis along the earth's local magnetic
field. Permalloy hystevisis damping rods, mounted perpendicular -to the
primary magnet, are used to. reduce spin and smali oscillations. Spin
about the bar magnet axis is undesirable because it causes radio link
. fades . as the relativ: oricntations of the spacecraft and ground station
antennas change. The principal axis of the satellite rotates 720° in
inertial space during each orbit. The system has been very satisfactory.

High—altitude Phase III satellites will- require a more sophisticated
approach to attitude control. With Phase III AMSAT will, for the first time,
utilize an active etabilization system. These spacecraft will be spun about ,
their principal axis.which will be in the orbital plane and aligned so that
it puints toward: the geocenter at apogee. - When sun angles are very poor, a
slightly diffeient orientation will have to be ‘used. Initial spin up will
probably be accomplished by ,small solid propellent rockets. Torquing coils-
aboard the spacecraft will’ then enable command stations to change the
-8pin rate ¢nd spin axis orientation‘ .- Torquing coils operate on the same

-physical principle as bar magnets. ‘However, they can be turned on and
ofl (pulsed) at will. Antennas aboard Phase III satellites will be :
carefully designed to prevent spin modulation of uplink and downlink signals

4

.”ropulsion Subsystem R

The simplist type of space propulsion system consists of a small
solid propellent rocket which, once ignited, burns until the fuel is
exhausted. Rockets of this. type are often used to boost a satellite from
a near earth orbit into an e11iptica1 orbit with an apogee close to
synchronous altitude ( 35,000 km) or.to shift a"satellite from such an

_elliptical orbit into a circular orbit near synchronous altitude. Such
rockets are known as "apogee kick motors™ or: "kick motors". AMSAT plans
to employ kick motors for.the first time aboard the Phase III satellite: )
series. The motor, in conjunction with a sophisticated system of sun and
earth sensors, will enable AMSAT to either. (1) raise the" apogee,, (2)
change the orbital inclination, or (3) raise the apogee and change the .
inclination of the orbit. Since the amcunt of energy available i¢ limited

86




3-19

its allocation will be carefully evaluated-to'seleet the optimal final.
orbit achievable from a given injectioh orbit. Kick motors are potentially
very dangerous cevices and their use and handlfng must conform to rigid
safety procedures. S . . '

~.

Emergy—Supply Subsystem

Communications satellites can be clas i-;ed as active or passive. An
example of a passive sateflite is a big bai®- » (Echo I, launched August 12,
1960, was 30 meters in diameter when fully iﬁzfa-”d) coated with conductive
material which reflects radic signals. When us:.i ~% 9 passive reflector

_ such satellites-do not need any electronic compo::..u. : mOr any power source.
(Actually some electroni- equipment and a power sc::. may be asscciated
with the inflation equipr:: - »r included for othe: - : :zzes). While such

a satellite is appealingly -wvle, the radio pow:: ;' T —cts,back to

earth is duwn by a factor cf t-. million (70 dB) coazeved o the signal

. transmitted by a transponder gisr.rd an active ga **7’i*r {aiguming equal
uplink signal strength and a cchrrisou made on £he basis of equal satellite
mass in the 50 kg range) [7]. w3 station antenna and power requirements
for use with passive satnllit by Lems are therefore DrohiblL‘vely large

and expensive.

An active satellite (one with a transnonder) needs power. We now

© surVey the power systems used in actiwve satellites. The. eﬁergy source’
~supplying power to the satellite should be reliable, efficient and low
.in cost and it shculd have a long life. By efficient we mean: the avail-
able electrical power to weight ratio and the available, electrical power
to waste heat ratic should be large. - We examine three energy sources

- which have been errensively studied: chemical, nuclear .and solar [8].

, Chemical Power Sources. Chemical pcyier sources include primary cells,
secondary cells and fuel cells. Early satellites were flown with primary

cells. When the ccils ran down the catellite "died'. Sputnik I, Explorer‘I{

and the early OSCAR s:tellites were powered by primary cells. Satellites-
of this type usually hac¢ Lifetimes of a few weeks, although Explorer‘T with
its low power transmitters (about 70 mW total) ran almost 4 months ~ . Hg
batteric:.. These estrly experimental satellitss demonstrated the featibility
of usis:  satellites for communications, sciextific exploration, -etc. cnd
thereby provided tke impetus for the development of lorger lived power
systems. Today, batteries (secondary cells in this case) are mainly usec
to store energy aboard satellites; they are no longer employed as a primar;
power source. Nickel-Cadmium bSatteries are almost universzlly used..
However, workers at COMSAT Latoraiories have rece: cly dev:ioped sealed
Nickel-Hydrogen batteries which operate at energy densities of up to

75 Wh/kg (as compared to about 15 Wh/kg for Nickel~-Cadwmtua ba: :ries).

If the life-time of these cells livesup to expectations they will

probably be used -extensively in the future. The longest lived 0SCAX
satellite (to date) was AMSAT-OSCAR 6 whose 1li7a (4.5 years) was t :rvminated
by battery failure. Another chemical powar ystem, ithe fuel cell, has
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" ‘been used as a source of energy on manned space missions such as Apollo

and Gemini which require large amounts of power over a relatively short
time span. The development o: fuel cells is currently attracting a great
deal of attention. .

Nuclear Power Sources. Ome nuclear power source to be flight tested is.
the radioisotopic—thermoelectric power plant In devices of this type, heat
from decaying radioisotopes is converted directly to electricity by thermo-
electric couples. Some U. S. transit navigatio satellites have employed
generators of this type ~- the Snap 3B and Snap 9A (25 watts). These gener-
atdrs have a high available power to weight ratio" ‘but they generate large
amounts of waste heat and have a high cost per watt due to the fuel. They
are most useful when sclar cells are unsuitable - orbits inside the Van Allen
Belts or deep space missions where solar intencity is greatlv reduced (such
as Pioneer and. Viking) ---or when very large amounts of® power. are required.
Nuclear power sources constitute a very serious safety haza ‘d in case of
accidenial reentry of the satellite as occurred in early’ 1978 with a Russian
spacecraft. AMSAT is not considering nuclear power systema.\

Qolar Power’ Sources. _The third powcr source ‘we consider is solar.
Solar cell technology has evolved to the point where solar cells. Jpowar the
great majority of satellites in orbit. However, solar cells have\a number
of undesirable features. They compete for mounting space on the outer
surface of the satellite with auntemnas and heat radiating coatings. ° They
are subject to degradation, 2specially when the satellite orbit passes.
through the Van Allen radiarion beits (roughly, altitudes between 1,600
and 8,000 kms). They .work most efficiently bzlow 0°C while the elechonics
systems aboard.tle Satellite are uznally designed for a 20°C enviromm2ut.
They call for attitude cont-.i whf.) often confiicts with other mission .
objectives. Their power output decreases with distance from the sun N
making them unsuitable f»r missilons to the outer-planecs and beyond.

Finally, they do not produce any output when eclipsed from the sun. But,
power sources using sslar cells to produce elec: ‘rical energy and secondary

. cells to store energy are by far the simplest for long lifetime satellites,

they are comparatively low ir -oust for the power: produced, they generate

1ittle waste heat, and power systems using the» have an acceptable available
electric power to weight ratic. When satellite power needs are greater .

than about 50 watts, the use of =olar ce.ls usually requires the satellite

 structure to include paddies ox _.anels (paddles which can k¢ oriented

toward the sun) since the bouy ¢f the sateliite may not have sufficient
surface area’to mount all the cells required. A-one meter.square solar
panel oriented perpendicular to the sun—panel line. will _intercept about
1,380 watts of solar ‘energy (panel-sun distance assumed equal to earth-sun
distance) New solar cells are typically. 10. 5 to 11.0 vpercent efficient.
The efficiency decreases with time; the exact dependenc: is a Ffunction of

"the cells environment. New cells cost about $5%,000. per square meter at

the present time.  Cells donated :0 AMSAT ofteu are only 8 percent efficient.
A great deal of development work is currentlv underway -in solar cell B
technology. - The aims are to increase effici<acy ~ud reduce costs. Workers:
at COMSAT Laboratories have ‘developed a 13% efficient "violet" 'cell -(1972)

and a 15% efficient "non-reflective" celi” (1974). Solar cells mounted on

a satellite are usually protected by glass cover slides to reduce the rate
of degradation due to radiation damage. The glass cover slides reduce the
efficiency of the cells —— the thicker the slide the greater. the reduction. .

&
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‘Practical Energy'Subsystems. The typical AMSAT satellite ehergy
- system consists of 'a source, a storage device, and conditioning equipment
as shown in Figure 3.7. The source consists of silicon solar cells

v : ///" o unregulated
Source output to
solar cell ) spacecraft
arrays _ subsystems
' 4
H —-N- Battery Iﬁstrumentation —» regulated
¥ Charge [ ) ‘Switching - outputs to
s Regulator - - | Regulators -~ spacecraft
Y ] I N (BCR) ‘ (ISRs) [ subsystems
H_ P
”r - Storage
’ ' Batteries
(Ni-cd)
,Flgure 3.7. Long—lifetime communications satellite Energy Subsystem.

A storage unit is needed because of eclipses (satellite in earth's shadow)
and the varying nature of the load. Nickel-Cadmium secondary cells are
currently being used on AMSAT satellites. Yower conditioning equipment
typically includes a battery charge regulator (BCR) and an instrument
switching regulator (1ISR) providing de to dc' conversion with changes of’
voltage, regulation and protection. Because failures in the energj/syb§§stem
could be catastrophic (insofar as the mission is concerned) special attention
is paid to insuring continuity of operation. Battery charge regﬁiitors -and’
instrument switching regulators usually are constructe //;xredundant twin
units with switchover controlled both automatically and-via ground command
Solar cell strings are isolated by diodes so that ailure in one string
will lower total capacity but will not’ otherwise effect spacecraft operation.
These diodes also prevent current from flowing in . the: reverse direction
through -cell strings on the dark side of the satellite.

.- When the energy supply subsystem provides sufficient energy to operate

the satellite on a continuous basis we say it has a positive power budget.

If some satellite subsystems must be periodically turned off to enable the

storage batteries to-recharge we say the spacecraft has a nepative power
"budget. Detailed calculations showing how to estimate the amount of power.

a solar cell array can provide are included in Chapter VI, experiment SE. 3.

Ideally, a satellite ig designed with-a beginning of life power sufficiently

- high so that, at the end of designvlife,zapositiiepower budget still exists.
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CHAPTER IV

'SATELLITE DESCRIPTIONS

The' primary objective of this chapter is to;

1. Describe the AMSAT and kussian educational satellites currently in
orbit or planned for the near future

This chapter has been organized so that each satellite is treated in
a separate section using the format outlined in Table 4.1. The scheme used =~
to number figures and tables treats each section az a separate entity. This
was done to simplify future additions or deletions of spacec: descriptions.
Before turning to the satellites currently available or planned for the near
future we briefly look at the history of the OSCAR satzllite program.

Eight amateur radio satellites have been launched (as of March 20 l978),
two are currently active, and six (three AMSAT, three USSR) are probably in
the development stage. The program started nearly twenty years: ago with a few
dedicated individuals working on.a task that must:have often seemed impossible.
Today thousands. of radio amateurs and educators all over. the world regularly
 use AMSAT-OSCAR satéllites. It's conceivable that in the near future hundreds
of thousands of radio amateurs will be using satellites for a large percentage
of their long distance communications and that satellite ground stations, will

be a common fixture in engineering, physics and electronics: educational Coa
‘facilities., )

The history of the amateur satellite program involves people as’ well as
technical accomplishments. The real story can't be summed up in a few short
paragraphs -- the .interested reader should refer to the articles which have
appeared in g___magazine over the years. A complete bibliography of g__
datellite articles is available from the ARRL (see Appendix A). Selected -
technical aspects of the OSCAR satellites are summardzed ir Table 4.2.

Note: The spacecraft descriptions in this- chaptér assume a basic
familiarity with satellite subsystems (see Chapter III)



.SPACECRAFT NAME
GENERAL .

1.1 Series ' ; _ ,/

1.2 Launch: date, vehicle, agency, site / :

1.3 Orbital Parameters: general designation, period, apogee altitude, perigee
altitude, inclination, eccentricity, longitude increment, maximum-
access distance (terrestrial distance between sub-satellite point

- . and grouad station; satellite at apogee, elevation angle of 0°)
1.4 Ground Track Data -

"1.5 Operating Schedule . ' DA : ' SN
1.6 Construction Credits: project management, spacecraft subsystems
1.7 Primary references o E

-SPACECRAFT DESCRIPTION

f : ; :
2.1 'Physical Structure: shape, mass
2.2 System Integration: block diagram.

- SUBSYSTEM DESCRIPTION

" 3.1 Beacons: frequencies, power levels, telemetry fo t notes
3.2 Telemetry: formats available; description of each format including
. _decoding information, sample data, etc..

3 Command System

.4 Transponders: for eanh transponder specify -- type, uplink passband )
downlink passband, translation equation, output power, uplink EIRP,
delay time, etc.

3.5 Attitude Stabilization: primary control, secondary control, damping

3.6 Antennas: description, polarization table

3.7 Energy—Supply and Power Conditioning: solar cell characteristics and

‘ configuration, storage battery, switching requlators, etc.

3.8 Propulsion System )

3.9 Integrated Housekeeping Unit (IHU)

lable 4.1. Format used for technical descriptions of satellitea.
Background information on aatellite subsystems is in- Chapter III.

)
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Satellite: - Number of  (Composite . Peak ¢  Highest  Number boogee
L: ech D:te . Operating Life”; Tra snonders Transponder Transmitter Frequency  of (£m§ ’
- p X ;ansp Bandwidth  Power . Employed Beacons
0s0AR 1 Ldas. 0 0 01N ldME 1 i
~ Dec. 12, 1961 | t | , L |
" OSCAR 2 19 days o -0 01V éeME 1 "9
June 2, 1962 | S S SR |
0CAR 3 - transponder, Lo S0ME LW uSMWE . 2. Wl
March 9, 1965 18 days; C ; V - ' \_
| beacon, - S 1 o ;
several months ' L A v
0SCR & 85 das b WM 8 W CANME 1 33,600
© Dee, 2, 1965 T - R R A '
kS 5 dey oo 0 T w1 1
- Jan, 23, 1970 S ‘, . L ' -
" OSCAR 6 '_,t.,syears 1 W0k COLSW UM 2o 1460
Oetfb15_ 1972 ¢ R S |
SCRT C operational 2 L50KE . 8, W 2304 i 4 1460
Nov, 15, 1974  as of 3/78. ' - S - o
CosRS | operational . 2 200k - © L5 5 Miz. 2 912
,rmmswm uﬁﬂm g |
B o LSW 146 M 80
‘ P o o |
Notes: JSCAR - First satellite built by Radio Anateirs,
OSCAR 3 -- First transponder on amateur satellite, . L
0SCAR 4 == Launch vehicle malfunctioned, satellite did not attain desired oloit
o First solar povered amateur spacecraft. v
" 0SCAR 5 == Pirst'amateur satellite which could be controlled from the ground
RSl | - - First Russian amateur satellite o :
| o F : . ’ ¥ / &
. Table 4.2 A brief summary of Radio Amateur satellites as of publication date, ;
- ' L / , o
! '. A . l : "",
§ Rt o 94
BN S . N
. I ‘\, w0 R ;
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SPACECRAFT NAME: AMSAT-OSCAR 7

GENERAL o |
1.1 Series: AMSAT Phase II (low—altitude, long-lifetime)

1.2 Launch
JDate: November 15, l974
s Vehicle Two~stage Delta 2310
Agencz' U.S. National Aeronautics and Space Administration
Site: NASA Western Test Range, -Lompoc, California (Vandenberg Alr
- Force’ Base) B

1.3 Orbital Parametera :

: General designgtion low-altitude, near-circular, sun—synchronous
Period: 114.945! minutes/orbit (1978)
Altitude: 1 460&km, eccentricity = .001
Longitude increment: 28.737°west/orbit (l978)

: Inclination:, 101.7° _ L

j }' Maximum access distance: 3, 950 km '

| {l 4 Ground Track Data: Data for drawing ground tracks is contained in
% Chapter ITY, Table 2.4. :

P
&

‘1. 5 Operating Schedule ) :
Users should check QST or with ARRL (see Appendix A) to obtain Jatest
schedule. In general, Modes B and C, (2 m downlink) will be in use
more than 50 percent of thes time. 0n Wednesdays (UTC) the transponder
are reserved for special experiments coordinated in advance with AMSAT.:
On Mondays (UTC) transponder; users are requested to limit themselves
.to 10 watts EIRP.

.
1.6 Construction Credits
Project management: AMSAT U.S.

Spacecraft subsystems ‘Designed and built by groups in Australia,'

Canada, United States, West Germany . : : o
7/7 R /
1.7 Primary Reference . ‘ -

_J. Kasser and J. A. King, "OSCAR 7 and Its Capabilities," QST;”
© - Vol. LVIII ‘no. 2, Feb 1974, pp. 56-60. ; :

/

SP‘A"bECRAFT ' DESCRIFTION | A l S

2. l Physical Structure -
- Shape: Right octahedral (8-sided) solid as shown in Figure l o
Mass: 28.9 kg .

2.2 System Integration L
' Block diagram: See Figure 2

.\l\\
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+Z axis

~—— 29,5 MHz.antenna

[~ 42cm ~ .

?,_._.—2304.1 MHz antenna

- 488cm '
(FULLY DEPLOYED)

48cm

/

" Figure 1. AMSAT-OSCAR 7. ' 96
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Aruitoxt provided by Eic:
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SUBSYSTEM DESCRIFTION

3.1 Beacons

29.502 MHz (200 milliwatts) Used in conjunction with Mode A.
Usually Morse code telemetry but may be Codestore. Excellent
for educational applications.
145.972 MHz. (200 milliwatts) Used in conjunction with Modes B
and C. Usually radioteletype telemetry but may be Morse code
‘telemetry or Codestore. Excellent for educational applications.
435.100 MHz. Due to an intermittent problem this beacon is only turn-
" edon for special tests. Power output switches between 400
milliwatts and 10 milliwatts. Check Morse code telemetry channel
v 6B._on.29.502 MHz beacon-when-spacecraft-is—in- ‘Mode ‘A co-determine
if 435 MYz beacon is operating and power level. A. well equipped
ground station can hear .the beacon at the 10 milliwatt level-.
- This beacon can not be used in conjunction with Modes B or C.
2304.1 MHz. - (40 milliwatts) AMSAT does not have permission to _
" activate this beacon. It may be possible to obtain a special
temporary authorization for its use from the Federal- Communl-
cations Commission for educational programs.

3.2 Telemetry .
- Formats available: Morse code, radioteletype, questore
Morse code telemetry - -
frame: A frame contains 24 channels, 6 lines by 4 columns.
Parameters-are sent.in a fixed serial format. )
- channel: A channel consists of -a three digit number. The first -
- digit is a line identifier, the last two digits encode the
data. See Table 1 for decoding information.
speed: The telemetry is usually. sent at 20 words per minute and
a complete frame requires about 75 seconds. The speed can
s be reduced to 10 wpm by ground- command for special )
" demonstrations. \
sample data: Table 2 contains sample data for an entire pass.
Radioteletype telemetry \
frame: This system is normally operated in a serial mode where
the 80 channels are sent sequencially The first 60 channels -
(00-59) contain analog information and the remaining 20 channels
contain repeated  command/status information This system ‘can be
operated in a dweil mode in which a specific channel is sampled
continuously. a
analog channels: Each analog channel. contains five digits. The
first two digits identify the channel (00-59) while the"
last three digits encode the sensor data. See Table 3.
command/status channels: Channels 60-79 (inclusive) describe
spacecraft status <- even numbered channels (60-78) concain
information on satellite clock time and odd number channels
(61-79) contain information on oparating modes which can be
i commanded from the ground. See Tables 4a and 4b. A clock
time or state/r \de wordiconsists'of five octal integers.
Clock t.:: words are decoded as follows - Ignore the first
(left-hand) digit. ‘Transform the ‘remaining 4 digit octal

\
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AMSAT ~ OSCAR = 7
CW TELEMETRY DECODING

CHANNEL MYASURED PARAMETER MEASUREMENT RANGE  CALIBRATION EQUATION

1A Total Solar Array Cur. 0 to 3000 ma I = 29.5 N (ma)

. " 1B +X Solar Panel Cur. 0 to 2000 ma ‘I, = 1970 - 20 § (ma)
' 1C X Solar Panel Cur. 0 to 2000 ma I = 1970 = 20 N' (sa)
T 1D 4Y Solar Pamel Cur. O to 2000 ma I, = 1970 - 20N (ma)
- 2A Y Solar Panel Cur. 0 to 2000 ma 1, = 1970 - 20 N (ma)
- " . 2B RFPwr. Out 70/2 0 to 8 watts Pyos2 = 81 - 0.01 |7 (vatts)
' 2C  24-Hr. Clock Tine 0 to 1440 iin. t = 15.16'N (min) or 0.253 N (hrs)

2D Batt Chg/Diachg Cur. -2000 to +2006°Ha 1, = 40 (N = 50) (ma)

2 3A  Battery Voltage 6.4 to 16.4 V. Vg = 0.1 N+ 6.4 (volts)
. 3B Half-Batt Voltaga O to 10 V. Vg = 0-10 N (volta)
3C  Bst. Chg. Reg. F1 0to 15V, Vepy = 0:15 K (volts)
3D Bttery Temperature =-30 to +50°¢ Tyae = 958 = 1.48'N (°C) '
. 4A  Baseplate Temp. ~30 to +so°c~ Ty, = 95.8 - 148 N °c)
) " 4B PA Temp. - 2/10 Rptr “30" to +50°C To - 95.8 - 1.48 K (°C)
4C  +X Facet Temp. " ~30 to +50°C Ty ™ 95:8 = 1.a§ N (°0)
: : , 4D +2 Pacet Temp. -30 to +50°¢ T,, = 95.8 = 1.48 N (°0)
SA A Temp. - 70/2 Rptr -30 to +50°c T, = 35.8 ~ 1.48 N (%)
.58 PA Enit. Cur. 2/10 0 to 1167 ma 1,0 = 11.67 N (na)
5C  Modul. Temp. 70/2 =30 to +50°C T, = 95.8 - 1.48 ¥ (°C)
D Instr. Sw. Rege.  Oto93ma I, = 11+ 0.82N (ma)
Input Cur, . _
6A RF Pur Out ~ 2/10 0 to 10,000 ow v"z/xo,' ..l.t‘.:-a_ ()
) 68 RF Pur Out « 435 0 to 1,000 gw P35 0.108%) + 35 (mw)
6C RP Pwr Out = 2304 O to 100 mw Pygq = 0-041 N ()
l - ' 6D Midrange Telematry 0.500 v. . vcal = 0,01 N (0150 2 0.01)

Calibration

Table 1. AMSAT-OSCAR 7 Morse code telemetry

ERIC

Aruitoxt provided by Eic:
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2A

2C

2D

347

3B

3C

'3D

4A

4B

4¢ 4D

5A 5B 5C 5D - 6A 6B

6C

57

64

18
22

52
73
84
87
89

65
76
73
75
70
87
79
69
65
63

Table 2.“

80
75

71

68
82

71

75
34

54

37
42

65 .

56
41
36
49

72

82
92
90
94

92
93
90

April 27, 1975).

2B

00
00
00
00
00
01

00

00
00
00
00
00

57
57

61
‘59

59

59

59
59

59
59
59

52
51
51

51
49

50
52
50

59, 49

52
55
54

80
76
79

75
72
72

73
74
71

70
78

74

71
69
70
66
67

66

67

67

66
68
68
70

34

31
31
30

31
30

30
31

33

34
34

52
53
51
52
52
24

53
52
52
52

53

54

33
32
32

32

32
32

57 56
56 56
57 56
56 57
55 50
54 54

38 07
40 05
37 05

54 11 55 49
53-13 54 51
51 13 54 50
52-14 5450

53 12 54 50 43 10

52

52
52
52

52

52

<

51
52
49
49
52
55

33
34
32
32
32

100

55 54

52 53

53 54
54 54
55 54
54 55

52 12 55 50
53 12 54 52

38 12
38 11
38 12
40 12
40 11
40 12

55 12 54 51
50 14 54 50
54 13. 54 50

51 12 54 50

Sample AMSAT-OSCAR 7 Morse code telemetry data (orbit 2041;
Record contains 12 frames.
. "in channel 1A are due to an RF interference problem.

- provided by John Fox (WPLER).

The 00 readings
Data

d3y05

56.11.54.49. 3812 .

01

00
00

01l

00
00
01
01
00

00

00
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number into decimal form. The resulting number tells how
many time intervals have elapsed since the clock was last
reset. The clock is wired to increment every 96 minutes
and reset to zero every 273 days. ‘

. State/mode words are decoded as follows. Ignore the
first digit. The middle three digits identify the command
as per Table 4. The fourth digit indicates.the operating
mnde. The fifth digit indicates if the satellite is"
receiving a command signal. Commands are described in
Table 4b. At timeés, the second and third digits of the
state/mode words are triggered by noise. If a state/mode

. . word does not correspond to a command (Table 4b) or- is B
""""""""""""" "~ obviously erroneous it is likely that this has occurred.
The problem is most serious when a command is not being
received (7 in 5th digit).
speed Radloteletype telemetry is transmltted at 45.5 Bauds
comments: Radioteletype telemetry is usually transmitted using
. a mark only format in order to conserve spacecraft power.
sample data: Table 5 contains a complete RTTY telemetry frame.

o Three examples of decoding the sample data follow.

B (1) The number 32198 is contained in RTTY channel 32. This
is an analog channel measuring (see Table 3) thé pcwer
output of .the 70 cm / 2 m transponder which is 5.15 watts.

~ (2) The number 03544 is contained in RTTY channel 64. Channel
64 1s measuring clock time information. 3544 (octal) equals
1892 (decimal) which corresponds to 126 days. 3 hours, 12
‘minutes (plus up to 96 additional minutes) since last reset.
(3) The number C6167 is contained in RTTY channel 73. This
is state/mode information. The 616 corresponds to command
16 and the-'trailing six refers to Mode B. So, the satellite
was programmed for. Mode B RTIY and a command signal was not
being received when channel -73 was transmitted.

- Codestore: The Codestore module uses an 896 bit COS-MOS shift register

memory which can be loaded by ground stations with a message in
any digital code. The Morse code is usually employed.’ The .
playback speed, using Morse code is about 13 words per minute

3.3 Command System

.The satellite cortains a command system decoder which recognizes 35
commands of which six are redundant See Table 4b

3.4 Transponders

Transponder I:: Mode A ‘(2m/10m).
" type: linear, non-inverting _
.uplink passband: 145.850 -~ 145.950 MHz
‘downlink passband: 29.400 - 29.500 MHz ' -
translation equation: downlink freq. (MHz) = uplink'freq; (MHz)
- 116.450 MHz + Doppler '

output power: about 1:3 watts PEP (See Morse code telemetry /CQ/
channel 6A) o o e .




"t °Tqel

16500 STauuEYd) AXIBWRTSI XTI [ HVISO-IVSHY

CIANNEL MEASURED PARAMETER MEASUREXNINT RANCE

ANSAT - OSCAR - 7

" TELETIPS TELDGTRY DECODING

CALIBRATION EQUATION (25° €)

w (typical
channel aumbe? » '

CRAEL MEASURED PARAETRR

chanuel)

MASTROWT RANCE

LTI surin (135%)

00 - PA Temp. - 70/2 Mper . =30 to +30°C Tz = 95.79 + 1 30 -2 ixts.Orientatios O to 90° . ®_, ® arccoe (M/1000) (dagrees
. 0.001271 - &, 7337- . el I Z axte
[} +X Solar Panel Cur. O to 2000 me Lix® !”3 ~ 2,191 K (wa) n 2/10 Rptr Per Ow 0 to 10,000 ww P10 o,u[(.[lo)’_(.)
02 4¥ Solax Fanal Cur. 0 ¢0.2000 me Loy © 1968 - 2.173 X (m2) 32 70/2 mptr Pvr Ot O to 8 watta . Pyos2 = 8 (1 - 0.001 12 (vacte)
03  -K Solar Panal Cur. 0 to 2000 ma - lm = 2,130 ¥ (ma) 33 435 Bescon P Out O to 1000 mw Piys = 0.001 ¥ + 35, (ww)
04 ¥ 3olar-Panal Cur. 0 to 2000 ma Ly~ '”‘._' 2.130 N (ma) M4 Total Solar Panal Cir. € to 3000 m. T, ® 315 (0 - 7) (aa)
03 +Z Axts Orfentation 0 to 90° @, = arccos. (1/1000) (dagrace s -30 to +50°C i Tpgp-m. (8888 A% channal 00)....rsicrmm
T ST ....h....ﬂ..,..‘.w . fTOm 2_axia). . conn u. Raseecy 2 i » :
e st -«—og--—--wrsohr Yanel"Cir."""07to 2 - 1995 - 2 191 N (ma) % Baseplite Tesperaturs -3 to +30°C Typ = (same a8 chansel 00)
07 47 Solar Panal Cur. 0 'to 2000 me "07 - 1see - ’»'”’ ¥ (aa) 3 4K Facat Temg. 30 to +30%C Typ © (s2m0 as chennal 00)
B \ .
08 =X Solar Panal Cur. 0 to 2000 me Lye 195y - z_\.:” ¥ (ma) 38 42 Tacet Tesp. =30 to +50°C T4g = (ssme aa channal 00)
09 -Y Sol;r hn‘-l Cur. O to 2000 ma !., 195 ~ 2,150 N (ma) : » 2304 Beacon Tesp. =30 to +30 °c_ T304 o(sane a8 chnnui‘oo)
. \
10 -Z Axia Orfentation 0 tu 90° 8_, © avccos a/looo) (dagrees 40 Midrange Talemstry  0.500 20.005 v. ¥ 0,001 ¥ (volta) (N = 5002S)
. . . rom Z axia) .Calidration .
1 Rattary Voltage 6.4 to 16,4 V. Vg 0.0l X+, 50\(voln) 4l 4X Solar Panel Cur. G to 2000 me Loy ® 1995 = 2,191 ¥ (ma)
12 lt-bateary voltage 0 to 10 V. ¥,y = 0.01045 ¥ (volta) 2 4 mlerrasel G, Cto2000m T 'w 1968 - 2,175 ¥ (sa)
13 28¥. pagulator "o M. V2g = 0.034 X (voles) 43 -X Solar Penel Cuz. O to 2000 ma TI e 1953 - 2,150 N (ma)
14 10v. Ragulator O¢to 15V, Vig ® 0.01538 ¥ (volta) LY} ~Y lolllf Panel Cur. 0 to 2000 ma l_’ ® 1954 - 2.150 ¥ (ma)
15 9V. Regulator Oto 1OV, A\ = 0.01 X (volta) 435 4Z Axta Orfsantation O to 90° 0" ® arccos (4/1000) (dagrees
. . : . L from Z axis)
16 - Ret. Charga Reg. §1 O ¢o 15 v, Yer1 ® 0,01547 X (volea) 46 | +X Solar Panel Cur. O to 2000 = T, ® 1995 ~ 2,191 % (ma)
u Bat. Charga Rog. #2 0 ¢to 15 v, Yer2 = 0.01333 N (volta) 47 4Y Solar Panal Cur. O to 2000 ma 1‘, - 1968 - 2.175 » (na)
18 Zaro V. Telewatry ov. LA (voln). W000 ¢ 1 coumt L] . =X Solar Panel Cur. 0 to 2000 ma I__= 1953 - 2.150 ¥ (ma)
Caltbration ° '°° ; . . - _
19 2304 Beacon Pur Out 0 to 100 ww Pay04 =3 0('/“)0) (w) 49 =Y Solar Panel Cur. 0 to 2000 ma l‘7 ® 1954 ~ 2.150 ¥ (ma) o
20 . Bat. Chg-Dlachg Cur. -1500 to +1500 me Ig = 307 N = 1474 (na) S0 -2 Axte .Oriencation 0.-to 90° 0_ «.arccos (l/lo:m (d..no;
. Z axia
H 4X Solar Psnal Cur. O to 2000 ma Tox ® 1995_ = 2.191 ¥ (ma) 51 h:tlry Voltlll 6.4 to 16,4 V. Vg = 0.01 B+ 6,43 (volta)
22 4Y-Solar Panel Cur. 0O to 2000 me I4y-® 1968 = 2,175 X (ma) 32 u.lf-b-:nr, Voltaga 0 to 10 V. ".. = 0.01052 ¥ (volta)
23 . <X Solar Ponel Cur. 0 to 2000 ma I, ® 1953 ~ 2,150 ¥ (ma) 3 70/2 wprr AGC Level 0 o e )A't:t:,wz 20 log, (948.9 ~ m) ~ 37,92
. (aw)
2% ~Y Solar Panel Cur. O to 2000 ma Ly~ 1954 ~ 2,130 X (ma) 54 10/2 Rptr TX 0-:. Tast 75.0 to 95.0% TX Osc ® 0,1 N (88.0X typical)
23 4Z Axta Orvientatioa - 0 to 90" 94z © arccos 0‘/1000) (dl(l’“; E1] 70/2 mper RX Onc. Test 10.0 ta.40.0% RX Oac ® 0.1 N (24.0 % typieal)
. rom Z axia ) .
26 4X Solar Panel Cur. 0 co 200G ma . T ® 1995 -2.91 N (ma) 56 70/2 mptr Mod. Out Otol v, HOD = 0.00128 ¥ (volta)
"7 +Y Solar Panel Cur. O to 2000 ma 1y = 1968 -'2.173 R (ma) 37 70/2 Bptr Envelope Level. O tal v, W e 0.00120 ¥ (;,.,u.)'
20 ° ' X Solar Panal Cur. - 0_to 2000 ma Loy = 1953 - 2.150 X (me) ~ 58 2/10 Rptr AGC Level 0 to 27 &b ASCy s 0 = 10 log 608 - 2,48 1)
_ . : /10 10 0 )
29 Y Solar Panal Cur. 0 &5 2000 ma _y ® 1954 - 2,150 N (aa) 3 70/2 pper Conv Osc Teat conv = 0.01 x (wollea)

E

O

RIC

Aruitoxt provided by Eic:
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STATUS WORD COMMAND # -
1 2 3 4 5 (see Table 4b)
0 3 odd 33 -
0 5 odd : 34 -
0 6 odd 35 ) . Fourth:-
. 0. 7 even |1 32 Status bit Mode
1 1 odd 12 . 4or5 | ModeA
1 2 odd 14 : '
1 3-even 10 - 6or7 1 Mode B |,
1 4 odd - 15 ' D
1 5 even ' 11 2o0or 3 Mode C
1 6 even 13 , :
. 0orl Mode D
2 1 odd © 22
2 2 odd - 24
2.3 even - ' 20
2 4 odd 7 25 B
2 5 even 21 % o
‘2’6 even - 23 - —
' ' . Fifth Status bit
3 0 odd 05 . _ — ‘
31 even T 02 , 7 | command receiver does .
3 2 even. 03 ‘ "{ not detect command
3 4 even . 04 signal
4 1 odd 28 S "0 | Command receiver is de-
4 2 odd 30 | tecting command- signal
4 3 even 26 S
4 4 odd - 31
4 5 even . 27
4 6 even: o 29
5 0 odd 09
5 1 even . 06
5 2 even 07 -
5 4 even .. 08
6 0 odd X 19 -
6 1 even T ie _
6 2 even ' 17
.6 4 ‘even 18 -
B 7 0 evén | 01

s

Table 4a. . State /Modev words in teletype telemetxry channels 61, 63, /ﬂB
SR : . 65, 67, 69, 71,.73,.75, 77 and 79. (AMSAT-0SCAR 7). .
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F

i- musAsemcr'ZImmme‘BSmm.mmgfg

2 - mooe B sevect - mnmmnrmmn,vlﬂmn&,%m;ﬂ.
3- %semm(umnsmoeramDu«.v) :

4 - 435 Bencon off.

‘5.~ CODESTORE ~ RN MOCE,

6 - copesTorRe ~ LoAD Move, S

7 - voRSE cone TELRMETRY - 20 WPM, -

_ 87="MORSE CODE TELEMETRY = 10 WA,
> ' 9 - /10 RPTR - RAL SENSITIVITY,
10 - 2/10 RPTR ~ REDUCED SERSITIVITY (-lll oB),

11 - 435 BEACTN - CODESTORE KEYING,

12 - 435 Beacow -~ mamemmmmm.

B- 135 peaco - TELETYPE TELEMETRY KEVING,

14 - 29,50 or 145,38 BEACON - MORSE' CODE TELEMETRY KEYING.

15 - 29,50 or 145,38 BEACCM - CODESTOSE KEYING, - e

16 - 29,50 or 145,38 BEACON ~ TELETYPE TELEMETRY KEYING, '

- nsssrzuﬂmsnm.mm

1B- mzCsazcr-"D/menammZ/]Dmnml&Smmz.
19 - mive D seLect - mm,MWnﬁLMDm(oﬁs NOTE - 435 BEACN CMN BE
"20.~ GHARGE RERWLATOR No. 1 SELECT, . CPERATED IN THIS hore.
21 - CHARGE REGULATOR NO, 2 SELECT, -

22 - TeLETYPE TELBMETRY - DWELL Mok,

25 - TELETYPE TELBMETRY - RUN Mooe,

SN wmm(mllmmsou) NOE - mlsmtsmzmum
25 ~ 2304 BEACON OFF,

% - Z'ﬂloaem-lmxmm.

27 - 2304 Beacow - mmmmm.

- 'rsu:ﬁwsm.amr —A_FSK‘m.'l

3 - mooe A seLecT (REDuDANT TO #D),

31 - mone B seLect (Repunavt To 42),

2-4353&@;:1(@%10,#3).

.33 - 135 BEACN OFE (REDUOANT o #).

34 - mooe C srec (Revvnoavt To #18).,

% ~hooe D seLecT (REDUNDANT TO #19),

“Table 4b. AMSAT-OSCAR 7 command. states.
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D

00461~ 01864 02357- 03743 04884-05252~ 06880 07366 08734 09898
10000 11703 12642 13018-14622-15000-16274- 17423 18016- 19000
420489 21904 22398 23680~-24891-25043-26893- 27408 28665~ 29896
.JUOUO -31000- 32198 33000-34000- 35447 36481- 37472 38483-39514
. 40498- 41910 42475~ 43566 44890 45020 46915-47503- 48543 49902 _
- 50000- 51702 52639- 53610 54878 55254 56423 57406 58000 59855 )
'03544-06167- 03544 06167- 03544 06167~ 03544-06167 03544-06167 -
03544 06167- 03544 06167 03544-06167 03544 06167 03544-06167

‘Table 5. Sample AMSAT-OSCAR 7 RTTY telemetry frame.
(Courtesy of John Fox)

‘uplink EIRP: a maximum of 100 watts is recommended

comments: The same basic transponder design has been used on
ASAT-0SCARs 6, 7, and 8. A block diagram is containgd with
the AMSAT—OSCAR 8 description ' Delay time about 10 ° seconds.

'_Trénsponder II: Mode B, Mode C (70cm/2m) ‘ - P
" type: linear, inverting ‘
_ uplink passband:‘432.125 - 432.175 MHz
downlink passband: 145.975 - 145.925 MHz Co
translation equation: downlink freq. (MBz) = 578.100 MHz
- uplink freq. (MHz) + Doppler
output power: about 8 ‘'watts PEP Mode B (agc based on peak power) ;
about 2.5 watts PEP Mode C (agec based on average power).
Monitored by Morse code telemetry channel 2B. '
uplink EIRP: a maximum of 80.watts is recommended
delay time: less than 10 microseconds (estimate)
comments: The transponder, designed by Dr. Karl Meinzer, employes
the envelope elimination and restoration technique described
" din refereﬂce 3. of Chapter 3.

~~~~~

Primarz,control Four Alnico 5 bar magnets, each’ approximately 15 cm
long with a-square cross-section of about .6 cm.are symmetrically
placed with respect to the Z-axis. of the spacecraft. and parallel -
to it. The resultant far field is similar to that produced by
a single 30, 000 pole-cm magnet. As the satellite moves along
its orbit the Z-axis-of the spacecraft constantly changes its

. direction in inertial space in order to remain aligned parallel
to the local direction of the earths magnetic field. The +Z-axis

105
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(top) of the satellite points in the direction of .the earths
north magnetic pole.

Secondary control: Reflective and non-reflective optical coatings on
the elements of the canted turnstile antenna cause the satellite

.to spin about the Z-axis due to solar radiation pressure
(radiometer effect).

amping: The spacecraft contains eight Allegheny Ludlum type 4750
permallov hysterisis damping rods. The rods .are about 30 cm
long, .32 cm in diameter, and bent in the center at a- 135°
angle. Four are mounted just under the faces of the spacecraft
in a’plane paralled to the top (perpendicular to the Z~-axis) and
about 7 cm from ic. The remaining four are similarly mounted in

-

3.6 Antennas (See Figure 1) o : ﬁ

. 29.5 MHz: The 29.5 MHz - -antenna is a half wavelength dipole (abodt
4.9 .m) mounted along the Z-axis.

. \ f—— T
146 MHz and 432 MHz : A single antenna, known as a canted turnstile
is used to receive on 146 MHz for Mode A, and to simultaneously
_ recelve on 432 MHz and transmit on 146. MHz for Mode,B The
G ' antenna consists of two "inverted V" shaped dipoles mounted at
: right angles to each other on the base (+~Z face) of the spacecraft.
Each dipole consists of two 48 cm spokes (about .1/2 wavelength
at 146 MHz, 3/2 wavelength at 432 MHz).. The canted turnstile
produces an elliptically polarized (circularly polarized along
the -Z-axis) radiation field over a very large solid angle.
There is some gain along the ~Z axls and some shadowing along
the +Z-axis.

2304 MHz: A quadrifilar helix mounted on the top plate is used in
conjunction with the 2304.] MHz beacon. It has the unusual
property of producing a nearly circularly polarized radiation
field everywhere in the hemisphere defined by the top plate.

notes: Signal polarizations of the spacecraft antennas are summarized
1n Table 6. :

3.7 Energy-Supply and Power Conditioning
The wain components of the AMSAT-OSCAR 7 energy—supply and power
conditioning subsystem were shown in Figure 2. The basic solar cell
module consists of 112, individual cells (7 parallel cells form a
unit, 16 units in series). - The modules are interconnected as shown
in Figure 3. Each of the eight spacecraft facets (faces) contains two
“# “modules. Four modules on two adjacent facets are connected ‘together
“to form a quadrant. Provisions are made for monitoring the current
output of each of the four quadrants (+X, -X, +Y, -Y) and. the total .
output via telemetry. For additional information on the solar cell . \
arrangement see Chapter 6, Project SP 7, : :

/ . . .
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b 70cm/2m frausponder downlink
and 146 MHz beacon ’

AMSAT-OSCAR 7 ANTENNA POLARIZATIONS

- 'S stem ' Spacecraft Polarization
2m/10m transponder uplink left-hand circular (*1).
(146 MHz) . o

 2m/10m transponder downlink . linear “
and 29 MHz beacon : )
70cm/2m transponder,uplink : - right-hand circular (*lﬁv
(432 MHz) . . :

N R S

right-hand circular (*1)

‘ 435.1 MHz beacon ._‘ ' left-hand circular (*1)
2304.1 MHz beacon - - . ‘ right-hand circular (*2) -

Note: (*1) Polarization sense referenced to +Z-axis of spacecraft

-Ground stations off the +Z-axis will observe elliptical

_ polarization Stations north of the magnetic equator’
_ (see Figure 3.6) will generally find that the circular

0kt s s AL P e

2

. component is as indicated in the table. Stations in the

southern hemisphere will generally find the circuiar
component opposite to that shown. -

(*2) The polarization remains nearly circular in the entire’

hemisphere defined by the +Z face of the satellite.

Table 6.

AMSAT-OSCAR 7 antenna polarizationms.

»

GConfigurationﬁof quadrant. Legen&: basic module shown 112 cells.

-

+X qnadrant

=+6.4'§

facet 8 . ' - | facet 1

Figure 3a;

AMSAT10SCAR-7 solar cell configuration. t

N

! - ' o : 4=,to telemetry
— : — .04 L typical

ot e
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Solar Cell- Characteristics
' type: n on p silicon
size: 1 cm x 2 cm
total number: 1792 2
total surface area: “3,580 cm :
protective cover: .015 cm glass cover slide
S ' maximum power output per cell: 23 mW (58 mA x 405 v)
- efficiency: 9% (before launch) -
peak array output: 15 W- (optimal sun orientation)

Solar Cell Configuration .
basic module: 7 parallel cells form a unit, 16 units in series
total number of modules: 16
location: Each spacecraft facet contalns two modules in parallel;
two adjacent facets paralleled to form quadrant; spacecraft
.contains four quadrants: +X, —X +Y, -Y.

Storage Battery . ' _ \'Q-

type of cell: Nickel- Cadmlum
voltage/cell. 1.35 v |
capacity/cell: 6 Ampere-hours (Ah)
configuration: 10. cells in series
battery (1007 charged): 13.5 v, 6 Ah
battery ( 50% charged) 12.1 v, 3 Ah

Sw1tchlgg,Regulators - _
battery charge regulator: Converts 6. 4 v solar array bus to 12 v
(unregulated) main spacecraft power bus. Prevents battery '
from overcharging when it reaches 14 v. Fully redundant and
.~ autoswitching if regulator senses open or short.
instrumentation switching regulator: Provides well regulated + 10 v,
-6 v axd -10 v and precision reference of 0.5 v for all
" spacecraft logic functions-and command receiver. Fully
redundant except +.5v reference. ’
transponder regulator: Converts 12 v unregulated spacecraft bus
_ to 24-28 v for use by the 2m/10m transponder power amplifier - -
. and driver stages. Fully redundant.

k]

Cross—-section parallel to top

of AMSAT-OSCAR 7 showing

relation between 8 facets
.-(faces) and 4 quadrants.

Figuré'Bb. AMSAT-OSCAR;7 solar cell configuration.

o - L : _;k | 108
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SPACECRAFT NAME: AMSAT-OSCAR 8

GENERAL

1.1 Series: AMSAT Phase II (1ow—altitude,‘long—lifetime)

1.2 Launch ' :
Date: March 5, 1978 _
Vehicle: Two-stage Delta 2910
Agencz U.S. National Aeronautics and -Space Administration

Site: NASA Western Test Range; Lompoc, California (Vandenberg
Air Force Base)-

© 1.3 Orbital Parameters

General designation: low-altitude, near—circular, sun—synchronous
Period:’103.23 minutes/orbit

Apogee altitude: 912 km
.Perigee altitude: 908 km .

Eccentricity: .0009 (near-circular)

Inclination: 98.99° - .

Longitude increment: 25. 72°west/orbit , J

"Maximum access distance: 3,250 km .

1.4 Ground Track Data ' ' - ' ‘ 4
" Data for drawing ground tracks is contained in. Chapter II, Table 2.4.

1.5 Operating Schedule (tentative) -

Monday-Friday (UTC): Mode A (2m/10m transponder and.29.402 MHz
telemetry beacon)

Saturday-Sunday (UTC) Mode J (2m/70cm trdnsponder and 435 095 MHz
beacon)

Notes: On Wednesdays (UTC) the transponders are reserved for special
experiments coordinated in advance with ARRL. On Mondays (UTC)
transponder users are reduested to limit themselves to 10 watts.

EIRP. Users should check QST or with ARRL (see Appendix A)
to obtain updated schedule

1.6 Construction Credits
Project managggent AMSAT. U.S.
Spacecraft subsystems: Designed and built by groups in Canada, Japan,
- United States,. West Germany.

1.7 Primary Reference
P. Klein and J. Kasser, "The AMSAT-O0SCAR b Spacecraft", AMSAT
Newsletter, Vol. IX, no. 4, Dec. 1977, pp. 4-10.

SPACECRAFT DESCRIPTION

2.1 Physical $tructure
Shape: Rectangular solid as shown in Figure 1, ‘approximately
33 cm (height) by 38 cm (width) by 38 cm (depth).
Mass: 25.8 kg

2.2 System Description _ ;
©- U “"Block diagram: See Figure 2 : !

: /
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146 MHz ‘ ‘ 435 Mz
29.5 MHz o turnstile E monopole
dipole . ‘ \/ o | .
i < 4 ‘ L T
_ Mode A | 5 Mods J
command receiver - »] . command receiver
" 2m/10m transponder ‘ | 2m/70cm transponder-
beacon beacon
4 : 4 ‘ 4 !
. . 1
10m antenna 1 command telemetry
.deployment . enable and - | encoder
module decoder . C l
" -
+14 v s
i -~
NiCd
: : o g ‘ battery
solar . _ _ ‘ - 12 cells
arrays _ 4 R
S X ¥ 128 % b:t:tery ‘ -7} 28 v-.'.i_iiégy-iatqr-' a
: -X ﬂ v : ¢ ar%e , ~12m/10m transponder }— ' 428 v
unreg. regulator . o (redundant) T :
+Y __;l._ (redundant) - | R
o . ' ] B s . instrumentation. =~ | +0.5 v ref.:
. —— telemetry o . ) switching B
: M L g + -6 v rég
& channel 1 . . regulator , 3 g -
. : o (redundant) > +10 v reg. ~

Figure 2 Block diagram of AMSAT-OSCAR 8
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SUBSYSTEM DESCRIPTION

3.1 Beacons

29.402 MHz: (llO milliwatts) Operates in conjunction with Mode A.
435.095 MH MHz: (100 milliwatts) 0perates in conjunction with Mode J.

3.2 Telemetry

Formats available Morse code, special features
Morse code telemetry
frame: A frame contains six channels (six lines by one column)
. Parameters are sent in:a fixed serial format.
channel: A channel consists of a three digit number. The first
digit is a line identifier. Because of the single cslumn
. B format, the first digit uniquely identifies the parameter
being measured. The last two’ digits in a channel encode
the data as per Table 1. '
speed The teleme ry is sent at 20 words per minute " A complete
‘frame requiies ‘about 20 seconds.
sample data: Data from a nearby pass-is shown in Table 2,
Special features
command enable: When the commapnd system has been enabled and is
‘reddy to accept a command, the Morse ccde telemetry is
'interrupted and an unmodulated carrier is transmitted on
the beacon frequency\ _ : ,
10 m antenna status: When the 10 m antenna deployment command is
received at the satellite the beacon transmits a- ‘$eries of
pulses.” The pulse rate is a function of tip-to-tip.
antenna length. See 3.6 -- 29.5 MHz antenna.

o

Channel 7.15(101-N) ma. (*1)

1: Total Solar Array Currgnt; Is=
. Channel‘é:"Battery Charge—Discharge Current; 1= 57(N—50) ma. (52)
h,channel‘3: Battery Voltage; ' e Vv = (0.1N+ 8. 25) volts - .
Channel 4: Baseplate Temperature; T = (95.8-1. 48N) °c
Channel.5: Battery Temperature; T = (95 8~ 1.48N) °C
-Channel 6: 435 MHz Tramsmitter Power Output; P = 23N milliwatts (*3)‘

Table 1. ‘AMSAT-OSCAR 8 Morse code telemetry decoding information.

'(*1). 'Whenever N is less than 10 .assume that an overrange condition
has occurred. For example, as the satellite enters the earth's
shadow a reading of 101 is transmitted. This refers to channel . |
1, N = 0l. Since N is less than 10 we assume that overrangiag
has occurred and the. actual N'is 101 which corresponds to
zero current. :

{*2) There is a two-second integration time associated with the
current telemetered on this channel.

(*3) There.is a 2.5 second integration time associated with the
power télemetered on this channel

S
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(*1)

(*2)
(*3)

(*4)

(*5)

AN 2N

01
01

‘01

01
01
01
mm
01
01

01

01
01
01
01
01
01
01
01
01

01

01

01

01
01
0l
01

0l

01

01
98’

61

51

48
51

66 -

33
46
58

. 64

63

63:

52

51

Table 2.

46 —-
46 81
46 81

51
51

47 -

47

continuous tone
41 81 51 47

42 81

41 81

41 81
-— 82
41 79,

-44-.79

41 79
41 79
41 79
41 79
41 79
41 79
41 78
41 78
41 79
41 78
41 78
41 78
41 78
41 78

43 78

43 79
48 81

48 81

47 ' 81
48 81

51 81
49: 81
49" 80
49 80

49 80
48 80
49 80
49° 80
49 80
49 80

51
52

51
51

51
51
51

Sl
51

51
51
51
51
51
52
52
52
52

.52

52
52
52

:52

52
52
52
52
52
52
52

52

52
52
52
52

3

46

47
46.
&7

47

47
48

46

46 .

46

46

46

46

46
46
46

46
46
46
47
48

47
47
48
48
48
47
47
47

47,

48

48 -

48
47

48

IN 28 3N 4N SN 6N

(*6) 01 42 76, 50 47 17
01 41 77°50 47 17

01 41 77 50 47 17 - -

01 41 76 50 47 -

01 41 76 50 47 21

01 40 76 50 46 21.

.01 41 76 51 47 17

01 41 76 51 477 14

01 41 76 51 4Zﬁ 20

. 01- 41 76 51 46 mm
(*2) mm continuous tone mmm .

(*7) 01 46 77 51 47 01

0L 46 77 51 47 01
01 45 77 51 47 01

. | - i ' K
(*1) Acquisition of orbit #61 at

02: ﬂi :28 UTC, 10 Mar. 1978 o T
(asc nding node 02: 09 20 UTC -
69. 9°W) o _

(*2) Commané station accessing
satellite -

~

" (*3) Mode J turned on (see channel

. 6), mode\A remains on (telemetry
'being copied on 29. 402 MHz)

(*4) Satellite crossing terminator
' into daylight (see channels:
1 and 2). :

'(*5) Loss of orbit #61 at 02:28:25 UTC. -

(*6) Acquisition of orbit #62 at

- = 03:59:25 UTC, 10 Mar. 1978 .
(escending node 03 52:32 UTC
95.7°W).

(*7) Mode J turned off mode A
- remains on.

AMSAT—OSCAR 8 telemetry copied on 29.402 MHz beacon 10 March
Courtesy of Richard Zwirko.

1978
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3. 3 Command System
The command system recognizes five commands as per Table 3.

" Command o Spacecraft Status
Mode A Select B 2m/10m transponder and 29.402 MHz beacon ON-
Mode J Select v ' _'2m/70cm transponder and 435. 095 MHz beacon ON
" Mode D Select I Recharge mode. Both transponders and beacons OFF |
10 m Antenna Deployment 'Activates 10 m antenna deéployment mechanism -

and switches telemetry to pulse format ™,
encoding tip-to-tip length of antenna.

10 . m Anteana_Reset » Stops deployment of 10 m antenna (deployment\\\\\
T - . - can not be reversed). ' Switches telemetry
back to Morse code.

Tzble 3. AMSAT-OSCAR 8 Commands. | o

£y

3.4 Transponders-

Transponder - I: Mode A (2m/10m)
type: linear, non-inverting .
uplink passband: 145.850 - 145.950 MHz
downlink passband: 29.400 - 29.500 MHz
" translation equation: downlink freq. (MHz) —\uplink freq. (MHz)
- - 116.458 MHz + Doppler
~ output power: 1 to 2 watt's PEP :
*.uplink EIRP: (tentative) a maximum of 80 watts is recommended
- delay time: about 10 microseconds
pb'..comments The same basic Mode A transponder has been used on '
"~ % - AMSAT-0SCARs 6, 7, &. A block diagram is shown in Figure 3.

PRSI R

“Transponder II: Mode ‘J (2m/70cm)
type: linear, inverting ' .
uplink passband 145.900 - 146.000 MHz T s a-.

downlink passband: 435.100 - 435.200 MHz 5
" translation equation: downlink freq. (MHz) 581.100 -~
: uplink freq. (MHz) + Doppler / B
output power: 1 to 2 watts PEP. Telemetry" channel six measures
the output:power using a 2.5 second integration time.

s uplink EIRP: (tentative) a maximum of 8 watts is recommended. .
Under certain conditions’ of spacecraft temperature and battery
voltage transponder sensitiv1ty may decrease and 80 watts =
may be .needed. : e

delay time: less thanlOndcroseconds(estimated)

comments: This transponder was constructed by the Japan AMSAT
Association of Tokyo io test the effectiveness of this link
for low-altitude spacecraft. :

. 114
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receive : S S N : . transmit.
. antemna . . ‘3.5 Milz S _ar.enna
145.90+£50 MHz o “BW: 100kHz T 29,4550 MHz
[— RF amplitier |—en- I mixe et Fume [ 'Mi'!;,-r_;- | Oriversisge |am] Outpur sage r—j\
| . T N E
R .l\iossmux : AGC . 26,0 MHz 29.:02MHz_
. . . U o L - o i L .
\ Omllmt (',:;., A - AGC amplifier Oscillator - :2;;:";7 . N ) }
’ \\:\‘; \
six . —ﬂ—.;ita
channels . il encoder b
«~ —-:—,‘

r
\
i
\
l

| Figure 3. Block diagram of AMSAT—OSCAR 8 transponder

1.
!
!

) Tl

3.5 Attitude Stabilizatign® - | -

— -

\
Primary control: FQur Alnico 5 bar'magnets, each approximately lS cm:

are mounted parallel to the Z-axis dbf the spacecraft. The
resultant fari\field is similar to that produced by a single
30,000 pole-cm magnet. As the satellite moves along its orbit ° NG
the Z-axis of the spacecraft constantly changes its direction

in inertial space in order to remain aligned parallel- to the

local directien of the éarths magnetic field.- The +Z-axis (top)

of the satellite points in the direction of the earth’s north R
magnetic pole . '

Damping Allegheny Ludlum: type 4750 permalloy hysterisis damping rods-
(.32 cm diameter) are mounted behind, and parallel to, the +X,
-X, +Y, and -Y solar panels (perpendicular to the Z-axis) to damp
out rotation&l ‘motion about the Z-axis.
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3 6 Antennas "(See’ Figure l)

29 5 MHz: .The 29.5 MHz transmitting’ antenna is a half 6*Velength .dipole
"(aoout 4.9 m) mounted perpendicular - to the Z—axis It is. composed
".of tubular extendabie members which are deployed by small motors
- activated by ground command To prevent damage this antenna will
. not be deployed until the satellite spin rate is less than'2 rpm.
This.should occur within one week of launch. The deployment
procass takes about 15 & econds, it's non—reversible, and it can
be monitored by ground stations listening to the telemetry signals.
When the satellite receives the 10 m Antenna Deployment command
the telemetry system sends a series of pulses. The pulse rate

" is a function of": ‘tip-to-tip antenna length. . In the fully
‘retracted position (launch state) the rate is about15‘pulses/sec

~ When the antenna is fully deployed the rate is'1.8 pulses/sec

/146 MHz: The 146 MHz veceiving antenna for both transponders R
i+ a canted turnstile. It consists. of two ''inverted V' LY
shaped dipoles mounted,at right angles on the base (-Z )

—_— SR face) of the spacecraft ..~ Each dipole consists of two 48 cm
B spokes (1/4 wavelength) constructed from a material similar

to 1 cm wide carpenter's rule.” The turnstile is fed

by a hybrid ring and matching network. It produces an elliptical- .~

1y polarized radiation field (circularly polarized along. ~Z-axis)
" over a large solid angle.” The gain approaches 5 dB" along the
—Z axis, there's some shadowing along the +Z-axis.

435 MHz The 435 MHz transmit antenna is a 1/4 wavelength monopole
’ mounted on the top (+Z face) of the spacecraft. ’

, Notes Signal polarizations- of the spacecraft antennas are summarized
' in iable 4,

* AMSAT—OSCAR 8 ANTENNA POLARIZATIONS

System ' . - Spacecraft Polarization

2m/10m transponder uplink left-hand circular (*1)
. (146 MHz) : o - DR
' 2m/10m transponder downlink N linear

and 29 MHz beacon ' : o ‘

‘2m/70cm transponder uplink . ' .~ right-hand circular (*1)

(146 MHz) : ‘ :

2m/70cm transponder downlink ' linear

and 435 MHz beacon

Note: (*l) Polarization sense referenced to.+Z-axls of spacecraft
: Ground stations off the +Z-axis will observe elliptical
: polarization. Stations north of the magnetic equator (see
" Figure 3.6) will generally find that the circular component
" is as indicated in the table. Stations in the southern hemi-
sphere will generally find; the circular component reversed. |

Table 4. m%r-oscmz 8, antenna_polarizations

Elgisz;‘ o " o R R 1.].];63 o
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f . o : : . .
3.7 Energy-Supply aad Power Conditioning '
The main components of the AMSAT-OSCAR 8 energy-supply and power
conditioning subsystem are shown in Figure 2,

Solar Cell Characteristics

“type: n on p silicon

- size: 1 cm x 2 cm .
total number: 1,9Z0 L e
total surface area: 4,005 cm '

" protective cover: .0l5 cm glass cover slide
maximum power output.per cell:
efficiency 8% (before launch)
peak array output: 15 w (optimal sun orientation)

Solar Cell Configuration
basic module: 80 cells in series
total number of modules: 24 .
location: +X, -X, +Y, -¥Y facets have 5 modules each' +Z
facet has 4 moduleq .

‘/,/v . . _ _ o )
“Storage Battery ' :
/’ ; type of cell: Nickel-Cadmium - .
- -7 . voltagefcell: 1.45 v (fully charged) - -
// ‘ capacity/cell: ‘6 Ampere-hours (Ah) LT e
, - configuration: 12 cells in series -
VA battery (100% charged): 17.4 v, 6 Ah © -
/// ' ‘battery ( 50% charged): 14.5 v, 3 Ah :

Switching regulators :

battery charge regulator:’ Converts 28-30 volt sclar array bus
to 14-16 volt main spacecraft power bus. Tapérs charge. rate
to prevent overcharging at a battery voltage of 17.4 volt. Fullj .
redundant and autoswitching if regulator senses open or ‘short.

instrumentation switching regulator Provides. well regulated
+10 v, -6 v, and precision reference of +0. 5'v for all
spacecraft systems. Fully redundant.

transponder regulator: Converts 14-16 volt unregulated spacecraft
bus to 24-28 volts for use by the 2m/10m transponder power
amplifier and driver Fully redundant '
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SPACECRAFT NAME AMSAT Phase III-A

GENERAL | S _
l.l_ﬁeries: AMSAT-Phase III (high—altitude,_lomg—lifetime) S

1.2 Launch
‘Date: late 1979 or early 1980
< /Vehicle Ariane
/ Agency: European Space Agency (ESA) .
// Site: Kuru, French Guiana , ' .

1. B Orbital Parameters (projected)
/ General designation:- elliptical, synchronous—transfer
Period: 660 minutes
Apagee altitude: 35,800 km
Perigee altitude: 1,500 km
. Eccentricity: .685 .
Inclination: 57° .
Longitude increment: 165°west/orbit
Maximum access distance: 9,040 km
Argument of perigee: biased’ about two years before southern most point (270°)
- Note: The Phase III-A spacecraft will use its own propulsion system
to attain the above orbit after being placed in 'a” temporary
orbit by the launch vehicle. The projected temporary orbit is:
apogee altitude: 35,000 km
perigee altitude: ZOQ km
inclination:_l7f '

1.4 Ground Track Data’
Ground track data will be disseminated shortly before launch -

J

l 5 0perating Schedule - _ o
Transponders will operate 24 hours per day. Details,available
shortly before launch. .o

1.6 Construction Credits ~. ’ ' - -
Project management: AMSAT U.S. ’ .
Spacecraft subsystems: Designed and built by groups in

Canada, United States, West Germany

1.7 Primary References <
1) J. A. King, "Phase III: Toward the Ultimate Amateur Satellite",
Part 1, QST, Vol. LXI, no..6, June 1977, pp. 11l-14;
- Part 2, QST, Vol. LXI, no. 7, .July 1977, PP 1’52553
Part 3, QST, Vol. LXI, no. 8, Aug. l977, PP 11-13. .
2) M. Davidoff, 'The Future of the Amateur .Satellite Service",
Ham Radio, Vol. 10, no. 8, Aug. 1977, pp. 32-39.

SPACECRAFT DESCRIPTION

2.1 Physical Structure
Shape: Tri-star as shown in Figure l
Mass: Approximately 68 kg at launch ‘(about 657 of mass is fuel)

- 2.2 System Description. -
. Block diagram See Figure 2

'1_18_.'
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SUBSYSTEM DESCKIPTION _
mf‘3 l Beacons (tentative) ' : \f 7

R 145 845 MHz: Mode B;engiheering_beac;ﬁ‘(PSF modulated)
i ", 145,995 MHz Fode B educational beacon (FSK moddlated)

. 435.145 MHz: Mode J educational, beacon (FSK modulated)’
“ 435.300 MHz MHz: Mode J engineering beacon (PSK modulated) - .
P fNotes. The educational ‘beacons will probably carry Morse code tele-
_ metry and Codestore messages. The engineering beacons will be
. .. used-rfor -high data rate —- 400" bits-per-second (PSK/PCM) --
“ 7. telemetry. The Mode J beacons might not be included on the
. first Phase III satellite. ' An S-band - -(2304.1 MHz) _beacon: may be
included on Phase III-A. It will have a power output of 2 watts
- and be operated on an as-needed basis. '

3.2 Telemetry

Formats available: Morse code, redioteletype,,Codestore, others. 'The
.telemetry format will be controlled by software residing in’ ‘the . -
spacecraft computer.a The software can be altered via the command
links or stored program. | - S

Comments Plans are to program the satellite computer so that the‘ X
"educational beacons will use Morse code’ telemetry and Codestore

- For example, Codestore might be used the first five minuteés of

- each hour and Morse code telemetry\the rest of the time.

Engineering beacons will be used for high speed ~-, probably
400 bits-per-second -- <data acquisition by ‘ground stations
_ " equipped with microprocessors. Decoding information will be .
. ! made available shoxtly before launch. :

3.3 Command Systen ’ . .
See block diagram of spacecraft (Figure 2). Uplink will load new _
program directly into memory via microprocessor interrupt feature._

3 4 Transponders - ‘ ' - _ b ' A S
' Transponder I: Mode: B (70cm/2m)
type: linear, inverting
uplink passband: 435.150 - 435.290 MHz
downlink pagsband: 145.850 - 145.990 MHz
translation equation: downlink freq. (MHz) = 581. 140 -
, " uplink freq. (MHz) + Doppler
- ‘output power: about 50 watts PEP i,
uplink EIRP: about 500 watts (tentative) ™ :
.comments: The transponder designed by Dr. Karl Meinzer, employs
the envelope elimination and restoration technique
. described  in Reference 3 of Chapter III. An article .
PR . - describing the design of this transponder is being prepared
' for publication

. . —
. . . {2/ e R -
e pA T T -_’_‘. - “uh <. N . . . :
¥ e . R o RPN J, N B N
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Transponder II: Mode J (2m/70cm)
type:“linear, inverting
_uplink passband: 145.850 - 145.990 MHz :
- downlink passband: 435.150 - 435.290 MHz ’
translation equation: downlink freq. (MHz) = 581.140 -
v uplink freq. (MHz) + Doppler ’
output power: about 50 watts PEP
~uplink EIRP: 500 watts (tentative) :
comments: Due to time constraints and/or results with AMSAT-
OSCAR 8 this transponder may be replaced with a second
Mode B unit aboard Phase III-A. Also see comments under
Transponder I.

3.5 Attitude Stabilization

General: The satellite will be spun about its Z-axis at 90-120 rpm.
This will serve to "fix" the direction of the Z-axis in inertial
space. Initial spin-up will be accomplished by three solid pro-
pellant spin rockets, one at the end of each arm. Torquing

. ~ coils will provide a back up to thé spin rockets and also

permit changes in the direction of the spin axis and spin rate

throughout the satellites lifetime. Pulsing these coils with

current at the proper- rate‘and time “(near ‘perigee) can produce

changes' in. spin rate andmdirection'of spin. axis through the .

interaction between the magnetic fields:of the earth and the coils.

A ground staticn will load the satellité computer with a pulsing

program when needed. Generally, the spin axis will be adjusted

to point toward the geocenter at apogee. However, this ‘may have
to be modified at times if the resultant sun orientation with
respect to the spacecraft solar cells is very poor.

s

Sensors Details of the sun and earth sensors are not yet available.

3.6 Antennas (See %igure 1) o

146 MHz: The 146 MHz antenna uses the siz 48 cm spokes extending
from the arms of the spacecraft. It is composed of two sets
of three elements, each set lying in a plane perpendicular to
the Z-axis. Elements in a.set are fed using phase delays of
0°, 120°, and 240°. Gain: about 9 ‘dB; along axis. :

435 MHz: Thg 435 MHz antenna will consist of either (1) a quadrifilar
helix mounted on the +Z face providing abbut 7 dB; gain, (2) the
146 MHz antenna reused in a third harmonic mode, also providing_
about 7.dBy gain or (3) a second set.of 3 elements mounted on
the +Z face fed by 120° phase delay lines, gain about 9 5 dB4.

2304 1 MHz: Not yet determined

3
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3.7 Energy-Supply and Power'Conditioning ‘
- The main components of the Phase III-A energy-supply. and power
conditioning subsystem are shown in Figure 2

-Solar Cell Characteristics (all values tentative) . - : 0
type: n on p silicon
size: 2 cm x 2 cm -

, total number: 2,700 2

total surface area 1l.1m

protective cover: .03 ‘cm glass cover slide (to minimize radiation
degradation cover slides are thicker than on Phase II .
satellites) . , ' e

maximum power output per ce11 )

efficiency: greater than 10% (before launch)

peak output: about 45 watts (optimal sun orientation)

v

Solar Cell Configuration' (all values tentative) ,
‘basic module: 3 cells in parallel by 68 in series = 204 cells/module
" total number of modules: 12 (2 per spacecraft facet) -
location: The six facets of the spacecraft will _contain identical
solar panels each consisting of about .2 m“ of cells.

Storage Battery _(all values tentative)
type of cell: Nickel-Cadmium
voltage/cell: 1.45v
capacity/cell: 6 Ampere-hours (Ah)
configuration: 12 cells in series:(subject to change)
battery (100% charged) 17.4 v, 6 Ah
battery ( 50% charged) 14. 5 v, 3 Ah

Switching Regulators
See Figure 2.

378 Propulsion System
/'\ A solid-propellant: motor (apogee-kick—motor) containing approximately
1+ 35 kg of a mixture of powdered aluminum and organic chemicals’'in a.
. . spherical shell with a single exit nozzle will produce a velocity
change of about 1,600 m/s during its single 20—second burn
\
3. 9 Integrated Housekeeping Unit (IHU)
, As shown .in Figure 2, the IHU will consist of ‘a CMOS microprocessor
| (RCA COSMAC), at least 2048 bytes of random access memory (RAM), =
v command decoder’ artd an:analog—to—digital converter. ‘The IHU is’
L responsible for: controlling virtually every function on board the
: spaCecraft It will execute 'all telemetry‘and command requirements,
: monitor the condition of the power and communications systems, and °
take corrective actionms as necessary. It will establish clocks

. needed“for various spacecraft timing functions, *and it will interact
with the attitude sensors. In addition, the THU will make the final
decision on whether all on board systems are "oo" for the kick-motor
firing.. If confirmed, the computer will send the command to fire,
not a ground control station

oo

H
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SPACECRAFT NAME: "RS-1"

'GENERAL | // S - .
Note: All information below is based on prelaunch specificatlons and
' must be regarded as tentative. SO

1.1 Series: u.s. S.R. Amateur System "RS" (1ow-a1titude, 1ong-11fetime)

‘Launch _
Date: Expected mid 1978 -
Site: Pletsetsk, U.S.S.R. ] S~

1.3 0rbita1 Parameters -

.
Ny

. General designation: low~altitude, near-circular’
Period: 102 - 104 minutes ' : .
Altitude: 860 - 950 km. ' : .
Inclination: 82°- ,
Maximum access distance: 3,140 km'at"860 km altitude

1.4 Ground Track Data g
, Data for plotting the ground track for 102 minute ﬁeriod, 2860 km
" altitude, orbit is contained in Chapter II, Table 2.4,

‘1.5 Operating Schedule: :
Information not available at presstime.

1.6 Construction Credits
-~ Designed and built. by members of the Central Radio Club of Moscow
and the Radio Club of the Technical University of Moscow.

1.7 Primary References o
. (1) Special Section No. SPA-AA/159/1273 annexed to International
) C Frequency Registration Board Circular No. .1273 dated 12 July
1977 submitted by USSR Ministry of Posts and Telecommunications
(2) V. Dobrozhanskiy, "Radioamateur Satellites; The Repeater ‘How
is it used?", Radio, No. 9 (Sept.), 1977, pp. 23-25/)
(3) Also see July, Oct., and Nov. 1977 ‘issues of - Radio’for
additional information

SPACECRAFT DESCRIPTION . B N

2 1. Physical Structure
Information not available ag presstime

o 2.2 System Description
e Information. not available at presstime
' SUBSYSTEM DESCRIPTION G

|
3.1 Beacons . it x ' . ’M
29.398 MHz: (100 mil liwatts ?) :
Note:-Additional beacona may be present

3.2 Telemetry - T
Morse code telemetry system expected

|

|

\
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3 3 Command System -
A command system is included in the spacecraft The a:inbunced
operating frequency is in the vicinity of 145.850 MHz.

3.4 Transponders

s Transponder I. Mode A (2m/10m)

type: linear, non-inverting .

uplink passband: 145.800 - 145.840 MHz

downlink passband: 29.350 - 29.390 MHz

translation equation:- downlink freq (MHz) = uplink freq (MHz)_
'~ = .116.450 + Doppler - - . ) -

output power: 1.5 watts PEP ‘ '

uplink EIRP: A maximum of 100 watts is recommended. Downlink

signals should never be stronger than the beacon.

Tran;ponder II: ' :
Plans are to include two transponders on RS-1. They will -

- probably be either identical or nearly so (differing slightly
“in uplink and downlink frequencies)

3.5 Attitude Stabilization : -

Primary. control. probably permanent. magnet as on recent AMSAT satellites
3.6 Antennas oL S . . : -

- . 29.5 MHz: The 29 S MHz antenna is described as "Half-wave [ ..],
‘ G = 1, circular characteristic It appears that an attempt
will be made to use a. circularly polarized turastile but
-mechanical problems may necessitate a simple half-wavelength

dipole. oo |

146 MHz: The 146 MHz antenna is described as "Quarter wave [...],
G = 1, circular characteristics ~ This:.probably refers to a_
turnstile ‘\ - , ' -

3. 7 Energy-Supply and Power Conditioning

‘ Although no information has been published the .fact that this is a
long lifetime spacecraft suggests that solar cells and Nickel Cadmium
batteries will be.used.

T

R SR V217



) : . CHAPTERV :

GROUND STATION EQUIPMENT

The objectives of this chapter include:

2 l Describing the radio equipment heeded to receive signals from
' .the AMSAT-0SCAR satellites, N \

2. Discussing antenna characteristics and hoW\these characteristics -

. “may be matched to- ground station requirements when .choosing an
: / anténnz system - : | -
3:'Presenting construction information for simple ground station
antennas, . ‘ \

,4f~Describing some acces ;2ory equipment useful in setting up ‘and
operating a ground-station,

/ 5. Discussing licensing requirements and transmitting equipment for
/ : uplinks

\

We begin this. chapter by. discussing the requirements for a basic
ground station designed to receive radio signals from the AMSAT—OSCAR
satellites. . After the basic ground station is presented we -turn’ first to
a detailed discussion of receivers and then to antennas, focussing on
topics important to satellite users. The emphasis is always om: understand—
ing the function 6f and requirements for each piece of equipment 80 that
readers can put together a station that meets their needs in terms of °
equipment already available, ‘proficiency in electronics, .and time ‘and funds
which can be devoted to the project. This chapter does not include
detailed €onstruction information for electronics equipment. However,
references are provided to: a number of excellent construction articles for -
readers interested in this area and construction -information is included

" for some simple antennas. Please note that a list of addresses for all

manufacturers and publishers mentioned in this chapter is contained in
Appendix A. . i

K . . . ) i v
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5.1 - BASIC 29 MHz GROUND STATION

 voice signals. .Most receivers produ

The basic 29 MHz ground 'station, as shown in Figure 5.1, consists of
an HF (high frequency) commynications receiver and an antenna. We look
first at the receiver. The HF receiver can be ‘either a GC (general .
coverage) or amateur—bands—only model as long as it -covers 29.000 - . @ ~yE

.29.500 MHz, the frequency - region, where the signals from the AMSAT-0SCAR
and Russian RS gatellites can be foun&' It:must be a communications

receiver, i.e., capable of detectin ﬂorse code and SSB (single sideband)
dgced in the last+20 years for the -

amateur-radio operator market which cost $250. or more when new will
work‘well if in decent condition. A new top-of-the-line receiver produced
by one of the manufacturers listed in section 5.2 will provide excellent’
results foﬁ about $600. Used receivers of the type needed are often
available for well under $100. When considering a receiver keep In mind °
that an amateur-bands—only model will generally outperform ar GC receiver

. of similar cost.

Y

Copper- Wire S . . ~
tc— 4.85 met—ers 4—| ‘ : 7

) +—>rope (to support)

insulator

coaxial

cable -——Sﬁbf

itk
V' pre- ] HF Communications
Te7amp trrrrrrr ..Receiver

R LfOPFi°nali: (29.000 to 29.500 MHz)

" Figure 5.1. Baslc satellite ground station for 29.000 to 29.500 MHz.
The| following coaxial cables can be used (in order of
preference):_RG—B/U, RG-11/U, RG-58/U, RG-59/U.

-
v

A convenient antenna for the_basic ground station is the half-wave
dipole. pictured in Figure 5.1. It can either be’ mounted.. horizontally as - ..
shown or hung vertically from one end. -The best performance will be
obtained if it is mounted high and clear of surrounding objects

Most educators working with the AMSAT satellites begin with a station
like the one just described. Once some experience is gained additional
features can be added. Feor example, if the signals received from the
satellite are very weak a pre-amplifier ‘inserted between the antenna and

| 1 e o
2‘ . - )
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receiver often significantly improves results. at a’'cost of about $20.

-for-a’new unit (see section 5. 2). This improv~ment is often noted even
_ with new expensive receivers since these mod - ‘ts. weren't optimized for

the low background noise encountered.when receiving signals from space
We now turn to a detailed discussion of communications receivers and.
antennas for satellite ground statioms.

S~

-

5.2. RECEIVERS

Performance requirements for a receiver used for satgllite reception
are outlined below. We begin by considering the 29 MHz downlinks and tnen

_ turn to the higher frequency links.

29 MHz Receivers.: A receiver can be characterized on a number of

~performance parameters including:

(1) Tuning Range: The receiver must tune the frequencies between 29.000
and 29.500:MHz where the downlink radio signals from the satellites are
found. The specific frequencies are listed in Chapter IV. As we'll see
shortly, a range of 28.000 to 30.000 MHz is desirable so that equipment
for receiving ‘the 146 MHz and 435 MHz satellite downlinks can be added at
a later date. : :

(2) Detector. 3The receiver=must contain a detector which is capable of’

demodulating the continuous wave (cw) Morse code and single sideband

suppressed carnier (SSB) signals which are found on the downlinks. - This
requirement wil} be met if the receiver .contains; either a beat frequency
oscillator (bfo) or product detector R i

!
it

(7) Stability. The receiver must be stable -- the frequency it is tuned -to

should not drift more.-than 1 kHz over a period of 30 minutes (after.an -
initial 30 minute warmup period). In addition, any frequency changes due
to line voltage fluxuatiomns or mechanical vibrations (slamming doors, etc.)
should not exceed 200 Hz. :

(4) Tuning Mechanism. The receiver should have a good qualit& tuning -

mechanism. Frequency-shift when the tuning knob, is released (backlash)
should not exceed 200 Hz. Frequency readout should be better _than 5 kHz
(preferably better than 1 kHz) so that the beacons can be easily located.

(5) Sensitivity. fhe receiver 'should be extremely sensitive —--a.signai_of

- 0.1 microvolt at 29.5 MHz should be perfectly discernable.

A receiver meeting all of the above requirements will provide
excellent performance when used to receive satellite signals. A receiver
which doesn't meet all of the requirements éan sometimes he used if it.

. is modified or used in conjunction with outboard equipment. For example,'

a réceiver with poor frequency readout and long term:stabili*y can still .
be used for accurate frequency measurements if an external oscillator,

-tuned to the incoming signal, and a frequency counterare available. In

geﬁeral, any ‘amateur or communications type receiver coéering the high
frequency (HF) portion of theé radio spectrum. (34 30 MHz):, purchased in

“t e last 20 years which sold for $250.-or more when°new should meet all of

/ . :..r:_ L / S
! * i M
i : Py
B . " . i
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the’ requirements except for (5) (sensitivity) Most receivers, even the
most expensive models, do not meet this requirement ‘because they've been
designed for communications via the ionosphere. Space communications can -

_ effectively utilize higher sensitivity. This problem is ‘easily remedied

by -adding a pre—amplifier between the antenna and receiver. Suitable
pre-amps can be purchased for under $20. (see Table 5‘2) or constructed »
using a few dollars worth of parts. For construction! information request
the AMSAT Newsletter Reprint Booklet from the ARRL. J

If you purchase a new receiver plan to spend between $300 and $600
Some suitable ground station receivers which are currently available are
listed in Table 5 ’1 -- the list is representative, not inclusive Keep
in mind that the’ comments in Table 5.1 only reflect one person's.subjective
views and that every receiver mentioned performs adequately at 29.5 MHz

” when used with a pre—amp

- If° you are #omfortable around an electronics shop and have the proper :
facilitfes, an older used receiver, either purchased for considerably

‘under $100. or rescued from a storeroom shelf, can provide good service.

tion receiver. Possibilities include converting a CB
radio (the 23 channel SSB models with offset tuning are easy to convert and
often availablz;very ineéxpensively) or using a modified broadcast. band

A proficieht eléctronics constructor has a number of additional options

radio (car radios are generally good for this purpose) ‘and a "home brew"
converter from'’29.5 MHz to the broadcast band. For details: ‘the reader

g

'should consult,recent issues of the radio amateur magazines.-

Since all .the downlink radio signals from the AMSAT—OSCAR satellites
are in amateur designated bands, you may find that one of your students
holds an amateur license and owns a suitable receiver. The student might

" be willing to -help with a demonstration'or be interested in doing. laboratory

projects using his/her own. equipment.. :

4 VHF -and .UHF Receivers. The very high frequency (VHF) portion of the
radio spectrum runs from 30 to 300 MHz, the ultra high frequency - (UHF)

. portion from '300 MHz to 3 GHz. Users of AMSAT~0SCAR satellites will

mainly be interested in that part of the VHF spectrum between 145.500
and 146.000 MHz and the portion of the. UHF spectrum between 435.000:and

* 435.500 MHz. Specific beacon and transponder frequencies are listed in ~ -

Chapter IV. Techniques and equipment for the two ranges are similar.
A:though one can purchase a separate VHF or UHF receiver most ground
stations receive these frequencies by adding a converter and appropriate
antenta ahead of their HF receiver. A block diagram of a sophisticated
groun’ station with VHF and UHF capabilities and a number of other features
is shown in Figure 5.2.° .

A converter’ converts" (shiifts) .a slice of the radio spectrum to
a different region of. the spectrum. For example, when the appropriate
VHF converter is used, tuning the HF receiver between 28. 000 and
30.000 MHz will ehable one to tune between- 144.000 and 146. 000 MHz. This
specific frequency combination is often employed The cost of a new
VHF or UHF converter is from $30.-to $90. If you purchase a used*unit

- make sure ‘it is a recent model since these devices have seen a great deal

YT 4

s



Receiver

Drake R4C

| ($600).
Drake SPR-4
($550.)
Drake SSR-1
($300.)

Heath SB303 .
($330.)

Heath HR-1680
($200.)

Kenwood R599D
($460.)

'Kenwood R300 -
($240.)

Yaesu FR101
($500.) -

“Yaesu FRG-7GC
($300.)

Comments ' .

Excellent for satellite groundstation.\

.

. Design optimized for laboratory and general purpose
uses rather than SSB and*CW communications.

fGeneral coverage receiver.. . Does not perform as well as .
higher priced units but adequate for sirple experiments
if pre—-amp is used

Excellent receiver but only available in kit form.

.- This receiver requires a simple modification to cover
29.000 to 29.500 MHz -- detadls available from’ Heath.

Performs well when used with a pre-amp. Only available
in kit form. N.

Excellent receiver. An R599A has logged oJZr 2,000
miles in the trunk of this .author's car for demonstrat—
ions without ‘a single malfunction The ‘dial readout is _
awhward on OSCAR downlink frequencies A built in 146
MHz converter is available but it requires & pre—amp

for- adequate sensitivity

General coverage recgiver Does not perform as well as
kigher priced units but adequate for simple experimentsh
if pre—amp. is used. .

Excellent receiver. ' ' o : -

-General coverage receiver. Does not perform as well as
- higher priced units but adequate for simple experiments
-if pre—amp is used.

Table 5.1. - Some currently available HF receivers suitable for ‘use with
' " 0OSCAR satellites. List does not include transceivers, nor
"does it .include receivers costing more than $600 1978 1list
prices shown in (). Please note, the absence of critical
comments usually implies that this author has not had the

N - opportunity of testing the unit described. :

- —

‘of improvemént in
"manufacturers are
The higher priced
interference from
If an older model
improve reception

recent years. A number of converter and pre-amp ‘
listed in Table 5.2 (addresses are contained in Appendix A).
units are generally more sensitive and less prone to -
radio transmitters in other parts of the radio spectrum.

or low cost converter is available, a pre-amp will often
considerably. .A noise figure below 2 dB is desirable for

; the first stage following the antenna (the lower the noise figure the
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better the performance). At VHF and UHF it‘sometimes helps to mount a

" pre-amp directly at the antenna, even when a good converter is used.
. However, this .usually entails placing thedﬁre—amp where it is exposed to

the weather which may cause reliability problems. Mounting the pre-amp_at
the antenna is usually not necessary unless one uses more than 30 meters

.. of coaxial cable (see section 5.4) between the antenna and converter

-

“(erpre-amp) or desires optimal performance. _ - v
S 146 MHz 435 MHz 146 MHz . 29.5-MHz
Manufacturer -
converter converter pre—amp pre—amp . -

. Data Signal -— = © o .$14/%28 $14/$28 . |-
Janel . o5 $80° $85 © . $16/%20 $20 [
Kenwood . $29 (mounts —_— o — L m— I

: receiver)
Spectrum o o . ' . ,1

_International $54 "$54 _ $30 . ?
Vanguard = .$55 ' $60 . $30/$37 $30
Yaesu - -$39 (mounts —-— -— _—

: ; in FR101

receiver) i
Microwave N - ? o T2 7
Modules N '
Table 5.2. Converter and pre-amp manufacturers. Approximate 1978 prices
- shown. Addresses of manufacturers are in Appendix A.~ ‘

N e,

I -\ R o
46 MHz _ - HF

, x 435 MHz | o L S
%—_ Converter . o ' _
- L& Pre—amp oy -

) ' X .
‘Conyerter ———%— Receilver ‘ - mini; .
& Pre—amp | (28 - 30" MHz) compute

~Pre—amp.

L <

Azimuth & Elevation Control

| SR
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5.3 ANTENNA BASICS -

- The’ grouﬁﬂ/station receiving antenna.has an’ eAtremely important effect

S on oyeraIi station performance. Choosing an antenna consists of matching

- (under various constraints) antenna properties to one's receiving require- -
ments -- there ig no single "best" antenna nor is an antenna with higher
gain necessarily better“than one with lower *gain. It is therefore import-
ant to have a general understanding of antenna properties and how they are
specified. Our objectiVe when;choosing an antenna is to provide an adequate
signal to noise (S/N) ratio at the‘output of the receiver while minimizing
the complexity of - the system. ' What constitutes an adequate!S/N ratio
-depends ‘on the experiments to. be performed but, in general, our requirements
are modest. We do not need 99.97% reliability nor a dynamic range suitable
for symphonic music. Once again our approach is practical, qualitative and
intuitive. - For a more comprehensive treatment see the ARRL Antenna Book
and Antennas by Kraus [1]. We begin this section by discussing antenna
-properties and then’ turn to some practical downlink antennas. The antenna
properties we will be 1ooking at include :

1. Directional’ properties (patterns, directivity, gain, efficiency),
2. Transmitting vs. Receiving properties, )
. 3. Polarizatiod : , : v

| . . . . . 3
" Antenna Directional Properties One very important characteristic of -
a receiving antennaiis its relative effectiveness at extracting power from
radio signals arriving ‘from different directions. An antenna that extracts
- power equally well from signals arriving from any direction is ‘called an
isotropic antenna. ' No practical antenna has this property but we introduce
the' concept because' the isotropic antenna is a-useful 'measuring stick"
for comparing other antennas to. An antenna that selectively extracts
power from a certain preferred direction is called a beam. There are many
types of beam antennas. ' '

-P/wa.em 5, 1
Assume that we have a choice. of two antennas to use for necuw.ng
) Aa/tew/te downlink signals -= the "imaginany" isotnopic and a beam with
" a small solid angle fon accepting rnadiation. Compare the expeotcd
pe)Lﬁo)‘unance 04 these two antennas.

Answer: We will assumne that we have a very len/.wtwe neceiven and that any”
‘nodlse at the output of the receiver 44 due %o noise coming in th/wugh the
antenna. Such noise, due fo cosmic and te/mui'/m!. sounces,. 43 ‘present in
all parts of the nadio specthum. - Considen the beam antenna §inst. 1§ it
were pointed at the satellite it would "capture" a corfain amount of power
"§nom the desined incoming signal. In: additiion it would captw‘re some.
-backgnound noise power. But, it would on&g eapture this noise from the.
Limited s0Lid angle oven wluch it accepts power. Now considern the
Lsotrhopic antenna. - It could conceivably c)b.ptu)re the same amount of power
© fnom the desined M.gnal’_ (4§ the overall dimensions dnd efficiencies of
both antennas are similar) but, it would aaptune noise power arriving

§rom all directions. The fcuw&t 45 that the signal power fo noise powen
.(S/N) natio ,pnumted Zo the necediven by the beam dawtenna would be much
higher than fon the {yotrnopic antenna. {Jte that the beam antenna onzy

48 Aup%wft wheu u: £s pointed 4n the p)wpen dzULQCX‘X.OVl

i
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Because ‘it is difficult to draw a three-dimensional picture repre-
senting the directional properties of an antenna, the usual apprcach is to
draw two-cross-sections of the three-dimensional pattern, one in the
horizontal plane (horizontal pattern) as shown in Figure 5.3 and ome in
the plane perpendicular to the horizontal plane (vertical pattern). The
vertical cross-section is taken in the direction of maximum horizontal . -
plane gain. The terms horizontal and vertical refer to an antenna mounted . :
in its usual configuration;yfor terrestrial communications. Actually,
patterns mustialways include .information on! the antenna orientation so as

" not to be a~biguous. An antenna whose horizontal pattern is a circle is- "’

called an omni-directional antenna.

0 ' » . . ' "

It

.. Figure 5.3. Hbrizontal field intensity pattern for 3-el yagi besm with
, .1 wavelength director spacing and .15 wavelength reflector -
o "~z ..~ spacing. Element length adjusted for maximum gain with antenna
. - mounted 1/2 wavelength above ground. Beamwidth measured at
. half power (3 dB) points (field intensity = .707 maxiﬁhﬁ)r

136 . .
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Problem 5.2 ' - | | B
Specify the honizontal and vertical patterns fon an {8o0tnopdic antenna.
‘Ansiven: Every cross-section taken grom a three-dimensional nepresentation
- of the isotrnopics performance will be a cincle. v

. Beam antennas do not give .something: for nothing. They just confine
thelr response to certain directions at the’-expense of others. The
directivity of a receiving antenna is a measure of its relative ability
to concentrate its response to a specific direction compared to a standard.
antenna. A qualitative definition of directivity will be given in the next
section. The horizontal beamwidth of. an antenna.<is specified by measuring
the angle in the horizontal pattern between the points where the field "
intensity has dropped by 3 dB from its maximum value. The 3 dB (half
power) points are shown in Figure 5.3. - Vertical beamwidth is defined in a
similar manner by referring to the vertical pattern. If‘a pattern has
.more .than one lobe, we confine our attention to the main lobe. In general,
directivity and beamwidth are closely related -- the higher the directivity,
the narrower the beamwidth. = - e .

Transmitting jg. Receiving Properties. Most applied discussions of
antennas emphasize the transmission properties while we have been empha-
-sizing the receiving ‘properties. To relate recelving and.transmitting
properties of an artenna, consider Figure 5.4 which shows a radio link ~
involving ‘two stations ~= A and B. We begin by assuming that A transmits
and B receives. Station A has a choice of two antennas: one is a beam, the
other an isotropic. Station B has a single antenna, the type is not

. I
-
e

¥ : . Isotropic
. - antenna . _
| el , R
. 11 . .
1
- e . ' o - : /
. Beam L - - S ‘//di ole 
' antenna - : CiP ‘
, % . antenna
//)Aéi;-‘ “ ' | o |
/ / /,."" o . . ' . e \.""-

e e e

U

' ‘,;/“/1Station ' _ , , .
s b A o . : Station

N e . . ’ ’ . B
i L
. )/ 4 . o ) S . p?

Figure 5.4. Imagirary test 'setup used’(l)’to illustrate reciprocity

between transmitting and receiving properties of an antenna

and (2) to define "gain" and "EIRP". o
. . . .t . X oo
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important. “When A uses the isotropic to.transmit, the radiated signal
reads out ?qually in all directions and only & small amount of power
reaches B. f A switches to the beam, keeping the transmitted power
constant, a iuch larger dmount of power is'directed.toward B. B will
actually extract more signal power from the antenna when A is using the
beam. In both cases B will receive the same amount of noise power, so

the signal to noise (S/N} power ratio seen by B will be considerably
higher when A is using the beam. :

\

Now let 's consider the reciprocal: problem with B using the trans-

. mitter and. A at the receiving end of the link. The amount of signal power

reaching the vicinity of A is fixed. The amount of power an antenna can

. extract “f¥om its environment is roughly dependent .on, its physical size.

_If the isotropic and beam antennas are about the~ same size, each will
extract the same, amount of power from the desired signal. However, as
discussed in Problem 5% 1, the beam will only accept noise power from a -
limited direction so it will provide an - improved S/N power ratio.. For
well-designed anténnas, the improvement in the S/N power ratio for the link
will be the same whether the antenna changes described in the example are.
‘made at the receiving end or at the transmitting end of the link .
(reciprocity principle).

When an antenna is 100% efficient the terms galn and "directivity"
" are synonomous. To simplify our discussion, we '11 assume 100% efficiency.
This is*a reasonable assum\tion for well—designed anténnas with elements
larger than about 1/4 wavelength. -Let's return-to the case where A is
transmitting with a beam whose characteristics we wish to describe. We
can ask the question "What transmitter power (Pj) does A need in conjunction with
the - isotropic antefina to produce the same signal power at. B as produced by
“a transmitter power (P) and the beam?"  The answer is used to quantify the
. concept of "gain". 'The gain ‘(G) of a beam antenna with-respect to an - °
' isotropic reference antenna is given by
S i ,
[ 4 = e—c—
(5.1) G = 2
- The quantity F:, known as the EIRP (effective isotropic radiated power),
is a good measure*of a transmitting stations capabilities. For example,’
100 watts fed to an antenna with a gain of 6 yields the same EIRP (600
- watts) as 200 watts fed to an antenna with a gain of 3. Either setup,
used at A, will produce the same signal level and:S/N ratio at .receiving
staztion B. It s oftentimes convenient to express gain as a decibel (dB)

r“ati‘): - ) o . , °
. ' Pi
(5.2.) ' G(dB) = 10 log e s
g ’ . it R
’ Although we have specified. antenna gain in terms of a transmittlng v
., antenna,” the reciprocity relations make it-a, meaningful quantity in terms!
- .of receiving antennas. e _ _ “ .
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Pnoblcm 5.3.

ase a quuuon \Awndm Jto the one just d,wcuAéed wh,cch wu,u enabﬁe
us to deﬁwa gain 6on ‘a nece,wuzg antenna.

Andwenr: Let station A be on<the receiving end cf the. Lmk When A is
necefving on the. dsotnopic antenna and station B is transmitting: using Pi

watts a specdf/: /N powern natic nesults. What power (P) will station
B have fo use v produce the tame S/N-power natio at A when station A
switches o necefving on the beam antenna? Eqs. 5.1 and 5.2 yield the
same numeju.c value /on neceiving gauz as 5on ﬂmnémcttmg gain.

s The gain of &n antenna is usually specified with respect ‘to an

~ 1isotropic antenna. The half-wave dipole is also frequently used as a
reference antenna. Since the half-wave dipole has a gain of 2.14.dB

over an isotropic antenna, the gain of 'a specific antenna will be 2.14 dB
higher when referenced to an isotropic as stated in Eq. 5.3.  Gains are
{sometimes expressed in dB; or 'dBy where the subscript specifies ‘the
reference antenna as isotropic or dipole. Obviously, statements about

1

(5.3) ' Gain over dipoIe = Gain over isotropic ~.2.14 dB

gain (like those seen, in some advertisements) must include the identity of
_ the . reference antenna to have any meaning. Up to this point we have been
discussing the directional properties of antennas. We now turn to another
property.-- polarization. : : : ' o

Antenna Polarization. We begin this section by taking a look at
some properties of .radio waves. ' One can conceptualize an incoming radio
wave at a point in space as consisting of orthogonal ‘electric field (E)
and magnetic field .(H) vectors-which vary with time. The antennas we
are iuterested in respond to the electric field vector so we confine our
attention to it. If we picture-the tail of the E vector as being tied to
a particular point in space the tip will, in the" most general case, trace
out an ellipse during each cycle of the incoming wave. Such a wave is
'said to be elliptically polarized. .If the magnitude of the E vector remains
constant as it rotates, the ellipse degenerates to a circle and we have
circular polarization. If the minor axis of the ellipse decreases to
zero we have linear polarization. . Circular polarization (CP) and linear
+ polarizatien (LP) are just two special cases of elliptical polarization and,
an 2lliptically polarized wave can be-treated as if it consisted of a
circularly polarized component and a 1inear1y polarized component along
the major axis -- both components having the same frequency and phase.

Like radio wgves, antennas can be assigned a polarization --®the
polarization of the waves that they transmit or respond to (in direction
of maximum .gain). In general, an antenna that ‘transmits a linearly
polarized wave will respond most effectively to a linearly polarized
wave having the same orientation; an antenna that transmits a circularly
polarized wave will respond most effectively to a received signal that’ is
circularly polarized and of the same sense -- right hand circular -
polarization (RHCP) o1 left hand circular polarization (LHCP). To
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determine the polarization sense of the antenna, imagine that you are
standing behind it watching a wave being transmitted If the E vector at
a specific point rotates clockwise, we have RHCP. To extract the greatest
-amount of power from an incoming wave, the polarization response of the
antenna should be matched to the incoming wave. Pclarization mismatch cam

easily make the difference between strong solid signals and no signals

whatsoever!

Let's look into the polarization matching problem further by examining

‘a communications link involving two stations -- station T, the transmitting
I-_stationg and station R, the receiving station. Each station has a choice
. of antennas which pr0vide RHCP, LHCP, or LP. The orientation of the LP
" antenna can-be varied by rotating it about the line joining T and R. 'All
_ antennas are assumed to have the ‘same gain and each is aimed at the other

station. Possible link combinations can be .characterized by the,polarization
at T, the polarization at R, and the relative orientation ‘or_sense of the
.antennas used at T and R. " For example, (Lp, CP, random) can mean either

that T has a LP antenna and R a CP antenna or vice-versa and that the
orientation of the LP antenna is random.. The ambiguity is intentional --
since the reciprocity relation previously discussed states that system

‘performance will be the.same in both cases, there is no need to distinguish
"between them. - Only five distinct combinations need be considered.

Type 1 link (LP LP, matched)

“Type 2 link (LP, LP, random)

Type’ 3 link (LP, CP, random)

Type 4.1link (CP, CP, same sense)
.Type 5 link (cp, CP, ,opposite sense)

Arbitrarily choosing the Type 1 1link as a reference, we examine the oLher‘
four combinations.

T 1. (LP,_LP,Amatched). The received signal level is constant. This link is

our*reference.

;'(LP LP, random). The received signal strength on this link. varies
monotonically from a maximum equal to the reference level,when the two
antennas are aligned parallel to a minimum about 30 dB below the
reference level when the two antennas are perpendicular. (30 dB is
‘a realistic number, a simple theoretical model predicts infinite
attenuation for the perpendicular situation). . _ 5

3. (LP CP, random) The received signal strength on this 1ink will be
constant for all orientations of the linear antenna and 3 dB down from |
the reference level. K

4, (cpP, CP, same sense). The received signal strength on this link will
. equal the reference level

5. (CP, CP, opposite sense) The received signal strength on this link

will be constant and about 30 dB down from the reference level. |

A Having looked at the performance of the five basic links, we return to.
the main problem —- choosing a ground station antenna to operate in cOnjunc—
tion with a specific type of satellite antenna. If the satellite antenna“
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is linearly polarized, our choice of ground station antenna is equivalent
to choosing a Type 1, 2, or 3 link. Of the three,the Type 1 link is prefer-
able since it provides the strongest signals. However, from a practical
_/viewpoint it is almost impossible to implement since the orientation of the
incoming wave is constantly changing. In reality our choice is therefore
limited to"a Type 2 or Type 3 link. Of these the Type 3 link is preferable -
from a performance viewpoint. It is true that a small percentage df .the P
time the Type 2 link will provide up to*3 dB stronger signals but half of
the time-it will produce weaker signals that will often complétely fade out.

- We can execute a similar analysis for a satellite antenna which is.
circularly polarized+ The choice of ground station antenna here is \
equivalent to choosing a Type.3, 4, or 5 link.. A Type 4 link is preferable. '
However, the Type 3 link .results in signals that are only 3 dB weaker with
none of the severe fading problems associated with Type 2 links. A Type 3
link is often chosen because linearly polarized antennas are simpler'frOm
a mechanical viewpoint and the 3 dB reducrion in received signal strength
can be tolerated. .,

This analysis is overly simplified since the relative antenna orienta-
tions involve other degrees of freedom. However, since a CP ground station
antenna produces the best results in both cases (LP or CP at the satellite),
a CP ground station antenna of the proper sense will also provide the best
results in the more general case of receiving elliptically polarized
signals from the satellite.

“In summary, a circularly polarized ground” station antenna will
produce the best performance for either circularly or linearly polarized
satellite antennas. When the satellite antenna is circularly polarized,
,the ground station can use linear polarization with only a slight’
‘reduction in signal strength. When the satellite antenna is linearly
spolarized the use of linear polarization by the ground station will result
in periodic severe fading due to polarization mismatch but strong signals
will be received a small percentage of the time. Many groundstations
elect to use linear polarization and accept the tradeoff of performance for
mechanical simplicity : .

. 5 4 PRACTICAL GROUND-STATION ANTENNAS S T '\ 5

'} In this section we discuss gsome of the practical considerations
related to choosing. (1) antenna location, (2) between beams and omni-
directional antennas, -and (3) between. linearly and circularly polarized
antennas It is strongly recommended that the simplest possible antenna
system be used .initially. For low-altitude satellites, such as AMSAT-
: OSCAR 7 and 8 and the Russian RS~1, this means fixed omni-directional
- or! broadly .directional antepnas. The high—altitude AMSAT Phase III
eries will require moderate gain beam antennas at the ground station.
By starting with simple antennas one can evaluate the performance' improve-
ments obtained by various™changes-in the.system and weigh the enhanced
performance. against the added system complexity. Later in this section -
we describe a number of” specific antennas for ground station use. -

s
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. (1) -Antenna Location, Generally, the best location for an antenna
.is as high as possible and as far from surrounding cobjects as possible..
However, keeping in mind our design objective of producing an ddequate.

" §/N.ratio at the receiver output while minimizing system complexity,: it
is often best to compromise on a convenient location. Losses in the
feedline can be a serious problem, especially at VHF and UHF frequencies
(see section 5.5 =- coaxial feedlines). It is possible to reach a’ point’
where improvements due to raising the antenna-are offset by feedline
lossés unless one uses a pre-amp mounted at .the antenna. Signals of the:
146 MHz AMSAT-OSCAR 7 downlink are so strong that this author has often
obtained - good results during demonstrations (even in steel and concrete
‘buildings) with a simple ground plane antenna held in one hand while
-tuning the receiver with the other. . However, don t count on being this

. lucky -- get your antenna on the roof and above nearby objects insofar as
" possible. :

(2) Beams vs. Omni—directional antennas Although beams can produce
better S/N ratios at the ground. station, using them entails constructing
an antenna system with at least one or two rotators and tracking the
satellite during each pass. Beginners should start with either omni~
directional antennas or those having a very broad pattern so that'rotators
are not needed. Note moderate gain antennas will be needed with Phase III
satellites except near perigee.

(3) Polarization. Although we have discussed the advantages of using
-~circular polarization at the ground station, once again it is much

simpler to start of{ using linearly polarized’antennas which are. simpler
to construct. Once some eXxperience has been acquired, one can experiment
with circularly polarized antennas 1if improved performance is required

Half-wave dipole- (Only suitable for low-altitude (Phase II) satellites).
Perhaps the simplest antenna for ground station use is the horizontally:
mounted half—wave dipole mentioned in conjunction with the simple ground
station of section 5.1 and shown in Figure 5.1. The half-wave dipole
(4.85 m at 29.5 MHz, 96.5 cm at 146 MHz, 32. ‘3 cm at 435 MHz), fed in
the center with coaxial cable, is extremely simple to construct. The.
horizontal pattern of a half-wave dipole is shown .in Figure 5.5. A

Figure 5.5.

Horizontal pattern of half-wave

dipole. The radial scale repre- -
sents normalized field intensity.
Beamwidth = 78°. .
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horizontally mounted half-wave dipole can be classified as a broadly
_'directional linearly polarized antenna. Dipoles are used at a great .
many ground stations for reception at 29.5 MHz. If one is mainly interested
in the mid-morning (local time) passes of AMSAT-OSCAR 7 and 8 which generally
go from northeast to southwest, a single fixed dipole oriented northwest to
_usoutheast will provide an appropriate horizontal pattern.. It will also ,
work well for the Russian RS-1 satellite. Many stations use two horizontal
dipoles mounted at right angles, each with its own feedline. They can then
switch from one dipole to.the other, choosing the antenna that provides the
best signal.. : -

A simple variation of the dipole is the inverted \ antenna shown in
Figure 5.6. From a construction viewpoint, it is just a dipole with

| mast
M2.4 - 3.6 meters

JSor S LSS 7T

Fignre 5.6. 729.5 MHz inverted V antermna. See Figure.5.1 for dimensions.
The following coaxial cables may be used (in order of
preference): RG-8/U, RG—11/U 'RG-58/U, RG-59/U

" drooping ende The horizontal pattern of an inverted V. is shown in Figure 5.7.
- Because the pattern is relatively omni~directional in the horizontal plane,
a single inverted A can provide reasonable coverage in a11 directions.

~So far we have been con. idering horizontal plane patterns. We now
consider -the vertical plane pattern of .the half-wave dipole. Vertical
patterns are strongly influenced by the presence of the ground. Three
possible vertical patterns for a half-wave dipole above a perfect ground )
are shown ‘in Figure 5.8. The effective electrical ground does not generally
correspond with the actual- surface level so one ¢cannot just use a tape
"measure to figure out which pattern is appropriate A-pattern.like that
shown in Figure 5.8c is-very undesirable since each ‘time the satellite
passes through one of the nulls, the downlink signals will fade._ In reality
. the nulls do not appear as sharp as shown because (1) the ground -is not
a perfect conductor and (2) satellite sighals often arrive at the
_receiving antenna after being reflected off nearby objects.

ETOE
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" . Figure 5.7.

Horizontal pattern of _
- inverted V with 120°

" apex angle. The radial
scale represents relative.
field intensity. A half-
‘wave dipole (dashed line)
is shown for comparison.
See reference [2].

Vertical plane (elévaﬁion) patterns for half-ywawe dipole above

. perfect ground. Pattern at right angles to dipole. .Pattern A

is for height of 1/4 wavelength, B for 3/8 wavelﬁngth,

C for 1.5 wavelength. , : o S :

. o ) " . 4, ..1 4 ' . . . ) )
o 1;4LL . ,
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Many dipole users just orient the antenna with regard ‘to the horizontal
pattern and mount it as high and as clear of surrounding objects as possible.
élthough this does not usually result in optimum system performance, the 5

— results are usually adequate. Some users have tried to obtain the desired

| vertical. pattern (Figure 5.8a or 5.8b) by simulating a ground with -~ grid
of wires placed beneath the dipole as shown in Figure 5.9. ' Subjective

)

coax to receiver -

wooden

%St ‘ 7/0\/{—

Figure 5.9. .Dipole mounted above reflecting screen. Best results are .

: _obtained when h = 3/8 wavelength, d is less than .l wavelength, -
and £ = .6 wavelength. Note that it is not nécessary to
physically connect the grid wires to the dipole or feedline.

reports suggest that even a single wire (the one labeled A) so placed may
improve reception. At 146 MHz the ground can be simulated by a reflecting
scréen so that the vertical pattern of Figure 5.8b can be obtained with the
‘antenna mounted in a desirable high location. See ?igure 5.10 for construct-
ion.details. - The feedline matching system shown in Figure 5.10b may

improve reception when using this antenna. - Some users have experimented

with the inverted V antenna above a simulated ground. :Although hard data.

is not available subjective reports are favorable. — ' :

The basic half-wave dipole can also be mourited vertically.. When
placed this way, it will produce an omni-directional pattern in the
‘horizontal plane, However, performance at high vertical angles may be
poor. When used in this configuration the feedline should be routed at
right angles to the antenna for at least a half wavelength (five meters
at 29.5 MHz). ’ : . ;

Y
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RG-11/U

4}asjshort as
poss1b1e

RG 8/U

| PLANL REFLECTOR JJ i any 1ength
: ! MAST
i : ~ o to
H receiver
! ‘
(a) | R O )
The total 1ength of the dipole should be Alternative feed system.’
1/2 wavelength (97.2 ¢m). It can be made -  The RG-11/U should be an
from copper or brass tubing. #Hardware - . electfical-l/4 wavelength
cloth on a wooden frame is used for the at 146 MHz (31.9 cm for
screen which should be at least .6 wave- solid dielectric cable;
lengths (122 cm) on a side. A reflector 36.2 em for foamed
spacing of 3/8 wavelength (72.4 cm) " dielectric cable).

-should be used.. Feed with RG-11/U .or_
~ the impedance matcb‘ﬂg transformer shown
" dn (B).

. Figure 5;10. Dipole above reflecting screen {a) and feed system (b) -’
with dimensions for 146 Nﬁz -

Ground plane antenna. (Only suitable for low-altitude (Phase II)
satellites). . Another simple antenna is the ground plane (%*) which consists
of a 1/4 or 5/8 wavelength vertical element and three or four horizontal,
or drooping, spokes about '5% longer than the vertical element. Oue is

- shown in Figure 5.11b. "Metal sheet or screening is sometimes used instead
.of the horizontal spokes. Dimensions for the verticel element {i/4 wave-
length, 5/8 wavelength) are -- 2.4 m, 6.1 m at 29.3 MHz; 48.3 cw, 121 cm
at 146 MHz; 16.2 cm, 40.4 cm at 435 MHz. The GP has an omui~directional ..
horizontal plane pattern. The radiation is linearly polatiztd Vertical
pléne patterns for 1/4 wavelength and 5/8 wavelength GP antennas are shown
in Figure 5.1la. -A number of stations have used GP antennas at 29.5 MHz
and 146 MHz ;with excellent results. -Although the vertical plane pattern
suggests that GP performance should be poor when the satellite is. overhead,
this is frequently not the case.. The overhead null is often not observed

-

o
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N

T (a) Vertical-field patterns showing relative intensity for 1/4 wave-
’ . length and 5/8 wavelength groundplane antennas. Solid lines show.
pattern over ideal earth (conductivity = 100%). - Dashed lines
represent more realistic pattern. Ground losses greatly reduce

intensity at low elevation angles. Anisotropic ground conduct-
ivity tends to reduce depth of nulls. - : °

by

A}
'

AN

(b) Construction details for.1/4 wavelength groundplane

antenna
using 50-239 female UHF coaxial connector.

«-‘ . . ,E.
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because satellite signals reflected off nearby objects arrive at the GP.
at low angles when the satellite is overhead. If a GP is mounted high
and clear of nearby objects, the overhead null may be observed.

GP anteanas designed for 27 MHz citizens band '(CB) operation are

-widely available and inexpensive, They can be mpdified for use on 29.5 N

MHz by shortening the vertical element by 9%. CB salespersons will"
inevitably try to sell the "bigger and better" 5/8:wavelength model but,
at 29.5 MHz, better results are usually obtained with the 1/4 wavelength

model. - _ _ -

GP antennas designed for 146 MHz amateur operation are available .
commercially at moderate cost. I've had equally good results using 1/4
and 5/8 wavelength models. A 1/4 wavelength ground plane can be
constructed at extremely low cost.using an SO 239 UHF female coax connector
as shown in Figure 5.11b. You'll also need about 2.6 meters ‘of #12 copper
wire —— the type used for house wiring is fine. Solder the vertical
element and the four spokes to the coax conmnector as shown in the figure.
To mount the antenna, connect a feedline and -tape the feedline to a mast.

Construction details for a variation.of the GP ‘using a tilted
vertical element are shown in Figure 5.12a [3,4]. When the vertical

" element of the 1/4 wavelength GP s tilted at 30° to the vertical, the

resulting vertical plane pattern is as shown in Figure 5.12b. Notice

'_that‘the.overhead null has been eliminated. The horizontal pattern
. remains nearly omni-directional. Stations using this antenna.at 146 MHz
‘report good results. It should also work at 29.5.MHz (when the dimensions’

are scaled) but I' m not aware of anyone who has tested it at this frequency.

Beam Antennas.' The majority of the experiments described in Chapter VI. -

‘can be done with simple fixed omni-directional’ or broad beamwidth antennas

of the types just described when working with low-altitude AMSAT and Soviet
RS satellites.  Beam antennas will be needed with Phase III satellites -
during most of their orbit and they may be employed when higher S/N

ratios are desired with low-altitude spacecraft. Beams are usually-used

in conjunction with- azimuth and elevation (or polar mounted) rotators

'so_that they can be pointed at the moving target -- the satellite.

~ Station operation using beams'becomes more complex because one must ''ride"
the rotator controls during a satellite pass. With Phase III this

will much less of a problem since the azimuth and elevation change slowly .-
except near perigee.

There are various types of beam antennas. Three of the most common

are shown in Figure 5.13. The yagi and quad produce linearly polarized

radiation while the helix produces circularly polarized radiatiom.
Dimensions for beam antennas depend on the operating frequency. A three
element yagi (3-el yagi) for 29.5 MHz will be about five times the size of

‘a 146 MHz 3-el yagi but both will have the same gain and patterns.  The
. horizontal pattern for a 3-el yagi was shown in Figure 5.3. As‘the boom

length and number of elements of a well designed yagi. increase the gain
usually increases and the beamwidth decreases. Yagis and quads for 29.5,

146, and 435 Mhz are available from a number of commercial sources (see

145



(a)

side view

ground screen
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"&£ 350- 239

L< 122cm ——— —
‘ . ' ~ Minimum diameter.

'

S5 U Vi Vi VI N N N N

Figyre “5.12. (a) Ground plane antenna with tilted vertical
' A element. The vertical element can be heavy
Y . copper wire. "One end is soldered to the center
‘ of the S0-239 coax connector, the other end is
soldered to a ground lug at an S0-239 mounting
screw. Use RG-8/U or RG-11/U feedline. g
\ Groundplane may. be square or circular.

I “(b) Vertical field relative intensity pattern:
- - for antenna shown in (a). : . ‘ _
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adye;tisements in"a recent issue 6f,QST or:Ham Radlo or contact thév.
manufacturers in Table 5.3 for literature).

Antenna Manufacturers .
KIM' .
Cush-Craft
Hy-Cain
Spectrum International
Heath (146 MHz GP) ' S
Radio Shack (CB GP for 29 MHz) :

P

Table 5.3. Manufacturers preducing antennas suitable for OSCAR
-~ ground station use. Addresses in-Appendix A. 4 -

4

Home built yagis and quads for 29.5 MHz usually perform well. See
ARRL ‘Antenna Book for plans. However, the dimensions of a yagi antenna are
critical and obtaining the desired performance at 146 ‘MHz or. 435 MHz
usually requires good test equipment. -Unless one has had experience in-
the construction o6f VHF or UHF antennas, it is best not to attenpt to 7T '
build a yagi. In contrast, the dimensions of the helix antenna are not \
_critical, making construction of one for 146 MHz or 435 MHz practical [5,6].
‘Another easily duplicated antenna for 146 MHz or 435 MHiz is the Qua°i

~. which is described in reference [7].

When working with low-altitude satellites it's best to stick to~
relatively low gain beams -- 3-el to 6-el yagis or 2 to 6 turn helixes -—
so tracking will not be overly difficult. When working with Phase III

satellites (except near perigee) beams having gains of 10 to 14 dBi should
- Jbe used.

Antennas: General . It's often convenient to use more than one
receiving antenna at a specific downlink frequency, switching to whichever
antenna performs best at a given time. Antennas with complementary
characteristics are generally chosen. The ‘antennds' can be complementary
with’respect to (1) azimuth response (for example: two perpendiculax
horizontal dipoles), elevation response (examples to follow), or (3)
polarization response (for example: a horizontal ‘dipole and a GP). An
- example of elevation angle complementarity would be to use a 1/4 wavelength
N GP when the satellite elevation angle is. bélow 40° and an inverted V

. mounted close to the ground for high- elevation angles (common combination
) at 29.5 MHz). - Another common pair.at 29.5 MHz consists of a yagi mounted
horizontally with only azimuth control (used at low elevation angles) and

an inverted V mounted close to the ground (used at high elevation angles).

At 146 MHz many stations find that a small yagi (5-el) mounted on an azimuth

rotator but at a fixed elevation -angle of 25° works well for elevation angles

up to 60°. At higher elevation angles a fixed antenna with good overhead
performance, such as the tilted GP shown in Figure 5.12 is switched. to.

[ T o
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We ve’ discussed the advantages which result from Lsing circularly
polarized antennas at the ground station. However, you've probably noticed .
that all of the antennas discussed so far, except for the helix, produce
linearly polarized ‘radiation. Fortunately,‘linear antennas can. be
combined ‘to produce circular polarization. “This is frequently done using
dipoles and yagis. Details can be found in the references at the end of
this: chapter [ 8, 9 10 J. If one used two linear antennas for a given
link (mounted at right angles with reepect to polarization while simed in

. the same direction) with separate feedlines it is possible to cour truct
a switching system at the receiver which allows the selection of either
of two orthogonal linear polarizationa or circular polarization of either
sense.. Uperators at many ground stations. ‘have found the performance of .
linearly polarized antennas to be satisfactory.: As a result, they've
e not gone to the Lrouble of changing to circular polarization

)
\
\

5.5 STAIION 'ASSEMBLY: GENERAL S X

i
. Coaxial Feedline. - Coaxial feedline is almost always used to connect
the antenna and receiver. One should always try to choose the cable that
results in minimum attenuation of the desired signal. The most commonly
encountered cables are 1isted in ‘Table 5.4. To minimize antenna system

°“Cable Characteristic | Loss (dB per 30 m) Diameter.
. Impedance’ 29.5 MHz 14§'M§z 435 Mﬂz '
RG-8/U | 52 ohms 1.0 | 23 | 4.2 1.0 cm
RG-58/U | 53.5 ohms 1.8 | 4.2 7.8 |. .50 cm
RG-11/U | 75 ohms .20 | 2.8 5.2 4 1.0 em
RG-59/U_| .73 ohms 2.3 | 6.0 4. | .61 cm

" Table-5.4. Characteristics of common coaxial cables. Losses are for

e - solid dielectric cable. For foamed dielectric cable losses
. / decrease by about 10%. Velocity factor for solid dielectric |

_ , cable = .66 (approximate). Velocity factor for foamed

- "+ dielectric cable = .80 (approximate).

.

. P :

" losses, Ehe tharacteristic impedance of the feedline should be matched to
the impedance of the antenna and receiver.. This is especially true at ;
146 Miiz“and 435 MHz. At 29.5 MHz small mismatch losses may not be signif-
icant. Most receivers are designed .for 50 chi input impedance, therefore
we'll generally stick with 50 ohm systems. When working with antennas
which do not have a 50 ohm impedance, we sometimes use short sections of
coaxial cable as an impedance transformer between the antenna and the main
Afeedline as in Figure 5.10b.
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All feedlines produce some attanuation of tho desired signal, ‘even
when perfectly matched. These losses vary directly as the line length and
increase with frequency Each of the caples listed in Table 5.4 can be
purchaséd with @ foamed'dielectric instead of a solid dielectric. The
- foamed dielectric cable has, about 10 percent less loss but, in most
systems, the difference will not . be observable. RG-58/U is cheaper,

- thinner and lightef in' weight than RG-8/U (both are 50 ohm). However,

. the attenuation data show that, even ‘at- 29: 5TMiz, RG—58/U should -only be -

‘used .for rugs of less -than about 30 meters. " As a rough guideline, a station
desiring good but not necessarily optimum performance should limit RG—SS/U

. runs to less than i0 meters at 146 MHz , and” to less than 3 meters at

435 MHz.

‘.
\

Two types cf coaxial’ connectors are commonly used —-:the UHR series

-and the. BNC ,series.. - The UHF 3éries can be used with RG-8/U, RG-58/U,

RG-11/U and'RG—59]U cable. The BNC series can only be used with RG—58/U

. and RG—S@/U'cable Each.series contains various male and female connectors
. and adaptors. Theqmore exotic types of coaxial comnectors offer very little

improvement at 29.5 MHz, a marginal amount at 146 MHz, and a noticeable
increase in performance at 435 MHz. The type N series of connectors should

. be considered at 435 MHz if optimal results are required

Ready—made cables of various lengths with UHF connectors are available
from distributorg servicing the citizens band radio ‘market. It s often
cheaper tn buy these cables than to purchase the components ‘separately.,

Accessories Basic Three acce3301ies are discussed in this section:
gital frequency readouts, frequency calibrators, and weak ‘signal- sources.

Many receivers provide access to the variable frequency oscillator
(vfo) used for tuning. If a receiver has a vfo output, a standard
‘ffequency counter having an. appropriate upper frequency *limit can be used
. to monitor the vfo frequency. - Note that the counter. _reads the vfo
frequency, not the frequency. of the incoming signal T6 calculate the
frequency to which the receiver is tuned to, a ‘constant must -be added to,

. or subtracted from, the counter reading. The constant, which will usually

be different for each band, may be obtained either by (1) referring to the

.. mixing scheme shown in the receiver instruction manual or by (2) tuning the
\;‘

Y

\

.receiver to a known frequency (using a‘frequency standard) and subtracting
to obtain the difference frequency. For many experiments one-is primarily
intere=ted in frequency changes’'and not in true frequency. Frequency
changes can be obtained from a counter connected to the vio without ever
-calcul2ting ‘the received frequency. Accurate ‘measurements of the true
frequency of an incoming signal involve a_number of considerations not
discussed here.which make other techniques more. appropriate —— see
Project SP 4 in Chapter VI. Some modern receivers provide outputs ‘from

. . alil frequency determining OScillators so that' they-can-be used with companion

direct frequency readout countérs available as accessories. These -special

- counters combine the- outputs of all frequency determining oscillators in

the proper manner to arrive at ‘the received frequency.. 0ld receivers

which do not provide access to the vfo can usually be modified by construct-
ing a source or cathode follow&r and connecting it to, the vfo (see The
Radio Amateufs Handbook for details) _ ~ SR
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‘A crystal controlled calibration oscillator which provides markers
every 100 or 25 kHz is a very useful and inexpensive (about $25) station
accessory. Calibration oscillators greatly improve the accurary of analoug
‘(dial) receiver frequency readout. - Many of the HF receivers mentioned in

~section 5.2 come with a.built-in caliorator. Calibrators can also be
" purchased separately. .See the adve.tisemente in recent issues of QsT 3nd '
Ham Radio. e '

. A crystal controlled oscillator for spot frequencies close to the
29.5 MHz and 146 MHz beacons aboard the OSCAR sateilites is useful for '
testing the receiving system and optimizii.g the various ccauponent parts.
Built-in calibration oscillators often do not serve, this purpose because
their harmonics ‘at 146 MHz rannot-be heard and/or their output is injected
directly into the receiver first stege bypassing the antenna,.feedline,
pre-amp and converter The 18th harmonic of a crystal cut for 8. 1Q8
MHz will provide a aseful markex near.145.944 MHz and the 4th harmonic
of a.crystal cut for 7.36Y Midz will provide a useful marker near 29.476 MHz.

- - Inexpensive low tolerance crystals are usually fine since the exact :
frequencies are not very important. A kit with all parts "for an oscillator
covering the' proper frequency range is available from the International

. Crystal Manufacturing Company for under $5. Crystals are available from
. the’ same source fcr about $4 -- model EX crystals and oscillator kits.

Acce ssorics Advanced. In this: section we look at some accessories
~~ """ ~useful to the advanced experimenter. 'We begin by discussimg the equipnment
.needed to decode rhe radio teletype (RTTY) telemetry from AMSAT-OSCAR 7.

An RTTY demoduIator and a te1eprinter or video display unit must. .
be added to the regular station setup in order to decode RTIY telemetry
(see Figure 5.14).  The RITY demodulator is an electronic device that

A ' teleprinter,.
| HF , TTY —y— video display
receiver odulator .
I Rt : [ or tape punch _
\;\ ; h\' . | \
| SN |
4 |
- \ ' tape recorder )
~ N L . ~
\ : E : ™ (audio)

Figure 5.@1: Equipment connscted to audio output of receiter for
: V / decoding of RITY telemetry.

[\ A L o ‘ .

f‘ / ? i - : - ' o - \
converts the audio signal from the receiver, output into a format useable
by a standard teleprinter or video display unit. Advocates of the teleprinter/
stresslthe fact that it orovides hard copy while the video display unit /
does not However, a regular audio tape recorder will function as a memory ”
for the video display unit. The video dispiay unit is quict -and tsually \ //

/
. . /\
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very reliable while the teleprinter, with its myriad of moving mechanical )
parts, makes considerable noise and needs frequent maintenance. Teleprinters
are sometimes available at very low cost which could be an overriding factor.
Anyone contemplating .setting up to receive 'RTTY telemetry should first read
Specialized Communications Techniques for the Radio Amateur, Chapter 5,
for; general background on RTTY techniques. Most RTTY operation is done
usﬁhg two closely spaced frequencies, f and fj, referred to as the mark
and|space. The transmitter operates continuously during a transmission
period switching back and forsh betweenmark and space. The OSCAR 7 system
differs frominormal RITY in that only the mark is transmitted. This is
done to conserve satellite battery.power. Since the space information is
actually redundant, the techniques works. However, redundancy dées improve
the accuracy of the recéived copy. Under most conditions the savings in
battery power are considered worth the performance degradation. Minor
changes must be made in most RTTY demodulators in order to work with the
OSCAR 7 ‘system. Details are ‘contained in reference,[11]. 'Some stations
have directly interfaced the receiver audio output with a minicomputer
system. The minicomputer can then be programmed to decode the RTTY. Wken

. new satellites use other digital codes the user need only reprogram the
minicomputer. RTITY demodulators and- video display units are available from

HAL Commyunications Corp. (see Appendix A). \

Radio Frequency Interference (ﬁFI). One of the most serious and -
widespread problems facing satellite users is electromagnetic pollution --
the unintentional radio-frequency noise generated by many electrical
devices. Much of this noise cannot be filtered out by any fancy noise
limiter or blanker on the receiver. One must either eliminate the noise
at the source-or somehow operate ‘around it. Both approaches will briefly
be discussed here. Common noise sources are fluorescent lights or starters .
which are not operating properly, thermostats associated with furnaces,
stoves, and elevators, and brush type motors. When setting up a station
in or near a room with fluorescent lights, always check for RFI by switching
the lights 6n and off while monitoring the receiver.. If noise is:-a problemn
it can sometimes be cured by replacing faulty lamps or starters. Noise
sources can often be located by a trial-and-error process: turn the power

. to suspected devices on and off while\monitoring the receiver. Many g
manufacturers provide free kits designed to reduce RFI caused. by their '
_appliances upon request [12]. If RFI ié\gs;hg caused by an appliance not
under. one's control and requests to the owper to fix the offending unit do
* . not produce results, a formal complaint car.be filed with the Federal
" " Communications Commission but it often take;\g very long time to get
responsive action. ' g o

If the noise source cannot be eliminated (or™located), there are -
still a humber of strategies for getting around the“problem. Perhaps
' the best advice i1s -- be flexible, try varying opéraf} -times, frequencies.
station location, and the antenna system. You may finggbhgg certain noise
sources are turned off during lunch hour.’ Or,-a noise sour g\that makes
reception at 29.5 MHz impossible may not even be discernable at 146 MHz.
. Sometimes moving the station to an adjacent room, or switghing tosan ac
- outlet on a different line may greatly reduce the .problem. Moving the -

location of the antenna system, switching to a beam antenna from an >

Q ‘l s S -f." . 1§5:3
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omni-directional array, or running a ground lead from the receiver to a-
cold water pipe may also produce significant improvements.

_Congtruction Information. Directions. for constructing specific
electronic devices have generally been omitted from this text. Readers

~ who are experienced in electronic construction can refer to the books and

construction articles cited. Those who are not experienced at electronics
construction will find it much less frustrating to use commercially’

available equipment. The ARRL series of books are an excellent source'for
. practical information on the construction of communications equipment. The

following -books in the series are. especially valuable to those building

and operating satellite ground stations:

The Radio Amateur's. Handbook : _ o

The ARRLyAntenna Book, ’ ) ’ >
The Radié\gmateur s, VHF Manual, : '

Specialize Communications Techniques for the Radio Amateur,

. Understanding Amateur Radio.

- Seeking Assistance. You may- find that some of your students or other_
teachers have amateur radio licenses. ‘Most licensed amateurs have had
practical experience with the HF and VHF communications'techniques and
equipment we have been discussing. : They can be an excellent resource for
obtaining answers to specific questions and, oftentimes, will enjoy helping

. to set up a ground station. If there is an amateur radio club in the area,

phone one of the officers and ask for the names of some members who are

active OSCAR users. Most amateurs .enjoy showing off their stations and

a call expressing interest in OSCAR communications will likely result in
an invitation for a demonstration during an OSCAR pass. Over 53000

. American amateurs have participated in two-way communications via the

OSCAR 'satellites and many ‘more haveé listened to the downlinks so it is

:usually possible to find someone experience in OSCAR communications locally.

The :OSCAR Educational Programs. Office at the ARRL maintains a gist of

R _radio amateurs ‘who have volunteered to assist in educational activities.
: Contact.the office to' find out if there is a volunteer in your area. ’

Portable Ground Statipn. A special portable ground station designed .

. for educational demonstrations’ has been assembled with funds provided by
.- the National Science Foundation. It is being used for an orngoing program
- of demonstrations at science education conferences. The portable ground

station has provisions for receiving downlink signals at 29.5 MHz, 146 MHz
and 435 MHz. It is also capable of tranmitting to the satellite (voice

~‘or Morse code) at 435 MHz. The total weight of the ground station,
. including all accessories, is under 20 kg and it operates off 115 v ac

or 12 v de. ‘A list of station components follows:

Kenwood R599A receiver .
Kenwood 146 MHz converter-
Janel 146 MHz pre-amp
.KILM_ECHO 70 SSB Transceiver (for 432 and 435 MHz) .
Heathkit HWA 202-1 power supply (%rovides 12 v dc for ECHO 70)
29.5 MHz antenna: wire dipole ‘ v
146 MHz antenna: 1/4 wavelength groundplane
435 MHz antenna: 7-el KILM yagi mounted on- camera tripod
' Hiscellaneous. coaxial cables, speaker, compass, orbit calculator

-~
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5.6 TRANSMITTING CONSIDERATIONS

All radio transmissions are regulated by national governments in
compliance with international treaties. In the United States, the rules
and regulations governing: the transmission of radio signals are implemented
by the Federal Communications Commission (FCC), in Canada by the Départment
of. Communications (DOC). " In order to transmit uplink signals for relay by,
or ‘control of, an OSCAR satellite, one must be licensed by his/her govern-
ment. The uplink frequencies .are assigned to the amateur radio service,

so the appropriate iicense 1is usually an amateur one.

In the United States .the FCC rules: and regulations_state that the
ground station transmitter must be under direct.control of a licensee
having an appropriate grade of license (technician class for working with
AMSAT-OSCAR transponders). The key word is "control". If an instructor
with a technician or higher grade license is present in a laboratory to
that transmitting equipment.is being operated in compliance with FCC
- regulations, an unlicensed student may operate a transmitter. This makes
.1t possible for anyone, regardless of whether or not they have a licensé,

to perform sophisticated experiments whicn require transmitting: precise
ranging and tracking, observations of compound Doppler .shifts, testing of
VHF and GHF transmitters, etc. _ \‘

see

This text emphasizes educational applications that only require
receiving capabilities at the ground station.' This is done because a
-receive only station (1) is simpler to assemble than a station including\
transmitting capabilities, (2) requires no license, and (3) will permit the
user to perform a great many experiments. - However, some educators may
decide to include transmitting facilities at their ground station. It is
strongly suggested that a receive only station be assembled and experience
gained in its use before a decision is made on whether or not to add
transmitting capabilities.‘ The remainder of this section will briefly
introduce practical considerations related to the assembly of uplink
facilities. It is assumed that the reader has the technical background
,needed for a Technician Class amateur license or a Second Class
. commercial license. - :

Anyone planning to use the transponders aboard the AMSAT—OSCAR series
of satellites should be aware that all users share the available satellite:
power.. Cooperation among users 1s therefore essential. Stations employing
too high an effective radiated power (EIRP) will use more than. their share .
of power and may even activate the automatic gain circuitry aboard the
satellite making it impossibie for low:: power stations to use the transponder.
For general communications, CW and SSB are recommended. SSB has a high
peak to average power characteristic and; the transmitting duty cycle for
CW is usually considerably less than 50 percent so both, these modes use the
- available satellite power effectively and\efficiently. Users are discouruged
from using FM, SSTV (slow scan TV), AM or SSB with speech processing for
general communications because the high transmitting duty cycle of .these
modes uses an excessive amount of the available satellite power. However,
these modes may be used for special experimental purposes.

15
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Suggested  EIRP leyels. are discussed in conjunction with each satellite.
These levels will proyide moderdtely reliable. communications with little
chance of overloading the satellite except when it is almost directly
' overhead. , Higher EIRP levels will increase.communications reliability
and use of such levels is legal as long as downlink signals are constantly
. monitored to insure that-the transponder is not beding overloaded an&\that
one is not monopolizing the available power. The FCC has announced that
_ stations Jintentionally" overloading the satellite will be considered in
4 violation of Sections’ 97.67(b) and 97.125 of the Rules and Regulations. )
"~ Such violation could result in license suspension and fine. Stations using’
EIRP levels higher than those recommended must therefore provide a meéns
for decreasing their signal level at the satellite._ Two common methops~
for accomplishing this are: (1) use of a lineat amplifier which may. be
switched in or. out, (2) deliberate misaiming of a beam antemna. To minimize
interference between SSB, Morse .code, ard other modes the bandplan shown
in Figure 5.15 is suggested for all AMSAT transponder downlinks. We now .

look at the transmitting equipment employed at many OSCAR ground terminals.
/.

»

[P . L. o - \ - . /
. A L. .

guard | '-' Ty nixed : guard . |

.band = ) mode : -~ band /
o ) .
. L/ .
“low | j\\\\ : //// _ W/high -
frequency N/ ) : frequency
5 ot o, Y )
' beacon ‘_ AT 1 : beacon °

-&

Figure 5.15., Band plan adopted for all AMSAT.- transponder downlinks.
The guard bands are sach 5% of the total bandwidth.
The CW, mixed modd, and SSB segments 'are each 307%.

. . _ 3 o
146 MHz Uplink. Most AMSAT-OSCAR and Russian RS satellites have

'transponders with input frequencies.in the vicinity of 146 MHz and output

frequencies near 29.5 MHz. Specific frequencies are listed in Chapter IV.

A ground station EIRP of about 100 watts is-generally required to access
. ' the 146 MHz transponders currently in orbit. Specific values for each '

satellite are given in Chapter IV. Phase III satellites may also have

‘a transponder with an input at 146 MHz but they'll require an EIRP of

“about 500 watts_(SO watts plus 10 dBi antenna gain).

Probfem 5.4.

sume that a 146 MHz CW t)camsnu,ttu haw.ng an uzpu,t 06 100 Wam
and a 3 efement yagi ane aviilable forn a ground station. and that 30 metens
0§ RG-8/U will be used as feedline. What will the e“ec,twe h.aduvtzd .
power of this system be?

Answen: Lacking mone infonmation, it is ‘neasonable to assume that the 146 MHz
Tnansmittern final amplifien will have an ‘ef§iciency of about 50%. The Loss

in the coaxial cable will be about 2.4 dB (see section 5.4). A well designed
3-ef yagdi has a gain of about & dBj. The EIRP 48 thmeéone )wugh!;y 200 watts.
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- ‘The -use of a high rf power level&and a low gain broad pattérn antenna
-to achieve the recommended EIRP is very desirable for transmitting to. low-
altitude satellites since it minimizes, the need for antenna aiming. A
transmitter power of at least 30 watts\should be used at-the ground station.
Approaches used to produce the desired ¥f power include the following:

. 1. Purchase of Amateur Service 146 MHz CW and SSB Transmitter.

‘Amateur equipment designed for SSB and/or CW o] operation on 146 MHz is
available. Transceivers for 146 MHz have recently been placed on the market
by KLM, Yaesu, Kenwood and ICOM. Many of \these units only produce about

-10 watts output but accessory amplifiers putting out up to:140 watts are
available. When buying a SSB transmitter, ‘make sure that it can operate #
upper and lower sideband. A number of’ other manufacturers have marketed

- items’ in the past which have been discontinued. These items can often be
obtained on the used equipment market at very reasonable prices. One .
widely used CW transmitter in this category is the AMECO TX-62. If an HF
SSB/CW transmitter is available consider purchasing a transverter (a . _ .. . -
transmitting converter). Transvertersareavailable with inputs at 14, 21,
28, or 50 MHz and outputs at 146 or 435 MHz. Be sure to check: thebadver-

. tisements in recent issue of QST and Ham Radio since new pieces of equip-
ment are likely to be introduced in the near future. '

2. Conversion of Commercial VHF FM Transmitter Strip.  Transmitter -
- strips . from commercial- VHF FM equipment designed for 130-160 MHz can
usually be converted to 146 MHz CW service. Conversion involves constructing
a power supply, purchasing a crystal, retuning resonant circuits to the
desired frequency ahd adding provisions for keying -- grid-block keying
;& of the driver and final is usually employed. Transmitter strips ‘rated at
30 or- 60 watts output in commercial service can safely provide 45 or 90
.watts CW. The strips themselves can be. obtained inexpensively from a number
* of sources -- see advertisements in a recent issue .of Ham Radio.

. 3. Modifying Amateur 146 MHz FM Transceiver. Most amateur'transceivers

. designed for FM operation between 146 and 148 MHz can be modified for CW- _ _
operation on the OSCAR uplink frequencies Modification may be as simple o
as. plugging in an appropriate crystal, disconnecting the mike or setting

the deviation to zero, and keying the push-to-talk switch. It is usually
desirable to.modify the push-to-talk circuitry so that the unit can be

left in transmitiand only the driver and final keyed. : '

4. Construction of Transmitter or Transverter. A transmitter or )
transverter may be constructed Suitable plans are contained in the ARRL .
VHF manual. Collecting components, building,- and debugging usually involve
a great deal of time and the total expense, when starting from scratch,
is comparable to other approaches. This approach is only recommended when.
the educational aspects of the actual construction are of primary interest:
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- 432/435 MHz Uplihk. A 432 MHz input is included on AMSAT-0SCAR 7 and
435 MHz inputs are-planned for Phase III AMSAT recommends that a maximum _
EIRP of 80 watts be used to access the mode B transponder aboard OSCAR 7.
Phase III will probably require an EIRP ‘of about 500 watts. (50 watts .plus
10 dBy antenna). . .Transmitting’ equipment for 432 or 435 MHz is more difficult
to obtain than for 146 MHz. A great many users have had good success with
10 to 20 watts of rf and a moderate gain antenna (8-10 dBy) when working
. whth AMSAT-OSCAR 7. These figures do not contradict the 80 watt maximum
"EIRP since feedline losses are not included, At this frequency a well.
designed 6-el yagi can give about 19 dB \gain with dimensions of only
60 cm for the boom and 35 cm for the 1argest element. A large percentage
.of mode B CW operatjon is done using converted ‘commercial UHF FM transmitting
strips designed for either 420 MHz or 460\MHz._ Strips rated at 15 watts )
- commercial FM service safely provide more|than 20 watts CW when used with
_ an appropriate .power supply. Comments regarding the conversion of VHF
-,Jstrips_to_léﬁ_MHz -also-apply- to—UHF—stripsn A" few manufacturers are
prodiucing 430 MHz transmitting equipment suitable for OSCAR use.: Notable
are: KIM (ECHO-70 10-watt CW/SSB transceiver, antennas, power amplifiers),
Amateur Radio Components Service (transverter, ‘high poweraamplifiers),_
VHF Engineering (CW exciters, amplifiers),. Spectrum International -(varactor
" triplers), Texas RF Distributors (transverters by Microwave Modules), '
Hamtronics (CW excliters, amplifiers). Addresses for these manufacturdrs
are  contained in Appendix A. It is suggested that recent issues af~ —
and Ham Radio be consulted for up-to-date equipment availabilit:y° "At§435
MHz uvery v effort should.be made to use the shortest length of feedlin ‘
' and the highest quality coaxial cable for feeding the antenna.- Additidpal
.information on transmitting equipment is contained in "he Radio Amateur
VHF Manual and in reference [13]. :

\
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T Students dn. the: Electron:lca ‘g:l.neering Technology B _
. = - State College (N. J.) areshown here, op rabing- .satellite ground station. .
; * They also have designed and consttucted pvgtiot:ype :.light model subsyst:ems

' for AHSAT spacecraft. el e
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. Catonsville Community College. With minor modifications the experiment is

for this experiment is greater than usual, a good deal of the time is spent

CHAPTER VI

EDUCATTONAL EXPERIMENTS AND ACTIVITIES

" The obJective of this chapter is: : ‘ ’

to describe several satellite experiments and activities suitable for
‘regularly scheduled student laboratories, student project 1aboratories,
demonstrations, and original research projects..

-~

This chapter contains four satellite’ experiments (SEs), fifteen

:,satellite projects (SPs) -and nineteen satellite miscellaneous activities
"~ and topics (SMs). The SEs are in the form of sample student handouts
which were ; used_as_part_of_xegularly—scheduled—iaboratories———%he—SPs

consist of detailed outlines which can easily be turned into formal
experiments. The SMs. briefly intrcduece ideas which can be developed

"~ into projects or experiments by interested readers. The SEs and SPs .

are grouped by general tépic into seven sections:
. Developing Tracking Data,
Derivation of Tracking Fquations,.
Doppler Effect,

. Telemetry Reduction,

Propagation, _
Satellite System Design, ) . \
Satellite Ranging. : : : \

L3

.

NOU SN

"SMs' are presented in section 8. All references [n] are at the end of the

chapter.

6.1 DEVELOPING TEACKING DATA

This section includes experiments which involve determining one or more
of the orbital parameters of a satellite. Tracking experiments can be

gemployed to: ‘ -

N

1. directly measure the period of a satellite;

2. introduce satellite terminology, SR

3. illustrate Kepler's laws; -

4. predict when future satellite passes will be within fange; B

5. determine all orbital parameters of a given satellite. \
Tracking experiments are among the most widely applicable and interesting \
activities involving the OSCAR satellites

We begin this chapter by presenting a simple experiment, using AMSAT-
OSCAR 7, performed by students in the electronics technology program at

suitable for introductory physics laboratories for engineering students.
Typical results are included. The experiment requires a single laboratory ,
session of at least three hours. Although the total amount of laboratory time

waiting for signals to appear and this waiting time.can be profitably used. -\\

Tracking experiments involving boppler‘shift measufementS~(section 6.3)

- and Ranging (section 6.7) will be presented later in this chapter.
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EXPERIMENT SE 1 ‘ :
- Electronics Technology fepartment .’
Catonsville Community College

. SATELLITE TRACKING
OBJECTIVES ‘

Tde obJectives of this. exper1ment include:

i#arning basic satellite-orbit terminology;. ‘
determ1n1ng the period of -AMSAT-OSCAR 7 (circular orb1t),
pred’ct1ng times during which the satellite will be in range; -
dcﬁrrm1n1ng the altitude of the satellite.

R -
e o o o .

EQUIPMENT - T

~.

Bas c sate111te groundstat1on consisting of
r HF Receiver '
Convexrter for 146 MHz (if needed)
Groundplane antenna (29 MHz or 146 MHz as needed)
Clock
L Weak s1gna1 Source
2. Tex}book Using Satellites in the Classroom A Guide for Science
| " Educators, M. Davidoff

'NOTE )

In|order to assure that 51gnals will be recelved this exper1ment
should only be scheduled during either morning 1aborator=es
(between 6 a.m. and noon local standard time) or even1ng labora-

, tor1es (between 5 p.m, and 11 p.m. local standard time). :

: \
-PROCEDURE

1. Set the clock using time signals from the National Bureau of
. Standards (NWV) at 5.000, 10.000, or 15.000 MHz. Theé Canadian National
: Observatory (CHU) at 7 335 MHz may also be used - -

l

2. Set the receiving system to the correct frequency fhe satellite
beacon transmits on 29.502 MHz when it is in Mode A and on 145.972 MHz
when it is in Mode B. Operating schedule information is contained in
Chapter IV. ‘Adjust the receiver for maximum sensitivity

(rf gain full clockwise, AVC off) and widest selectivity. If available,
use the weak signal source to check the receiving system: . The beacon
frequenczes specified are.approximate. At the beginning ‘of a pass the
frequency | 'will be slightly higher (about .5 kHz at 29 MHz, about 3.kHz
at 146 MHz) while at the end -of the pass they will be slightly lower.’
The reason for this phenomena, known as Doppler shift, will be discussed
in the next experiment.

.. 3. Once the equipment, is set up and checked you can sit back and relax.
) When sate111te signals’ are heard fill in Table I. If you're not sure of




. 5 =3
what to listen for ask the: instructor for the cassette tape of AMSAT- V

"OSCAR 7 signals. If nothzng is heard in two hours check with the
~ instructor -- somethlng is wrong! Data from two consecutive orb1ts,
~called A and B, will be needed. :

3 “TABLE 1 B P .
Date 28 may 1976 - - -
i Frequency - .29.500 muHz
Orbit A: AOS time  (08:08 EDT
 Orbit A: LOS time ~ (08:22 EDT ’
Orbit .B: AGS time  (9:59 EDT _
Orbit B: LOS time 10:19 epT o - ~we~7———f—-
. L
- AOS and LOS stand for acqulsltlon of s1gna1 and loss of signal,
~ Another abbreviation we'll be using is TCA wh1ch stands for t1me of
closest _pproach :
4. U51ng Table 1 est1mate TCA for each orbit using the follow1ng ap-
_proximation. . e ' -
- TCA==AQ§%%LQ§ 4‘t1me midway botween A0S and LOS
‘orbit A: TCA = . (8:15 EDT . ~ | ;
.. . ~ : Lo '
Orbit B:: TCA = 10:19 EDT' , ) . K

'The elapsed. time between two consecut1ve TCA's w111 serve as an est1mate
. of the period (T) .

Period = 114 MINUTES  °

"5. Using the estimated period. calculate the altitude (h) of the satel—
: 11te u51ng the equation

=(4_11)r3 sor = (.331§) x 1o6 xT2/3

where T is measured in m1nutes, r is measured in meters and r = Re +'h
(R is radius of earth = 6.37 X 106m) : :

h= 1,42 x 100

N

== (,3315) x 100 x.(115)243 = 7,79 x 105
h'=-(7,79 - 6,37) x 108 = 1,42 x 10%

/

't6. Using your estimate of the perlod and your TCA data predlct when the
‘next pass will occur. If this pass occurs before noon local standard

time (morning laboratory) or 1] p.m. local standard t1me (evenlng laoora-
tory) listen for it. - . .

162
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s 6=h . -5

Orbit C: preeicteq TcA  12:03 EDT

Corbie c: A0S 11:53 pr | |
Orbit C: Lds . 12:10 ept o ‘
Orbit C: TCA.estimated from.AOS'and Los -12:01%

New estimate for perlod u51ng data from 0rb1ts A and C:

~

113 3 MINUTES

- . Use TCA data from orbits A and C to compute a new est1mate for the
. : perzod. Show work below. :

TCA (ORBIT c) - TCA (ORBIT A) 226%

2 ORBITS

7. Uslng your most recent est1mate of the period and the TCA data whlch
you have accumulated, predict whether a pass will occur tomorrow having
a TCA between that of orbit A and B. If possible listen, or arrange for
another pair of students to listen, for the satellite starting at least

a half period before the predicted time. Show all computations and
dlSCUSS results.

date 29 MAY time (8:48 frequency 145¢ 973 MHZ
STARTING WITH ORBIT A™ - ' ,
1133 min. X 13 oRBITS = 1473 MIN, = 1 DAY + 33 MIN,
~ PREDICTED TCA = ORBIT A TCA PLUS 33 MIN,

. L .

1
'

Aoe | 8:59"

- | " DATA WHICH WOULD BE OBTAINED IF
~tos 9:18 MEASUREMENTS WERE MADE
TCh 9?988 | - ‘
New period estimate 114, MIN. *  (1493.5 MIN./13 ORBITS)
. _ iy .

113 3 MINUTES* l_h,""



.Coﬁments on SE 1

The experiment, just described works well with AMSAT—OSCAR 7. Period
‘estimates using data from one or two complete orbits 'are generally within
one to two percent of the actual value, lying on the low side. . This accuracy
is sufficient to make predictions for the following day which, in' turn, will
".generally yield period estimates-having an accuracy of better than.O. 1
percent. To simplify the experiment a number of assumptions were made:

(1) the-orbit is circular, (2). the period is approximately equal to the
_time between successive TCAs and (3) TCA occurs midway between AOS and LOS.
These approximations work well with OSCAR.7 but they may not work with
other satellites. This experiment should work well with AMSAT-OSCAR 8

and with Soviet RS-1 and ground stations with only 29.5 MHz receive
capabilities should: adapt the éxperiment to one of these spacecraft. -
OSCAR 8 should be available every weekday morning on 29.5 MHz and RS-1 may .
. provide some afternoon passes so it may be possible to relax some of the
 time restrictions and careful attention to schedules discussed in. the
experiment. See Chapter IV for beacon frequencies and operating schedules.

A number of additions or. variations to this experiment suggest
themselves. TFor example,. a directive -antenna could be used to obtain
additional information which could ‘enable one to roughly gauge the orbit
inclination. To confirm the circular nature of the orbit consider.
acsumption (3). For elliptical orbits assumption (3) is poor. As a
. result, period measurements would vary greatly.’ The small variatiom in
. period measurements therefore suggests a nearly circular orbit.

\

\
1

6.2 DERIVATION OF TRACKING EQUATIONS
A number of the basic tracking equations prisented in Chapter I are
derived in this section: _ _ ,
SP 1. Eqs. 1.11 and 1.12 - Sate11ite.elevation'angle'and slant range;

SP_?. Eq. 1.15 -~ Satellite position in orbital plane as a function
of time (Kepler's equation);

-SP' 3. Eqs 1.6 and 1.7“—4HSate11ite ground track.

These derivations have been found useful as illustrations of practical
applications in calculus and in programming and numerical aralysis courses.
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: PROJECT SP. 1% . . P
ELEVATION ANGLE AND SLANT RANGE I -

/ Objective: To 11l ustrate how the equations for satellite elevation
angle and slant range are devived. The derivation only involves teo-
" dimensional trigcnometry, the law of sines and the. law of’ cosines so it
‘. 1is sultable for pre-college instruction. /

Derivation. The instantﬂneous elevation angle (€) of a satellite can’
be obtained if (1) the instantaneous height (h) of the satellite above the
surface of the earth and (2) the surface distance (s) between the sub-
satelbite point and one's ground station are known. For. the calculation
we assume that s and h are known. .For circular orbitp h is, of course,

~onstant. A tachnique for obtaining h for elliptical orbits will be
covered. in Project SP 2 —- éatellite motion in the orbital plane Determin-
ing the surfage distance between two points on the surface of the earth,
Eq. 1.9, is a standard navigation problem 'and will not be covered here.

In the course of determining the elevation angle the slant range (line-of-
sight distance between satellite and ground station ) will also be found.

Deriving the elevation angle of a satellite appears to be a simple
nroblem in plane trigonometry but the apparent simplicity is deceptive.
‘Try assigning the problem to your students —- provide Figure 1 to standardize
notation and specify that you want them to obtain € as a function of s and
h -~ and %See how many can solve it : .

o

/satellite _f“

T

eocenter

~ ] \\ L]

’The solution is obtained as foliows

1) ..(R+_h) 22 + R2 - ZXRCOS €& +90° ) T (law of cosines)

i R+h L _ |
(2) l sin(€+90 ) = sinB 1— (sin8) (R+h)/cos6 (iaw of sines)
(3) *12 = R +.. (R-l-h) - 2R(¥1+h)cos‘3 (law of oosines)' T

Substitute (2) and (3) in (1) ‘and switch to radian measure with s = RB.

- (R+h)cos(s/R) -\R
(R+h)sin(s/R)Y

Step (3ﬂ yields the slaht range; \step (4) yields the elevation angle.
S j .

\\ j B

('l_&.) : \tan.e




PROJECT SP 2 T
MOTION IN THE ORBITAL PLANE .-~

///

Objective To illustrate Liow the equation’ goveming satellite motion
in the orbital plane (Eq+ 1.15) as .a function of” time (Kepler's equation)
is derived. This example-+is useful in-the latter part of an introductory
Calculus course or one in numerical dnalysis.

Derivation Refer to text’ Fig\_re 1.1 (Chapter I). Assume that the

satellite is moving counterclockwise and that our time measurements start °

from zero at perigee _F¥om Kepler's III Law (Equal areas (AA) swept out
in equal time intervals (A t)) we obtain

(1) - aa-= kAt -
The proportionality constant, k, is found by considering one complete orbit: . -«

.~ AA = 1|’ab area of ellipse
, AL?"A t = T = period of satellite
2) k Tl'ab/T

The area element in polar coordinates is given by dA = (l/2)[r(o)]2d9.-
For an ellipse r(e) = a(l—e )/[l+e cos (e)] Integrating we obtain

- o ' ' ) ‘ro .
(3) j dA = (1/2) S r’(e)de = (naz(l—e)z/Z)-j do[1+e cos(e)]?
. U . 0 AR ’ . ’

@

which tan be evaluated 1.sing most tables --  for example Pierces no.'s
3l7 and 319. . :

e i _ a (l—e) ~e sin(e) .\. 2 ' - (l—ez)‘:'5 tan(e/2) 1
) jodA  2(-e?y |ITtecos(e) * (1-e2)*5 arctan| I+e ]

Introducing the abbreviation:

.5
2arctan | ( ) tan{e/2) ] -

0 (1-e ) sin(()] -

} 3
(5) | E(e) = arcsin T+ e cos (o)

known as the ecceniric anomaly and using (1) apd (2)

~ ~ L 4

. (] . ) : . \

6) 5 dA = Tabt/Y = Fal(l-e2) /T
Equating (4) and (6) and solving for ¢ we obtain

(7)' t = (T/2W)[E(e) ~es.nE(e) ] .

Problem: Vernify thaf the two exonessions gwen 6on Ele) in (5) are

equivalent.



6-8 .

oo, .=~  PROJECT SP 3 -
s . GROUND TRACK

\

Objective: To illuétrate‘ﬁ%w,the equations (Chapter I, Egs. 1.6 and

1.7) describing the satellite ground track (imaginary curve on surface of

earth generated by the point directly below satellite) are derived. This
project is an interesting application of spherical trigonmetry.

" Derivation. Figures 1 and 2 show the geometry of the grouﬁd track
problem that we begin with and explain the notation used

ground track on static earth
/ ' '

<
ground track on rotating earth

AR

v
N

"E :
N B C |D | E N P s
Latitude o) | 0° 0° 0° 0° | g(e)
N *, . * * ‘.ﬁp\’\‘
Longitude A (e >‘p Y A (t)‘ )\o )\p i >\(t)

Figure 1. Ground Track (* indicates coordinate on ?tatic earth)

satellite
r{‘ﬁl
=

line ;f
nodes

Figure 2. Orbital Plane
W, = argument of perigee

o : measured from perigee

T e




We assume that the latitude and longitude at perigee @, ) ), the orbital.
inclination i, and the direction of motion (morth or sogth) of the satellite
at perigee are ‘known. Time (t) is measured from perigee, positive following
perigee and negative before it. To derive an expression for the latitude
@(t) and the longitude A(t) of the satellite at any time we perform the
following steps in. order.

1. Compute the time (t_) and the angle in the orbital plane (uh) between
the previous ascending node and perigee. ) is called the argument of
perigee. -

2. Compute the longitude at the previous ascending node using a static
(non-rotating) earth model X, :

;3 Take the rotation of the earth into account. to obtain the true
“longitude at ascending node, A, .

4. Compute the latitude of the satellite at any time using a ‘static. earth
model, ‘@(t). The rotation of the earth does not effect’ 1atitude

5. Compute the longitude of satellite at any ‘time using a 'static earth -
- . model, A*(t).

o

.6, Take the rotation of-the'earth into account to obtain‘the true
longitude, X(t)

7. Generalize (5) and (6) to any octant of’ earth and any orbital inclination

The crux of the problem involves applying basic spherical trigonometry
formulas to right triangles formed by great circles on the surface of the
earth. All longitude lines are great circles. The equator is the only '
latitude line that qualifies as a great circle. The satellite ground
track on a static earth is a great circle but the true ground track is not.

,/// We begin with right spherical tr1anglePCD(F1gure 1). Note that North
latitudes and East longitudes are considered positive, South latitudes and
West longitudes are considered negative.

‘sin¢p = gin(i)sin(w,)
(lf N W, = arcsin[sin¢p/ sin(i)]
.cos(h%) = cosf cos(X?-l )

(2) }* = '\ + arccos[cos (W) / cos¢ ] _ ) vy

(3) Ao = A& + arccos[cos(u%)/ cos¢ 1+ \t \/4

The term tp in (3) is obtained from Wo and Kepler's equation (see Project SP 2)
We now look at right spherical triangle BED. '
(4) g(t) = arcsin[sin(i)sin(e(t)+b%)]

(5) A*(t) = Xf - arccos[cos(e(t)*h%)/ cos@P(t)]

®) A (e) = A, - arccos[cos(e(t)+Ww,) / cosB(t)] = t/4 - le \ 74
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Generalizing ), (3), (4), and (6) to all octants of the earth and all
orbital inclination angles we obtain: *

- (la) Uo = n 1\' + (- 1) arcsin[sin¢ / sin(i)] ' ' :

0 (satellite headed North (or West) at perigee)

where n) 8{1 (satellite headed South. (or East) at perigee)

o n+n3 '
(3a)  A. =3\ +en arccos[cos(w.)/cos¢ RNV

{0 (90° € i & 180°) ___iO, (perigee in Nor'thern hemisphere)
1 ( 0° 41 < 90°)) ' "3 T[1 (perigee in Southern hemisphere)

A

]

(4a) o(t) = arcsin[sin'(i)sin(e (t)+Uo)]

(6a) X(t) = - (-1) "2 4arccos[cos(o(t)+'-).) -/ cos¢(t)] - t/4 - |t \/4

_ 0 = 0 (satellite’ "in Northern- hemisphere, ¢(t) )
& 4 ({1 (satellite in Southern hemisphere, @(t) (0)
The sign conventions for time, latitude, and longitude are summarized below. _

North Latitudes (+)
South Latitudes -)

-East Longitudes (+)
West Longitudes (- )

Time after perigee +) - . T . e
Time before perigee (-) i -

<,
. ~




\‘\6-.-3_EDOPPLER EFFECT

Given a monochromatic source of electromagnetic or acoustical energy,

two observers, one moving with the source and one in’ motion with respect
to the source will measure different gource frequencies. This is known as :
the Doppler effect (Johann Doppler 1803-1853). The acoustic Doppler problem:
is nonsymmetric‘—- different expressions- for the frequency shift are

- obtained when considering (1) the case where the source is at rest with -
respect to (wrt) the transport medium while the listener is in motion wrt

' the transport mcdium and (2) the case where the source is in motion wrt
.the transport medium vhile tl.e listener is at rest wrt the transport

medium [1]. For electromagnetic¢ waves there is no préferred reference
frame and we obtain a single expression for the frequency shift which
differs from both tie acoustic expressions. However, to first order in
the ratio of the source, ohserver, or relative velocity to the propagation
velocity of the acoustic or electromagnetic waves tne expressions will

‘be identical. :

The'OPening experiment illuotrates the electromagnetic Doppleri
effect using Heacon signals from the AMSAT-OSCAR 7 satellite. It is .
desgigned for introductory physics students. With a change of emphasis
it is suitable for astronomy or electronics technology courses. Throughout
‘the experiment we assume that the relative velocity between source and
listener is always much less than the speed of light (c) ‘so we can neglect"
all-terms above first order in v/c. This experiment should work well
with AMSAT-OSCAR 8 and with the soviet RS satellites. - The following
experiment can be performed in a single labora:iory session. Setting up
equipm-at sw! “ating data requires about one aour for a.student famiiiaz
with radis eguapient. For a more detailed -.iscussion:of the Doppler
effect and wazrellites see: Stahl, "Doppler Equationsufor Satellite
- Measimament] “roceedings of the IRE, May 1958, p.9i5.

£r addinfon to experiment SE 2 thi.. sectiecn chntains three p‘cjkcts.
Projext SP & . reats accurate frequencv meagsurement. TProject SP 5
intosuces the - alculation of theorer::al Poppler curves for satellites
and 4 lioms 0w such curves can be used in an iterative method for
determiuiny rbital parameters.. Ps.ject SP 6 discusses an interesting
anoma’y % s2rved in the Doppler '+~ 5 from satellite beacons which was
disco. ~~=+d by ground stations us’r; MSAT-OSCAR 6.

R T )
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EXPERIMENT SE 2 o

DOPPLER EFFECT

OBJECTIVES

“ne objectives of this experiment include:

1. 1lsarning how to predict when the AMSAT-OSCAR 7 satellite will be
within range; . .
dempiling a Doppler curve for a single pass;

%7 Btcurately determining the time of closest approach;

4, accurately determining the distance between ground station and
natellite -at closest approach. T

EQUIPMENT
1, Basic satzllite groundstation consisting of:
HF wsceiver ,
Comverter for 146 MHz (if needed)
Graundplane antenna (29 MHz or 146 MHz as required)
Ctack, Weak signal source
2. Polar tracking calculator, instructions, and orbit calendar.

3. Texvbock: Using Satellites in the Classroom: A Guide for Science
: - Educators, M. Davidoff.

INTRONGUCTION

“his experiment:involves measuring the frequency of downlink signals
#zom cne of the beacons aboard the OSCAR 7 satellite. Measusements need
anly be made during a single pass having a duration of about 20 minutes.

For best -results choose a pass that is nearly overhead. .Appropriate passes ' -

generally cross the equator heading north”within plus/minus one hour of:
morning laboratories -- 7:30 a.m. local standard time (8:30 a.m. local day-
light time); evening laboratories -- 9:00.p.m. local standard -time (10:00
p.m. local daylight time). If possible choose a mode B .[746 MAz) -orbit.

PROCEDURE ot

1. The orbit calculator and terminology.

Look up-the following terms in the text Glossary: A0S, LOS, TCA,
Slant range. Familiarize yourself with the operation of the polar pro-
jection tracking calculator. Choose an appropriate pass and begin fill-
ing in Table I. : Co ‘

*The times are for south to north equatorial crossings as
listed in orbit calendar. The satellite will actually be
headed south when it crosses the United States duying
morning (local time) passes. '
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Tablg L

Satellite: AMSAT-0SCAR 7
Orbit reference no.:
date:

downlink beacon frequency:

Predicted 1 Observed
A0S S
RN
LOS

2. -Setting the clock.

Set the clock using time signals from the National Bureau of
Standards (WWV) at '5.000, 10.000, or 15.000 MHz. The Canadian National
Observatory (CHU) at 7.335 MHz may also be used. - ) , @

3. The Receiving System.

We must first determine the frequency of the satellite beacon which
~we'll be listening for. Referring to- the orbital calendar, the letters -
A and B following the orbit number specify which beacon will be operating.
The mode A beacon operates on approximately 29.502 MHz. The mode B bea-
con operates on approximately 145.972 MHz. The mode B beacon is pre-
ferred for this experiment. To receive the mode A beacon connect the

29 MHz anténna d1rect1y to the HF receiver and tune the receiver to

29.502 MHz. To receive the mode B beacon connect the 146 MHz antennna

to the VHF converter and connect the converter output to the HF receiver.
With the converter connected the HF receiver tun1ng range 29.500 - 30 000 MHz
will cover 145. 500 to. 146.000 MHz.

The weak’ 51gna1 source should be used to check receiver operation

- and dial alignment. Set the weak signal source to a frequency close to

the beacon. and tune the receiver until the signal is heard. Now set the
" receiver tuning dial to the exact frequency specified on the weak signal
source .and adjust the receiver RIT control for ''zero beat' -- the pitch

of the signal goes to zero. The dial frequency is now calibrated. ‘'All
frequency measurements during this experiment will be made by adjusting

the main tuning dial for zero beat and reading the dial setting to the

. closest 0.2 kHz.

-4, Collectigg-data.

You're now ready to collect data. Prepare a data sheet with two
columns; the first for time, the second for frequency. The time column

172
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should begin about 3 minutes before predicted AOS and end about 3 minutes
after predicted LOS. Use one minute intervals near AOS and LOS and half
minute intervals near the pred1cted TCA. The frequency column will be :
filled in during the pass. Practice your procedures with your laboratory -

. partner before the pass -- things get pretty hectic once the sate111te
is within range.

5. Doppler graph —

" After the pass prepare ‘a Doppler graph -- frequency (ord1nate) vs.
time (absc1ssa) .

6. Interpreting Doppler graph.

~“"“=Mark the point on the graph where df/dt is a maximum. It will
be shown later that this is the point of closest approach. Note the ob-

served , the frequency at TCA and the slope of the Doppler curve at
TCA. __ ) : | ‘ -

TCA (observed):' - ~ (£ill in Table I) S
fa!
df/dt at TCA:.

[

7. Doppler shift model.

To compute the slant range "at TCA we need a quantitative Doppler
equation. Many texts derive the Doppler equat1ons for the case where the -
. relative velocity between source and listener is along the line joining
them. Since the satellite does not pass’ through our grOUnd station we
need a more sophisticated model. - The model we'll be using: ig shown in
Figure I. As a first approximation we neglect (1) curvature of the earth,
(2) curvature of the satellite orbit, (3) rotation of the earth (4) rela-
tivistic effects.
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" satellite
path

N 7 77 /"r/7r 7777 7 ¢' af’/' 77 /?'/' 7 7 7 /7

t = time from TCA (negative before’ TCA p051t1ve after TCA) -
. V = satellite vellocity '

c

f

eed of light
i frequency

éceive& fredhency'as measured by listener at L

f
T = time between two successive crests as measured by observer on
satellite (period)

T = time between two spccessive'creéts as measured By listener at L
P = slant range ' -
f% = slant range at closest approach. .
X 1 p051t1ve before TCA, negatlve "after TCA N
Points A and B in Figure 1-are the p051t10ns of the sate111te as two

successive crests are transmitted. S;nge the distance BL .is less thanvAL
the time it takes for crest B to.arrive at. L will be less than the time

it takes for the crest A to arrive at L.. The result is that the time be- =~

tween crests A and B as measured by.a llstener at L will be shorter than
_ that measured by an observer on the satellite (before TCA). Our defini-
tion of average frequency during a cycle will be the reciprocal of the-
time interval between two success1ve crests. - We now quantify the above
description. :
The geometry of Figure I shows angle « and angle BAC to be equal.

AB is the distance traveled by. the satellite during one cycle

| .éB_: VTo

Referring to right triangle ACB we sce that
sin « = s/AB = s/VT0 " (where s = CB)
Therefore

g = VTo sin «

[
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The time between two succéssive crests is approxlmately given by

T = T (1-%31na<)

This last equation is'an approximation because it assumes distances AL
and CL to be equal They dlffer sllghtly, but by terms of - second and
hlgher order which we* ve been omlttlng. Inverting we obtain the

y

express:.on
| T S |
f = fo(l - Evsz.n'x).

.Expanding this expression in a power series using the binomial theorem
'and again dropping terms'in V/c of second and higher order we obtain
a f£5f (1+Ysin-()

To show that df/dt is a maxlmum at TCA we must look at the second deriva-
tive of £ w1th respect to t. Thlsels‘fac111tated by using the chain Tule

and the‘expre551qn tand = -Vtﬁqo,to obtain d«/dt,
- + 2 o

fV ' £V :
(2) g% = g %E(sn.n-() c‘;’ cos3-<
. | Po |
2 £V | 2o /
(3) d—g- "—— <cos-<——z - s1;°(( )2>

Vo de

N .
The only place within range where the right- hand side of Eq. 3 w111 be

zero is when o = 0, Ver1fy all the above equatlons in your laboratory

report. At TCA we therefore have

(df/dt)TCA (df/dr) _ and, from the geometry, cose = 1

. Evaluating Eq. 2 at TCA we obtain
foV2 ! . ' /
4 p=-— .
(o] 1 .
 (af/dt) - o

If‘we assume that the orbit is circular and that the period is known

- . ‘ o . .
o Coe ) ‘\J ’ /




(114.9 minutes) we. can obtain V from Eq. § - ' A
&) v=eweynt L /.

Verify this equation‘(see text section 1.3) and. compute V.

y Finally, compute f) (Eq. 4) u51ng f, and (df/dt) max 3S determined fnom
| your graph (step 6) and V as computed above /

8. Comments.
\ ’ \l . .
"We've seen how a Doppler curve can enabie us to accurately/deter-
mine TCA, slant range at ciosest approach, and the actual trangmission
frequency A single Doppler curve: actually prov1des us with & unique
-51gnature for a satellite orbit. Using a more sophisticated Doppler.
model one can actually determine the 6 parameters needed to characterize
an elliptical orbit or the 4 parameters needed to. characterize a cir-
cular orbit. The task of determlnlng the orbital parameters (elements)
is usually eccomplished using a combination of Doppler and ranging mea-
surements (see section 5.7). A closely related problem is that of using
- Doppler data to determine the latitude and longitude of one's ground ',
station with-a satellite whose orbital elements are very accurately, known.
This technique is used with navigation satellites such as the Transit .
ser1es :

9. ggestion.

_ In step 7 we made a number of simplifying’ assumptlons Ind1cate«._‘
how the problem could be sclved without assumptions (1), (2) and (3)
(do not solve) sgghere any necessity of e11m¢nat1ng assumption (4)?

a

i
1

!

" L

- SAMPLE KESULTS FOR SE 2

Satellite: AMSAT-0SCAR 7 - ;

Onbit: 7603 BX : '

Date: 14 July 1976 -

Ascending Node: 1346:39 UTC; 256. 5%

Grourd Station Locatiqn: Batixmone MD. ; Lat&tude 39 350 N, Long&Iude -76.6%
Notes: Descending onbit, pa,au.ng nea/rly oumhead'

Dopplen Curve: See next page. - o
Stant Range at TCA ‘ X
V=7.11 km/s : | R
§nom grapn: (dﬂ/dt)TCA = -15 5 hz/é, and 6 145.97 MHz

2
g,V 6
sLant hange = — _(HZIWA = 1.59 x 10" m

1)

-

988 miles
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Fré'quency MH=Z)

15975

¢

Lusan

4 145,972

¢

Lus.o76

$145.9%4

SUR/N

AYSAT-OSCAR 7 7603 BE 14 July 1976 Beltinore

(66/dt)qey = ~15.5 Hals

£ ¥ L6 Mz S

s
4

- 8T=O
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PROJECT SP 4 .
ACCURATE FREQUENCY MEASUREMENT

Objective. The objective of this project is to illustrate methods for
accurate frequency measurement using satellite downlink signals as a
signal source. The project, using a variation of the Doppler Shift
Experiment (SE 2), was designed for electronics technology students at
Catonsville Community College. It essentially omits the mathematics
contained in step 7 of SE 2 and emphasizes accurate frequency measurement
techniques instead. Discussion questions included in this experiment are
Leproduced below. \ ‘ ' '

\\ E
\

DISCUSSION QUESTIONS

. 3.1 Most receivers used for voice communications are designed so that
the audio response falls off below 400 Hz. The Heath receiver low
frequency audio response has been enhanced for this experiment by
increasing the size of the interstage coup11ng capacitors. Why was

. this modification necessary? :

3.2 List p0551b1e methods of obta1n1ng time signals w1thout synchroniz-

ing with WWV or CHU r -
‘Siﬁi In 2.1 why do we speclfy synchronizing the receiver Wlth the "h1gh-
: est WNV frequency'" that can be received? o
© 3.4 . e satellite beacon transmitter is cfystal controlled. In our
ppler shift measurements we assumed that the beacon frequency was
constant. Is this a reasonable assumptlon? Explain. S

7

3.5 What effect would Doppler shift have if a transmitter in the datel-
. lite were transmitting a SSB-audio signal? // :
3.6 Not1ng that the satellite ‘carries a linear transponder, how would
the uplink and downlink Dopp}er shifts combine? G1ve qualltatlve
answer.. ,

3.7 What are the advantages and disadvantages of u51ng/a power sharlng
dnlmlted bandwidth transponder, like the one carr1ed by Oscar 7, to
relay FM signals like those used in the land mob11e services?

3.8 Given a $10,000 budget; discuss how you would/de51gn an opt1ma1
ground station to be used for making accurate frequency me:sure-
ments on an incoming signal that is being sshifted in fregu:ncy by
Doppler effects. -Be sure to consider phase locked loops z1d pre-
m1x1ng of receiver oscillators before injection rnto cour - ar.

3.9 Con51der the land mobile services again. Contrast the advantages’
and disadvantages of a repeater system using a single statlonary '

. (synchronous) satellite (altitude = 22,300 miles) to one using a
number of non- synchronous (a1t1tude 900 miles) satellites.

|
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o PROJECT SP 5 ‘
S . THEORETICAL DOPPLER CURVES R
~ : ) ) . . . -
Y. Objective: To compute a set of theoretical Doppler curves for the e

Vs radio beacon aboard AMSAT-OSCAR 7. A student capable of" independent work
- might undertake this activity as a term project. The project requires a
working knowledge of basic physics, analytic geometry and calculus, and
. computer programming and it assumes a familiarity with parts of this
text. Specifically, the student should

l perform experiments SE 1 and SE 2,
: 2. work through projects SP 1, SP 2, and SP 3,
: 3. read Chapter I and Chapter II sections 1 and 3,
before or, during this project.

'ﬂ5,
Procedure. Use the tracking calculator to identify the equatorial

crossing.that will result. In a northbound overhead pass. Doppler graphs :
will be prepared for this ascending node and ascending nodes in # 15° increments
in longitude. A total of seven graphs will be prepared. For example, a
-station in Washington, D.C. would prepare graphs for ascending nodes at
. 19°, 34°, 49°, 64° (overhead pass), 79°, 94°, 109°. The following steps
~describe how each” graph is prepared . o

" 1. Note the latitqde and longitude of your ground station Start with .
the westernmost aqcending node.

~

2. Compute the slant range at 1 minute intervals.. This can be done by using
-cext Egqs. 1.6,1.7, and 1.8 to determine the latitude and longitude of the
-subsatellite point Next use Eqs. 1.12 and 1.9’ to determine slant range.

3. Compute an average period for each one minute interval assuming that

“he actual satellite beacon frequency is 146.000 MHz. This step closely
“arallels the computation perfc. jed in experiment SE 2, Procedure step 7.
However, instead of averaging ever 1 cycle we average over the number of
cycles that occur in one minute Neglect all terms of second or higher order.

4, Convert the average period calculations to frequencies

5. Plot these irequencies as a function -of time.

-+6. Return to step 2 and redo’ the calculations for ‘the ascending node which
occurs 15° further east. , -

Comments. Note thatfthe\Doppler curves you have prepared are
asymmetrical. Had we started with an elliptical orbit .these asymmetries
would be even greater. It -is precisely these asymmetries which enable us
to solve the "inverse" of the above problem -- determining the orbital

. elements when poppler curves are available. A flow chart for the orbit
determination problem follows.. This preject (SP 5) constitutes a crucial
part of the orbit determination problem. The computer program developed
-for SP 5 can be incorporated in the orbit determination problem at the

" step (*) .and the curves produced can be used to help one devise a curve "
fitting technique and a method for refining the guess of the orbital
elements so as to converge to the actual values.. .
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PROJECT SP 6
ANOMOLOUS DOPPLER

Objective: - introduce the reader to the anomolous Doppler effect
aad to illustrate . A careful measurements similar to those described in-
expeiiment- SE .2, nus g relatively simple equipment, can lead to meaningful
scientific discove1

oy

In 1972 an expe*',zntef collecting Doppler data on the 435vMHz _
n aboard AMSAT-08('k % noticed a strange effe:t on A northbound .

pass [2, 3]. For the fir.: = minutes after AOS the frequency of the
observed signal increased .- ‘Qd of decreasing as expected. After
tbc*ouehly checking a numbe: L factors which could have accounted for the
obz: :tions (i.eyf drift ) :.anl station frequency measuring equipment, -
chang . In S;;;}Tiii_;empezﬁ'ura - ¥uzeing beacon oscillator frequency, etc.)
it was =l that an int: ..Jcﬁn. puvzical anomaly was-being observed.

The effs* was later obse:: oy e igae .ional satellites operating in the

vicinity o 400 MHz. An "r‘:LstiVP experimental investigation was underfaken
to delin2at. rhe geographical and tamporal (time of day, season of year,
etc.) ewcz & of the anomaly and tc dstermine the frequency range over
which %: r=ci:rred. In addition, an attempt was_made to correlate the
effect witl physical changos in’the fonosphere wﬂich were suspected of

/- being xelated, : - _ - . -

Although a great deal of data was collected no firm conclusions have
ever been reached. To this authors knowledge the anomoious Doppler effect
has not been observed on satellites operating at either 137 MHz or 146 MHz
‘but experimznters should be alert to the possibility of this oeccurring
since the effect is a small one and may be overlooked Changes of up

" to 700 Hz have been cbserved a* 435 MHz so any affect observed at 146 MHz

- will probably be less than 250 Hz. If your equipment is capable of this
resolution and you observe the effect at 146 MHz please notify AMSAT with
pertinent information. !

182, s




6.4 TELEMETRY REDUCTION ' -

This & ction contains two experiments and three projects. The
experimentsg, SE 3 and SE 4, involve decoding the telemeétry informaiion
being sent from AMQAT—OSCAR 7. The telemetry information is used to - -
- 1llustrate: ‘ X , S
"~ 1. .how energy balance concepts determine the equilibrium temperarule

. of a satellite, \\ »
2. how the orientation of a satellite may be determined from solar
array current measurements. \\

SE 3 and SE 4 are suitable for physics and’ engineering student laborutories.-
The format was designed so that all data could be collected in a single two
hour” laboratory sezsion. These exper.ments are- exceptiona? 1y gocd takeoff -
poiuts for term proiects, independent $gtudy laboratories,\ouen ended

laboratory projects, senior theses, etc. Experiments SE 3 .and SE-4
can also be performed using AMSAT-OSCAR &. Telemetry : ecoding information
is contaived in Chapter III and Chapter IV. ™ SN

This section also contains three projects, SP 7, SP‘8,°and\SP 9,
which -iiscuss tiow AMSAT-CSCAR 7 can be used to: ' R

1. relate energy balance concepts to power available for satellite

lastrumentation,
. . -\
< . \-
2. ;etermine the solar constant, : N
. . N,
3. measure +he earth s albedo. - : S : BN

. Sateliite Lelemetry is sent in a number of formats (see Chapter III
and Chap*er IV). Exueriments SE 3 and SE 4 focus cn Morse code telemetry
because (1) no special equipment. is needed tc decode teiemetry in this
format and (2} it can be recelved with the simplest ground station set’
ap for 29.5 MHz operation. - Tu: experiments can easily be generalized to
'employ other twlevetry formats if desired. '

The AMSAT-O0SCAR 7 Morse code telemetry system is discussed in
Chapter III and Chapter IV. Briefly, satellite ‘physical parameters of
interest. are measured, converted to digital form, and transmitted ‘down
to earth in th.. form cf HMorse code integeis. Because of ‘the redundancy
of the Morss c(ade-digits ithe telemetry can be. easily decoded using
the Morse code numbers chart/ included with the experiment.sheet. A multi-
speed tape recorder (record at high speed piay back at low speed) may
be of help.

‘The experiments an this section #+11 assume a familiarity with a
tracking technia.e and with besic satsslite terminology such as would be . ~
acquired by per: orming exper:,-nt SE 2. We begin with SE 3 -~ ENERGY
FLOW IN SPACE. = . L

i
e

183

6-23 - -



' 6-24

EXPERIMENT SE 3

ENERGY FLOW IN SPACE

- OBJECTIVES

\

The objectives of this experiment include:

d1. learning how to decode AMSAT-OSCAR 7 telemetry,
2. studying how energy balance concepts are related to sate111te equ111-
' brium temperature. e

EQUIPMENT
1. Basic sate111te groundstatlon con51st1ng of

HF receiver for 29.5 MHz
Groundplane antenna for 29.5 MHz -

2. Polar tracking calculator, 1nstruct10ns, ‘and” orb1t éalendar
3. Three speed audio tape recorder

4. Reference text: Using Satellites in the Classroom

5. Weak signal source

6. Clock-

INTRODUCTION

ThlS experlment 1nvolves three parts

1. Raw data collectlon A tape record1ng of sate111te telemetry 51gnals :
will be acqulred dur1ng a single pass.

2. Data reduction. The raw data will be translated into actual parameter
values for the systems of 1nterest

3. Data interpretation. Measured parameter’ values will be re1ated to

' , theoretlcal values obta1ned from energy flow concepts .

o

PROCEDURE

1. Raw data collection.

de

, 351ng the orbital calculator and orbit ca1endar,gchoose an orbit

that will be within range for at least 15 minutes ‘during a pass when the
satellite is in mode A. Tune the receiver to time signals from the
National Bureau of Standards (WWV) at a convenient frequency (5.000,
10.000, or 15.000 MHz). Set the clock. Use a Jumper to d1rect1y connect
the receiver and tape recorder -- do not use a m1crophone to record from
the .receiver speaker. Set the recorder to 7-1/2 ips and adjust the re-
_ceiver and recorder volume controls to the proper levels. If p0551b1e,
monitor the recorder output. If the recordsr does not: have provisions for
_monitoring during record then ‘the receiver output should be monitored.
Check for' proper operatJ.on of the system by playing back the WWV record--
ing. Now set the receiver as you would for Doppler measurements on ‘the
29.5 MHz beacon. Check the receiving system once agaln, thlS time u51ng Z
‘the ‘wesk" 51gna1 source -near 29. 5 MHz. :

’
2
. ‘ ) .
G’ ' . . N A
; e T o R . 18’4
. ¢ . . __A.lf.‘n‘ *




"6-25

'Start the recorder a few minutes before AOS. Adjust the main tuning
dial + a few kHz until the beacon is acquired. During the pass the

tuning will hsve tc be periodically adJusted to compensate for Doppler
shift of the beacon frequency :

- 2. . Data reduction.

" Informat’.:n on data reduction is contained in Section 3.2 of the
text -- see especially p.3~13 ff. Channels of special -interest for this
- experiment are 3D, 4A, 4B, 4C, 4D, SA, 6D. Play back your reccrding at
© low speed and decode the digits u51ng the chart below. Fill all numbers
(N) in Table 2. S

1 === 6 - -

2 === L '? o

3 U 8 ~m-

4 . - 9 ——— -

5 L ' 0 == ==
Table 1.

Complete fillng in Table 2 using the relation between temperature (T)
measured in degrees Centegrade (°C) and the contents of the channel (N).

T( °C) = 95. 8 - (1.48)N )
This equation comes -from Table 1 on page 4 -8.

3. Data Interpretation :

" In this section we compute the power input to (P ) and power outflow
_from (P ) the satellite and see hoir-conservation of energy determines
the’ equi prium temperature of the spacecraft.

' In the ‘vacu.in of space we need only consider radiant forms of energy.
.The sun is tne sule source of energy for the satellite. '
CEER O )

JUS et

where Po'(solar constant) = incident~en€rgy per unit time on a surface of
unit area (perpendicular to direction of radiation) at 1.49 x
lOll m (earth—sun distance) from the sun. Po =1, 380 thts/m

<A> = effective capture area of satellite for -solar radiation.

eclipse factor (fraction of time satellite exposed to sun).

o
43'.

absorptivity (fraction of incoming radiation absorbed by
_ satellite) B

o -

- g WA‘ - fz ""11355
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Y

e

‘ * FRAME NUMBER
CHANNEL | = PARAMETER
' ‘ | Contents / Parameter Value
"_ .
/ 3ba 5678910 ]u
___'-F-—-'- ’ ] » o :3-
1 Battery NI | |
|  temyerature Cl | E
- 4A . Baseplate N | B O ‘_fhf_'“““"
—— . temperature e ' | ‘ _
4B Power Amp (29.5 MHz) | N | . . 1 d R B
. . temperature c| I 1 |-
€ - +Xfacet - -l N 1o , | )
| temperature | 1 | '
D 4 faeet o f_ 1w NI ; 1
temperatire - | °C. .
A  Power. Amp (146 Miz) | N | | -
o ~ temperature % 1
——— . _;I_r ““ ‘ _
6D Calibration . Jf -~
*1f telemetry system is operatlng correctly this channel ; - e
- w111 reg1ster 50+1 o . S
k Table 2.

AMSAT—OSCAR 7 Telemetry

186
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Power outflow from the satellite consists of blackbody radiation at

temperature T'(PBB) and radio emissions (PEM).‘”Since PBB is very much
greater than PEM we temporarily ignore the latter (we verify this later).

- (2) P = Ao'cT4

out o L

_ where A = surface area of satellite -8 :
‘ 1¢’='Stefan4BoItzmann constant = 5'62 ; 10 ‘jOU1§S
. ] Kms
c = average emissivity factor for satellite surface
; T = temperature (K) , . \\v
At equalibrium P, =P . ' !
in out S
(3) Pé(A)«3= AscT? _ o
Y g T e N
.. /B oc A ' ' :
Reasonabie values for the various constants are o = 8 .ﬂ== 8, ¢ = .5,

Calculating A for AMSAT-0SCAR 7 (see text page' 4-5, Figure 1), A = 7770 cmz.
It only remains .for us to calculate (A)lin crder to solve Eq. 4 for T.

The calcnlation of (A) To calculate (A) we must average over various
orientations of the satellite. The technique used depends on a number of
factors including satellite geometry, stabilization system, etc. The approach.

'~ we usé is appropriate for the geometry of AMSAT-0SCAR 7 when one agsuymes
.that all spacec¢raft orientations are equally probable.

Let the spacecraft Z axis be perpendicular to the sun-spacecraft line

. and assume a constant rotational speed about this axis. See Figure 1. Ve
- compute. the average effective surface area for one of the 8 satellite faces

(true area = Ao) as the satellite undergoes one _complete rotation.
v +172

. 1
* = = = m o
A 277 A cos,(.ev)_.de A/ ‘.

=M/2

- where the 1limits of, integration take into account the fact that A does
- not contribute ‘to A* when it faces away from the sun. The effectgve area

for all 8 faces in this particular orientation is therefore
- 8A_/T = 1,485 cn’. |

- Adding an additional 180 cm2 for the contribution from the mounting collar

(this value is discussed later) ‘we obtain
(A) 1,665, cm2 | |

R - 187 / o
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" Figure 1.

Now consider'rotatioﬁ of the satellite about the y axis. Let A

T

. / ' -
RN v
/7 dt- T
/ .
Y

2

the area of the top (or bottom) plate. From text Figure 1 ou page 4-5

A, = 1,270 en®. Ay and (AY will both contribute to the to
-area (&), . . . T : L
, - : ’ A
o - +1/2 +7/2 PR
. oo . 2 /-
el | L] acosPap -
(A) =2 2% (Al) cosYd‘f +‘,2 211 Azcosfdf v
-T2 -7/2 -
R : ,1
(8) = @m{a) '+ a,) = 1,876 cu I

_Finally, ingerting the value for {A) in Eq. & we obtain

. ‘T=294K=21°C |
 The term (A)/A which appears in Eq..4 is called the aspect ratio.

be

tal effective

o
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DISCUSSION ~

1. From Table 2 we see that the satellite is not at\a single temperature
A good average T for the spacecraft is the baseplate temperature (channel’4A)
because it has a large heat capacity and is in good thermal contact with the
rest of the spacecraft. 'Why is the channel 4B temperature much higher than
the others? Suggest some possibie causes for the variation in the other
. temperature readings :

Channet 4B is the temperature of the §inal ampuﬁx.u of the
mode A transmittern which 4is operating. Since no amchﬂLe)L 4
100% efficient, it also produces heat.

. We can picture the satellite as consisting of a nu.mbe)r. 0f.
masses of different heat capacities connected by thermal Links
of various impedances. Thermal input Mom the. sun 2o each mass
- 48 different. Under these conditions we expec,t different tempen- .
atunes. The temperature d,c“uencu wile' be small when the Lmk
wpedanceb are Low. : -

27 Use Eq. 2:to compute the power being radiated by the satellite in a /
- the form of blackbody radiation. Compare this to the average radiated
radio power which is about 2 watts. B Y,

oL 4 _ 2567x10 jOle?A
Pgg = ATeT! = 777 m 7 (. 5)(294)
| 3 |
| P = 17771 (5.67) (2. 94) (.5) joubes/s =_1$5'wam /
\ ; . ! - ‘ i /
I; PEMuleAAthanz%ogP.._ 1 o /

6 What effect would an error of + 10% in our calculation of P

or P | have in our results for T2 .. . .‘ ; _ i. ,./
. out . . o /
; . . ! ) ~ ' /
fnom Eq. 4: ¢ - ke A 4108 change dn b produces ¥ where "/
T =1.1k on 9k : - ; .
T 1)"/ on T(. 9)”4 whene T - 294'K
T- 301k on : 286 K ' T
4. The value. for the solar constant, P n, 380 watts/m » used in

- this txperiment was obtained from satelliteomeasurements It varies about.
427 déepending -on solar activity. Using this value of P compute ‘the total
power |being radiated by the sun. f - ] /

nc= mear sun-earnth dutance 1 49' x 10”|m C ]

Powen output of sun = #ir’ P, ® 3:85 x 1026 watts

. 5. Assumingthatthe sun behaves like a spherical blackbody of radius
R = 7,03 x 108 m, what temperature would it be at to produge the power
compufked in 4 ? ;

../ .
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b # o & . o :/’ R
v _ Powen cg‘?btpwt 06"lsun (powejz output pen um,t cuze,a) {durface a)Lea)

14)(41:12) 385x10 watts |

i

T = 5,750. K L . | cohe LE

RIS

o

6. We used energy conservation principles to compute T. We cculd
have used these principles and the measured value of T tc compuce-ﬁ/c
(absorptivity/emissivity). £ and c are not actually constants.. ‘They . - .,
depend on the surface material and on the relevant radiation wavelenths.
The values we assigned to them are averages. How can we use the satellite.
telemetry to separate c and 8? Consider the fact thet c and £ are .
.different for different surfaces and .that we have temperature measuremontS'
" for wvarious surf ces. Wouid data on baseplate temperature as a: function .
of time as the satellite enters eclipse be of use?" Would solar panel
currents which te l which panels are facing the sun be of use?

7. Our eclipie factor'dswas chosen as .8. Actually; it Vartes'overg
i the course of a year. P also varies in the course of the yezi since the_;
- - earth is closer to the sunin the winter (northérn hemisphere) Given .
i the maximum average temperature (286 K on. Jan. 30) and minimum averagen
i temperature (276 K on June 30) of the satellite during a particular-year . -
S and ignering .the change in P compute « and «_, . Assume that K= .80 '
% . max min

when T = 281 K. .

Using Eq. 4: ek (et - kls0); k- 77 9 x 108

. . ' A
™. 77,9 x 105 S S
°<an = -74 ‘ ¢ _, /“ - - . - -b b(‘)'
'°<max =86 | . S e

8. Compute .the maximum and minimum cross-—sectional areas of the’ OSCAR 7 '{i,‘
satellite for a plane contsining the z axis (ignore th mopn_ting,’collar)
maximun crosd section = 42.4 % 36 = 1, 526 em” T
minimum cross section =1, 410 emt e :
: a)u,thme/tt,c mean = 1 468 cm

[ 2 } dLﬂﬁUL by about 7%

] __é-;‘___._s(A) = 1,485 em"

How dpes the arithmet:ic mean cof these two values compare with t'he # ffective )
‘area of the 8 faces averaged with respect to rotation about .the = anis
which was previously calculated? We’ allowed 180 cm® for the" et’f\»ctive £
area of the mounting collar (A ). This value is simply the cros.-,-sectimal— L
area. If this estimate of: collar effective area is of‘ by *10% what
would the percentage error in (A Y be? S

[ o

". ) =AY+ AN |

L A 08 monm{A) - 18 cm2 .

pejz.centagc ejuwlt m (A\/ 18/1 800 1% _,' . _ / v

. . . . 5 L S . - LT
. . B . & ;o I . . e E
_,—-—————-/ I . . hkhied v ..c € N R ? . . - [
. R SR - o, Lo ; .
. S .- . - « S R
. o
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9. Find the effective areas of the following figures. All are, rotating

at constant velocity about the z axis (perpendicular to plane of paper) and
have a height of 1 cm.- _

(d)

@ [T e
o 1,

| |

b

U ot =TSSPV VI SOV VRITRI SRR ¥ ARSI SREDETTRAEPIRIPRS S S2 i (iSRG

Write & general expression for the effective area of an n sided object
having the symmetries of the objects shcwn with a maximum radius of £ /2.
Does the maximum effective area converge as a1 —> %0 ? If so, to what

-does it converge’

area of one side = £, sin(m/n)
: ) +n72 . 2 \
efpective area _ 1 ey Yo
of one side = g | £, s4nli/n)cos o do = 44in(T/n)
-n/2

S 3
total effective area (A) -2 m(ﬁ/n)

& total eﬂﬂec.twe area as n —>» o0

nt o
. - ; 1 3 1 5 ...
'M@ = Lim [%‘%'3‘1"‘2’_*?‘%’ ST =k

N —»e0 n —»e0

10. Compute the effective area for the following figure. Show that
as A, —~» 0 we obtain case (a) of 9.

1
A, — -
A i ) ) , W= Q = constant
1 (\7 ' de
S TN N =4
{A}-Z—’-jA,co¢ede+2 IA cos o do = ZA 1+~1£rA'2 ,,(A,’fA )
[ 2 )
"Lim (A) 1":A2 This checks with case (a) of 9. when
Ay —0 : both sddes (n=2) are C.OMLdULQd

y

11. Compute the equilibrium temperature, of another satellite ~- the .
earth. Discuss your assumptions and answer. ’

: Ubuzg a Aunpl’.e model {nvolving onty lLad,(_a,twn and assuming that
8 ¢ we obtain T =
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EXPERIMENT SE 4

SATELLITE ORIENTATION

OBJECTIVES

K]

The objectives of this expériment include:

1. learning how to decode AMSAT-OSCAR 7 telemetry,
2. determining satellite orientation from telemetry data.

'EQUIPMENT

TN e e S i st e R o s S e et e

1. Basic satellite groundstation consisting of:
HF receiver for 29.5 MHz - L
Groundplane antenna for-29.5 MHz nooe

2. Polar tracking calculator, instructions, ard orbit calendar
3. Three speed audio tape recorder '
4. Reference text: Using Satellites in the Classroom

N 5. Weak signal source ‘ ' ' )
6. Clock .
JNTRODUCTION

SR
, L

This experiment involves three parts:

1. Raw data collection. A ‘tape recording of satellite telemetry sig-
nals will be .acquired during a single pass. - _ ' '

‘2. Data reduction. The raw data will be translated into actual para-
meter values for the systems of interest. _

3. Data interpretation. Measured parameter values will be used to com-
pute satellite orientation as a function of time. ' '

PROCEDURE _ .
1. Raw data collection,

N,

N\ .

Using the orbital calculator and orbit calendar, choose an orbit
that will be within range for at least 15 minutes during a pass when the '
satellite is in Mode A. Tune the receiver to time signals from the
National Bureau of Standards (WWV) at a convenient frequency (5.000,
10.000, or 15.000 MHz). Set the clock.: Use-a jumper to directly connect
the receiver and tape recorder -- do not use a microphone to record -from
the receiver Speaker. Set the recorder to 7-1/2 ips and adjust the re-
ceiver and recorder volume controls to the proper levels.. If possible,
monitor the recorder output. . If the recorder does not have provisions for
monitoring during record then the receiver output should be monitored.

* Check for proper operatior of the system by playing back the WWV record-
ing. Now set the receiver as you would for Doppler measurements on the

. 29.5 MHz beacon. Check -the receiving system once again, this time using -
the weak signal source near 29.5 MHz. . o L
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i

" Start the recorder a few minutes before AOS. Adjust the main tuning
d1a1 + a few kHz until the beacon is acquired. During the pass the
tuning will have to be periodically adJusted to compensate for Doppler
shift of the beacon frequency.

2. Data reduction.

Information on data reduction is contained in Section 3.2 of the
text -- see especially p.3-13 ff. Channels of special interest are 1A,
iB, 1C, 1D, 2A, 6D. Play back your recording at low speed and decode the
digits using the chart below. Fill all numbers (N) in Table 2.

. ) O . 6 -—
o e g TS , gmst ; Rt s ot o
3 - 8 ==
. 4 . - 0 = m—e
5 PR 0 =~ = ==
Table 1. .

Complete‘filling in Table 2 using the following formulas:
I (ma) = 1,970 - 20(N) " (Channels 1B, 1C, 1D, 28)
1 (ma)' (29.5)N (Channel 14)

These formulas were obtained from Table 1 on page 4-8. Note that charnel lA
has an intermittent problem which may cause erroneous readings. If -~
.channel- 1A contains all zeros or takes large erratic jumps it should- be
discounted _ : : : .

3. Data Interpretation

. In this section we compute the orientation of the satellite with respect
to the sun. This will be done for each telemetry frame so that we can
" follow the satellite orientation as a function of time while the pass. is _
within range. Satellite orientation will be specified by reiating a fixed
cartesian reference frame in the satellite to a line joining the satellite
and sun.

193




S - FRAME NUMBER Be
| CHANMEL | PARAMETER T ;
| Contents / Parameter Value ;I

ala s lays el ts s twlulnl

- " . . , , A
. » X . e . )
;
. .
, : |
v . 3

' Total Solar N .
W Panel current I(ma) | . e .
1B | X facet arrent | N L | | o

A0 facet corrent | N T

1D | . facet current B

] 24 -Y facet Cu;'rent B Y

6 | Catibration N+ | X

4 .

v o *If telemetry sYsteni is operating correctly. this chamel
© - will register 50+1 - \

o Table2. < :
19 ¢ | | " AMSAT-0SCAR 7 Telemetry

19

ERIC
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. Gecmetrz. The cartesian reference frame attached - to the satellite
is shown in Figure 1. .

Figure 1.

+ X1 | +Y1

The sun vector (a unit vector pointing from the satellite to the sun)
is given by

ﬁ = cos* 1.+ cosB;?_-i— cosb’k.

where ¢, 8, ¥ are the'angles between the satellite +X, +Y, 4+Z axes and
. the sun vector respectively. Wormal unit vectors to the +X1 and +X2 faces
, - ate given by : :

R,y = c0s(22.5°) 1 -Tsin(22.5°) 4
o X,p = c08(22.5°) T+ sin(22.59) § -

Similar notaticn is used'for the other 6 facets.

Solar Panel Currents The output current (I) of a solar panel is given by:

) I=1 cosY 3R
: ma max

where‘w is- the angle between the normal to the panel and the sun vector. ,
This equation only holds for -90° £ Y £ 490°. :We restrict our analysis to -
the +X quadrant.  However, the results are immediately gereralizable to the
other three quadrants. The AMSAT-OSCAR 7 +X quadrant current is' the sum

of the +X1 facet current and the. +X2 facet current:

+Lix = T * g

Q 'h' . | _ S -15961
EBJK; o o -
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. ‘Telemetry only gives us the quadrant current. We usually do not have
. access to each of the facet currents. >

Using Eq. 2 for the current produced by each facet and Eq 1 for the
facet normal we obtain

- @3) I —1° (

X T4X1 “) + I

A A S .
+X2 (_x+2' u.) | ' R

-

4
where the superscript'° refers to a maximum value. Note that this equation

- : A
- 18 only true when X,.-0 >0 and X,.ou>0. This.condition just means that

_ 3! T 2= T2 ‘ A
both facets of the quadrant are illuminated. If we assume that Ii = IiXZ
then Eq. 3 Qimplifies to -
.(é) +X [ZI_H('1 cos(22 5° )]coso&
similarly - -

~cos(22 50 ) Feos 6

+Y

) Ly= 23y,

Juat before 1aunch the measurements contained in column 2 of Table/S’ -

were made on AMSAT—OSCAR 7 L ‘ ’/’/,/’”” —_
' B - 7
: - ‘- V’/
facet  Maximum current ' 2I1°co0s(22.5°)
(measured *) - , (computed)
. +X1 | 7 775.9 ma -
‘ S ‘ 1,445 ma
. X2 . 787.8 ma .
— 1 780.9 ma  °
K o 1,445 ma
+Y2 783.0 ma -
Cexl . 777.8 ma
. § 1,452 ma
-X2 , 794.0 ma
L= N S & R . 818.3 ma ’ _
R S b 1,498 ma.
b -Y2 ‘ 803.2 ma -
1“'Tab1ew3'“ *BOL (beginning of life) values. Maximum values measured at
. normal incidence using a radiation source producing 1,380
watts/m2 at the solar cells. The source spectral output
"approximates the sun in the spectral region where the solar
cells are active. .
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We‘initiaily use the data of Table 3 in Eq. 4. However, the output
of the solar cells continuously degrades in space so some correction should
- be made. Three methods for correcting the data will be discussed later. -

Ekample 1. The foIlowihg data was obtained from a telemetry frame:

I+_x =,836 ma.s I+¥‘= 1,015 ma.; I__x = 0; -Y = 0.

Using Eq. 4 we obtain « = 54.7°. Using Eq. 5 we obtaln-ﬁ 45.4°,
¥ is computed from the relationship obtajned from u-u.

-
v

*(6) G G =1= cosz& + cos 6 + cos X ///’4* : '"' s
Y=+ + 63, .8°. _The amblguity in. the sign of- ¥ cannot‘be removea u31ng only ~
"‘Mbrse”tddE”telemétry. . e .
‘Example %;//;he/foIIBﬁlng data was obtained from a telemetry frame:
/;/gzi”/;_l,065 ma. ; =238 ma.; I_, = 0; _y = 220 ma. -
LR T xT% o
Since I, is greater than 788 ma. (see Table 3) both +X facets must be -

illuminated. Eq. 4 can.therefore be-used to obtain : & = 42,5°,
"Eqs. 4 and 5 are only applicable when'both/facets of a quadrant are
4lluminated and, in this case, only one facet of the +Y quadrant and one
facet of the -Y quadrant can be illuminated. Referring to Figure 1, the

, I+Y channel telemetry actually is the value of I+Y1,'and the I_Y channel

telemetry'is actually the value of I—YZ' Using Fq. 2 .and the appropriate

normal vectors one obtains:

I [c03431n(22 5°) + cos&cos(ZZ 5°)] and

+Y1 +Y1

I-YZ =. -Y2 [cos«e;n(ZZ.S ) —‘cosBcos(ZZ.S )]1.
Using. the.value of & previously obtained either of these equations can be
employed to find8. It is perhaps best to obtain two independent values
for B and use an arithmetic mean. .The value obtained in this manner is

= 89.1°. Finally, solving for ¥ as in Example 1 we obtain ¥ = + 47.5°.

QUESTIONS '

1. From the data in Table 2 plotd~ 3, and ¥ as a function ‘of time.
What conclusions can you come to about spin rates?

See gnaph 6ouowmg Quuuoms.

°

2. The notation used seems cumbersome at first.“ Can you devise a simpler
notation? Be sure your notation can be used to uniquely specify each facet,
each quadrant, maximum and instantaneous current values, etc.

o ’ -
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3. How caa the values of Table 3 be corrected to allow for degradation of
the solar cells? . :

. Solar cell degmdauon nuuw 5fwm a number of environmental
factons. The rate depends on the vnbit, sofarn activity, type of
protective covern s&ips emplLoyed, etc. A very crude estimate for
onbits befow the Van Aflen nadiation belts (applies to A-0-7 and
A-0-8) is that the cell efficiency will decrease 10% tne gt .
year and somewhat Less each succeeding year. .

2. Assume-that the maximum cutnents observed comupond to 2T c04(22 59).

e ’3-;*-'M4ume“tha:t” SAtellite 1 axis is 5 aligned pa/zaU.d to aafz,th 5
' - Local magnetic field and compute Y. UAQ cwwe - gitiing techmquu

T A0 Solve tq. 4 gon el and E£q.- 5, 5on$
4, Assume §= 90° (sun in XY plane); plot Iy for —112 5° £ 0\‘ 67.5° and
“for -67.5° £ £ +112 5° on. the same set of axes. On the same graph

+X2

plot the expected I, telemetry channel ‘¢current for ~112.5° £ & £ +112.5°.

+X
- Note that Eq. 4 only holds for -67.5° £t £ +67.5° in this case.

5. Write out:the unit nbrmal vector for each of the 8 faeets.(see Eq. 1).

6. In- Example 2. solve the equations for I and I to obtain & and@_
~ Compare your results to those obtained previously %hich method gives '
_better results? Why7

7 "The quadrants not facing. the sun_do-not always read zero current
How do you account for this?. :

‘Assuming that the demomu 8 wonfu.ng pprmey, theg may be
nupondu:g to neﬁteoted ugh,t §rom the eanth. See Profect SP 9.
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.\Résponses to question 1. can be used to extend the above graph
which was provided by John Fox (WPLER).. - - -
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PRDJECT Sp 7
SOLAR CELLS AND POWER BUDGET

Objective. The objective of this project is to calculate the average :
-amount of power that AMSAT-0SCAR 7 can extract frou incoming solar radiation.
This calculation determines how much power we have available (power budget)
for onboard satellite systems.

Procedure. The techniques used for the calculations in this project
closely follow those in the procedure section of experiment SE 3. Our
-, averaging technique is suitable for any satellite with an-axis of symmetry
vwhere all possible orientations with respect to the sun are equally probable.

The—powermavaiiableufrom*auplanar*panel*of*solarcellsis"giveu uy
P=P - cosY whereP =nP 2 o
max - max oo

and P = solar comstant,

A = surface area of solar cells;

solar cell conversion efficiency factor,

|
<
i

angle between normal to surface and incoming radiation.

Solar cells used on satellites.generally start out having an efficiency of

about 11% (see Chapter III, p. 3-20). If normal precautions are.taken to -

protect the cells from ultra-violet radiation by placing a thin sheet of

.. glass (a cover slip) over them and if the satellite orbit-does not encompass °

the Van Allen radiation belts, then the solar cell efficiency will ‘generally

_degrade by about ten percent the first year and somewhat less in succeeding
' -years. AMSAT-0SCAR -7 sat*sfies these -requirements. -

We now compute the average power output for: one: AMSAT-0SCAR 7 solar. panel

(each of the eight facets is treated as a ‘single panel). Assume that the sun

is-in the satellites Xy plane and that ‘all angles between the satellite X axis
_and the sun véctor are equally probable. -

-3 ’ . 11'/2 . 4
- : 1 .
= - — 4 = =
Pl QPOAO "j cos (e)de P A VL
: 0o .

The-contribution'from;all eight facets is therefore

8

P8 P A YL

Now, .averaging over.all possible sun vector anglesfwith respect to satellite
is (no solar c€lls on top or bottom plates) we obtain . e

- .

. 2 - v :
. 8 16 o
) R p*...;rp A v»ljncosfdf = Trz P A 'l. (2/"’)‘9 B 204
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Substituting appropriate values for AMSAT-0SCAR 7
Po = 1,380 watt;/m2 : )
] _ Aé .(;358/8) m ' ' =
- N =.08

W

we obtain ' :
* =
= 8.1 vats.

Introducing the eclipse'factor,ﬁl, (about 0.8 when averaged over a
year for AMSAT-OSCAR 7) which takes into account the fact that the earth
) sometimes shields the satellite from; incoming radiation

P =..aC.PX. =5 Watt'Su vt aaates rens v a7 e A e S an s R S AR A NS o PSSR TR

T In-going from Pg to P* we assumed that all sun angles were equally -
probable. .This resulted in a factor of 2/r. Actually, an analysis of
‘the magnetic attitude stabilization system would show that it favors
:desireable sun angles., As a result, the true averaging factor will be
between 1 and Z/n’ raising P to about 8 watts for AMSAT-OSCAR 7.

guestions _

\\
-1. Compare the AMSAT—OSCAR 7 power budget to- the average peak—transponder-,
power available.

2. How does’the power budget affect the design of- AMSAT-OSCAR 77

3. How can our power budget calculations be empirically checked?
Consider the information available by Morse code telemetry. For example,
can information or (1) total solar panel current (when transponder is
receiving heavy use and when transponder is not being used), and (2) .
battery voltage as a function of time during 24 hour mode B operation and
during 24 hour mode A operation, aid us? <
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'PROJECT SP 8 |
MEASURING THE SOLAR CONSTANT

Objective: To illustrate how AMSAT-OSCAR 7 can be used -to_measure the ..
solar constant (solar power. density at 1.49 x 1011 p from the sun incident i
on a plane surface perpendicular to the earth-sun line). The reader should

be’ familiar with Experiment SE 4 as it forms the basis for this project.

Procedure. ' An important characteristic of solar cells (and panels) -

_his that the output current at a specific incidence angle is directly

e

Lol

proportional to the- incident power. density over a'wide range of values:
I«P. The proportionality constant may be- d?tormined by calibration.

Table 3 in’ Experiment SE 4 contains the data for such.a calibration. While
a power density of 1,380 watts/m2, corresponding to the actual solar

- constant, was.used to compile Table:3, it is important to note that

Experiment SE 4 could have been performed using some other calibration
power density, for example 1,000 or 1,500 watts/m?. Since the relationship
IxP is approximate, it is best to calibrate close to the actual solar
constant value. ' Calibrations for actual space flights use a source
modeling the sun as_closely as’ possible That s how Table 3 was produced

:*  For this project- let us assume- that the AMSAT-0SCAR 7 'solar panels
were calibrated before L aunch using a normal power density of 1,000 watts/m”

f'and that the power source closely approximated the spectral energy distri-

. bution. .of the suri over the response range of ‘the solar cells. Assume that,
“to 1% accuracy, all panels had the same output -- 573 ma. We now look

at two methods of computing the solar constant from these assumptions.’
both methods require the collection of a large data base of AMSAT-OSCAR 7
quadrant current measurements.: . . =

‘Method I. Assume that the largest quadrant current measurement in
the data base was from the +X quadrant. Cos'd.(Eq 4 in SE 4) must -
therefore be very close to 1 for.this measurement so we obtain

(Maximum observed Value) T 21° "cos(22.5 )

+x +X1
solving for 1 +Xl | )
Lo ” +X (maximum observed value) .
- T4X1 - 2cos(22.5°%) -
, Us1ng the direct proportionality of I and P -and our calibration data
. we obtain L . : .’_**
| o ..
Po (solar constant) = - X1 " P, . (calibration)

I Xl(calibration) le
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Method II. Method II illustrates statistical concepts and curve
fitting techniques. ° Using our data base for the +X (or other) quadrant
we can divide the range of observed currents into bins and count the

" number of observations in each bin. Using a probability model that assumes

all orientations of the satellite equally likely we can compute the

fractional number of measurements which we would expect in each bin -~ the

fractional number is equal to the solid angle subtended by the bin

normalized by 4T sterradians. Using curve fitting techniques we ‘can fit

our measured distribution to the theoretical distribution to obtain

(maximum) We then use this value to compute the solar constant as -
ianethod I. » e

gmmdmm. R et ‘ _
1. Although the second method appears more sophiéticated,'it gives
poorer results. Speculate as to why this might be so.

The assumption that all angles are equaﬂ.y pnobab!.e 48 not very
good if data is only coflfected when the sateflite is within range
0f a single ground station.

2. Why will these methods' produce readings which are consistently a few
percent low?

Pubfished data forn the Ao&vL conAtamt include non-thermal )‘Lad,ca,twn
 which amounts to a few percent of the total. OQur techniques
assume a blackbody (theamal) energy distnibution fon the sun.

3. How would you design .a calibration source to approximate solar
characteristics?

R 204
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PROJECT SP. 9
DETERMINING THE EARTH'S ALBEDO

(.

- Objective: To {1lustrate how AMSAT-OSCAKR 7 can be used to determine
" the earth's albedo (the fractional amount of incident solar energy
_reflected back into space) [4]. Before starting on this project one
should be thoroughly familiar with the contents of experiments SE 3 and
SE 4. The basic technique involves using data on currents from solar
panels which dre (1) facing a region of the earth il1luminated by the sun,
and ' (2) shielded from direct solar radiation by the body of the satellite.
Procedure. ' A '

-1, OBtaih a good definition of planetary albedo and read about some of
the techniques used to measure it. B

2. Study the geometry’in&dlved in. determining the albedo using a singie
planar solar panel as shown in Figure 1 where a number of vectors are

introduced: : A% § »
» ﬁ, (unit sun vector ﬁoinfiﬁg from satellite to center of sun),
v (unit earth vector pointing from_satellite‘to geocehter),'
’fﬁ (unit nor?al_té.solar pahel):,i ) :
8 (unit'sun-earth'vector poiﬁtingwfrom;centertof sun to.geocenter).>

T . . . 3

. ”Figure_l;'_

-
to sun
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3.'Using the”abproximations of geometrical optics, a solar panel illuminated
by radiation reflected from the earth will produce a current directly -
,'proportional to

a) the cosine of the angle between the panel normal and the:
earth vector (g),

b) the cosine of the angle between the sun-earth vector and the
earth vector (Y) ) :

'4 Use solar panel currents to determine spin rates in’ the manner of
_Experiment SE 4. The results will generally show the spacecraft to be
undergoing between one and-two complete revolutions per pass. The value

_shou1d change" byxless ‘than 5% in a week. : '

S Once ‘the spin rate is determined, the measurements needed to determire

. the albedo can be performed during a single pass. Choose a long pass

+where the portion of the earth "seen" by the satellite will be in sunlight
during most of the time. Cather quadrant current daca for the orbit. If
the orbit is carefully chosen a plot of quadrant current versus time = . -
should show one or more large peaks which correspond to the. quadrant being
'illuminated by the sun. The plot should also show a smaller current peak
about midway between two direct sunlight peaks. The smaller,peak is in

' response to reflected radiation from the earth. ' ' : Lo

" 6. Best results wiil be’ obtained when angles ¢ ard ‘f are close to zero.3 .
One can optimize-the probability of this occurring by considering the
following factors before choosing the: _pass during which the critical
measurenents will be made: ! \

-~

.o

a) location of sateliité'pass, : '_ . o -
b):time of year,. :

c) the direction of the earth's magnetic field at the satellite
location (see Figure 3.6, page 3-17). Assume that the Z axis
of the satellite .is aligned parallel to the local terrestrial
magnetic field vector. . ’

| 206, - S \

L



6~46 B T o

e

e

6.5 PROPAGATION

3

This section contains four projects which focus on the propagation of
radio signals. Experiments based on these. projects are not limited to
electrical engineering students studying propagation. By emphasizing -
various aspects of the projects experiments suitable for students in physics
and geophysics (ionospheric composition, Faraday Rotation, Aurora, etc.)
and Electronics Technology (antenna dézign, system design and implementation)
can be devised. The specific effects discussed in this section are:

Faraday 'Rotation (SP 10), -

= " Auroral Effects (SP.1l1),: " o . -

B - Antipodal Reception (SP 12), = .. - : " _ B
§ P Extended.Range Reception (SP-13),~. --~ )

“ g . PROJECT SP 10
g ‘ . - FARADAY ROTATION

. Objective: To. show how AMSAT-O0SCAR satellites can be used to study
Faraday Rotation. ' The plane of a linearly polarized EM wave traveling.
through the ionosphere rotates about the direction of travel. The effect
is called Faraday Rotation and it is due to the ‘earth's magnetic field [5].
Ground stations using linearly.polarized antennas can’ easily observe B

, Faraday rotation on the 29.5 and 146 MHz AMSAT-OSCAR 7 beacons by its
eﬁfgct'on downlink signal strength when using-a linearly polarized
antenna. Faraday rotation causes severe signal fading when  the. angle
between the plane of polarization of the incoming wave and the plane of °
polarization‘of'the"receiviné_antenna:is close to. 90°. This experiment

. can also be performed using AMSAT-O0SCAR 8 and the Soviet RS satellites.

. Prodedure. Variations in downlink signal, strength may be due to a
numbe:iof factors inc¢luding those listed in;Iable 1. o ' .

Satellite spin (phahging ofientafioﬁ) and antenna pattern
. Chghging-disténce to the sate11ite (inverse power law) - S
. Absorption in the“ionisﬁhere '

. . N .
. Ground station antenna pattern:
H . N e —‘\.

N |

. Faraday Rotation - |

Table 1. Factors affect#ng s;rength‘of received downlink signal.

Our problem is to separate Faraday rotation from the other factors listed.
We describe one method .of a&complishing this. Mount a linearly polarized
‘. beam antenna so as to.permit rotation of the antenna about its axis (boom)
as well as adjustment of azimuth and elevation. This -can be done simply,
as shown in Figure 1, by using a wooden surveying tripod at ground level. -
During a satellite pass phé experimenter-peaks received signal strength .

-
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Figure 1.

*. - .  protractor

k!

-

by (1) adjusting azimuth and elevation and (2) rotating the boom A:
reference angle is read off a protractor mounted on the tripod and this
‘angle 1s later plotted against time. ‘ Signal peaking is. accomplished
either by (1) using the receiver signal strength (S)- meter in conjunction --
with a fast response time automatic volume contrcl circuit (fast AVC). or = -
by (2) ear with the AVC off. - ) e

N

‘Faraday rotation is frequency- dependent —--the effect is more rapid

at 29.5 MHz than at 146 MHz.  However, a*3~ ‘€0 6. element yagi for 146 MHz

“1is much smaller and more: convenient to work with than a 2 elément full

- size- yagi for 29.5 MHz so it is generally easier to perform this experiment
at 146 MHz. The "circularly polarized" 146 MHz antenna aboard OSCAR 7
shouldn't’ adversely raffect the experiment. Unless one is-directly in line
with the’ axis of the’ satellite antenna (an almost impossible situation for
most ground stations) the 146 MHz beacon signal 'will have a strong linear
component enabling us to measure Faraday Rotation. 1If 'a short yagi is.

" available for 29.5 MHz the experiment should be- simple to execute and
should provide interesting results at this frequency. The construction of
such an antenna is discussed in.Section 6.8 -= SM 4. Faraday rotation.
periods. of about 20 seconds have been observed at 29.5 MHz when the satellite
is almost directly overhead. The period decreases-as the satellite :
approaches the horizon. Different techniques must-be employed to measure

" the rotation period when it decreases below about 10 seconds. “One method
is to record signal strength from fwo orthogonal linearly’ polarized
antennas during a pass. A single recelver can be switched- between the
two antennas at a low audio rate. : :

-

'

%}fi, ;.A._”' A ; .__2118gp : .
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In analyzing data from this experiment we see that factors 2 and 3
(Table 1) do not affect the plane of the received signals. Factor 4 will
be relatively negligible when using a beam with a "clean' pattern. So

" the observed polarizatiom variation is due to satellite orientation and
~.. Faraday Rotation. Results from Experiment SE 4 show the satellite's °
rotation period to be greater than 10 minutes. -So, variations of &

o~

-polarization having a shorter period must. be oue to Faraday Rotation. \\\'
~ - : : . . w ) N
'PROJECT 'SP 11
- AURORAL EFFECTS |
aObjective " To (1) learn to identify radio signals affected by .
auroral activity and (2) study how auroral conditions affect radio
propagation C . : . . .

‘Procedure Radio . signals passing through zones of aurora activity
-acquire a characteristic distorted sound which has been. described as:
‘raspy; rough, hissy, fluttery, growling, etc. By listeni g to the
AMSAT-0SCAR and Soviet RS satellite beacons as these spac craft approach
and depart from the polar regions one can learn to recognize auroral
effects Once one is ‘able-to recognize these effects a ndmber of exper-
iments; are pos§ible inciuding the following ~_’

S 1. The extent’ ‘of the auroral zone, during a period whén.it is
relatively constant, may be mapped [6], b

2 The extent and severity of auroral effects can be compared at:
29.5, 146 and 435 MHz, - . -

PROJECT SP 12 .
ANTIPODAL RECEPTION .

Objective ‘To identify instances of antipodal reception and to note
the characteristics of the signal observed ‘and the conditions under which :
’antipodal reception occurs. - :

Procedure. Soon after Sputnik I was 1aunched observers noticed that the
20 MHz signal from the satellite would often be heard for a short-period of
“time wher the satellite was located nearly antipodal to the observer. The
.phenomena was quickly. dubbed the "antipodal effect'. and a number of articles
appeared in ‘IEEE journals during the late 1950's discussing its causes
.Antipodal effects were. later observed on the:29.5 MHz beacon of OSCAR 5 [7].

The likelihood of antipodal rece tion is positively .correlated with
solar activity.. During-the sunspot flaximum which is expected about 1980
it may again betome common on the 29. 5 MHz beacon signals. Although most -
occurences are felt to be the result of normal mul tihop propagation under

A

"the influence of a favorable MUF (Maximum useable frequency) signal strength

)
P’ N . . . \ N . ! \
N . X ° A - .
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1s at. ‘times very high which suggests that a ducting mechanism may sometimes
be responsible. It requires little effort to monitor the AMSAT-OQCAR 8
beacon frequency (29.402 MHz) when one's ground station is not being used
for other purposes and chance cbservations of antipodal reception or.

other unusgual propagation can*prove very interesting.

Don't mistake AMSAT-OSCAR 8 for AMSAT-OSCAR 7 or the Soviet RS’
satellites. sThese satellites are easily identified by the beacon
characteristics (frequency and telemetry format as described in Chapter IV)

V.

) PROJECT SP 13
EXTENDED- P.ANGE RECEPTION

-Objective: To. identify instances of extended range reception and
to determine the propagation mode responsible. P

.- ., Procedure. If radio signals only propagated over line-ef-sight paths
it would be possible to predict -AOS% and LOS for AMSAT-OSCARs 7 and 8
to within a few seconds. One's radio horizon (minimum.non—obstructed
elevation. angle vs. azimuth direction) at the receiving antenna-could be.
established with a surveying transit. Using this data one could compute
the masximum distance at which the satellite could be heard for each-

: azimuth direction. However, observations would reveal AOS -to frequently

oteur earlier and- ‘ToS-to frequently occur later than this simiple model °

'predicts These occurrences of\extended ragge reception are due to

" various tropospheric and ionospheric mechanisms Experimenters will find

" satellites an ideal tool for studying propagation

‘In order to study extended range reoeption we must establish what _

"normal" reception means. This is essentially the same problem as TG

determining:one's radio horizon. The surveying transit approach
mentioned earlier leads to problems. Does that big.O0ak qualify as. an
obstruction? Is that wood frame house an obstacle- to’ radio waves? How
-about the house ‘next door which is identical except for its aluminum
siding? Bécause of these problems, it is best to establish.ore's radio
horizon by processing data obtained from direct observations oi A0S and
LOS. One way of compiling a.good data base is *o require all students .
performing experiments SE 2, SE 3, and SE 4 to sign a log book which asks
for orbit identification and accurate AOS and LOS times.

Processing the data base requires good judgment The techniques

will vary depending on the data available and one's objectives. 0One
possible method is to draw~d scatter plot using all observed data’ points
on a set of axes suitable for.-a radio horizon graph. The horizontal
(azimuth) axis is divided into bins, by eye, using the criteria -- the
points in each bin appear relatively constant. The top 20% and botton 5%
of Values in each bin are temporarily discarded to allow for data
collection errors and cases of extended propagation. Mean values are then

used’ to construct a histogram as shown in Figure 1. Cross hatched
_horizontal areas reflect one standard deviation and vertical bands
reflect an arbitrarily chosen 5° transition region -

a-
Y

~/Jjﬁm*' '. R | : | 2314(}
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Now that the.bounds for normal reception ‘have been establiJhed
incidents of extended range reception can be identified. Determining
" the causes' of extended range reception is an interesting problem in.
,'scientific‘deteotive work which can only be hinted at' here: For example,
if the number of incidents of extended range reception is greatest in a
morthern direction (in northern hemisphere) we might be. observing auroral
effects;. if the incidents correllate positively with-the presence of local.
stagnant air masses we might be observing a tropospheric effect; etc.
For further information on. propagation mechanisms which could produce

. extended range reception of satellite signals, see references {8, 9,
10, 11]. : .

Propagation can also be studied by listening for the direct signals'
from stations transmitting to the satellite. Experiments along these-
lines led to the discovery ‘of- transequatorial (T-E) propagation at 146 MHz

-+ in early 1978.by stations in (l) Argentina, Puerto Rico, and Venezuela and
in (2) Australia ‘and Japan. ; .
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-6.6 SATELLITE SYSTEM DESIGN .
The tradeoffs involved in (1) the design of the OSCAR series of

.-satellites. and (2) the selection of their orbits provide-a large number

" of interesting illustrations of system. optimizatioh- involving,real world
constraints Problems encountered 1nclude

1. What orbits are ‘most useful?.

e

C 24 Starting from the initial orbits available, what orbits can we attain
‘ using a standard kick motor? This leads to the question . of minimum energy
‘ required for orbit transfer '

- 3. For orbits and injection procedures under consideration, will the
Van Allen radiation belts interfere with satellite electronics?

4. What are the. satellite transmitter power requirements for a desired e
- orbit? The answer depends on satellite antenna system which in turn
depends on attitude stabilization system: ﬁﬁ% _ A

‘5.' What are the solar cell and power budget requirements for a desired =
orbit and spacecraft shape’ ot - R

-6. What attitude sensors and stabilization schemes will be used? This-
directly affects possible antenna configuration and solar cell requirements.

7. 1Is hardware available? This leads to prototype ‘hardware deaign and
construction - transponders, power storage and processing, compufer
control, sensors, etc. N .- :
. As an example we present -a project which establishes criteria for .
the selection of an antenna for a satellite in an elliptical orbit. The
. problem.was chosen because (a) .1t requires a minimum' amount of prior. :
_ specialized knowledge, (b) it is of-interest to a varied audience (physics,
' mathematics “and engineering students),iand (e) it considers an aspect of
satellite design which we haven t:-discussed elsewhere

It should -be_ noted that an original design project car lead to actual
flight hardware or influence specifications for future satellites. For
;Aexample, -gtudents at the University" of Melbourne (Australia) built much
‘0f the hardware for AMSAT—OSCAR 5 and students at Trenton State College
(N. J.) have built a prototype 435° MHz to 1,296 MHz" MHz transponder for_
future OSCAR satellite uses

S e1e



PROJECT SP'l4
SELECTING A SATELLITE ANTENNA

bjective This project illustrates how a study of the relationship
between satellite antenna pattern and received signal strength at the
'ground can aid the satellite system designer

Procedure There. are -a-number of factors that go into choosing the
antenna(s) for a satellite. In this project the relationship between
' satellite antenna pattern and received signal strength at the ground : -
is modeled [12]. : o

Figure 1 shows the geometry of the orbital plane'for a satellite in
an elliptical orbit. Our objective is to compare the relative performance

’

Figure.l. . _. kS

satellite

3.
B "A‘

‘of various possible satellite antennas by computing received signal
strength at the subsatellite point as a function of e for each antenna

Assumptions. We begin by making the following assumptions:5

" 1. The satellite is spin stabilized with the spacecraft Z' axis lying in
the orbital plane and pointing. towards the geocenter at apogee. The VA
axis is parallel to the geocentered Z axis at all points on the orbit.

2'*The satellite antenna patternAis symmetrical with respect‘to the Z' axis.

3 The .satellite antenna pattern will have\a shape given by .cos (e) for
-90° € o £ +90° and n given by one of (0;°'1/2) 1, 2, 3 4). There will
be mno radiation in the "back" (-2') hemisphere., :

4‘ Transmitter power“aboard the satellite is constant.
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Method." At'any point on the orbit the radiation intensity at the
surface of, the earth, P*, is given by
I . _ .

1‘

. ""P (e') o< '—2 U (®) . where ' .« :
n‘ . " Rt
. (r-R ) . ‘ v . _ L. at
: 2 ' ‘ R0 = radius of ‘earth = 6.37 x lO6 m
~a(l-e”) - S ' ’ . °
@ :r = 1-ccos(e) - and e = eceentricity of orbit 3
o R a = semimajor axis of .orbit

@ (0 = U, cos™(e)

Integrating»the radiation~intensity, Un(o); we obtain the"satellite

transmitter power, P _, which is constant” ' ’ . _ \
2w T2 A
W o= ) sinto) dedp = 2Xu '
‘(4) _ Po_ ) vUn(_e; sin(e) de-d@ — ) Umax
9=0 “e=0

_For an'isotropic'antenna Un(e) is a constant,'Ui, so

i

Eduating Eqs. 4 and 5 we obtain

' ¥ = . A ’ .
(6) Umax -2(n+l)U- o e i -

The quantity 2(n+l) is called the" directivity of the antenna.. For ‘an
antenna having an efficiency of 100% the--terms directivity and gain . are
synonomous Substituting Eq. 6 into Eq 3 we obtain -

2

.o

L)

@ U_(e) = 2(n+l)U cos (e)

In summary, the desired solution-is- obtained by employing Eq. 2 and Eq 7.
to evaluate the righthand side of. Eq. 1. .

.

' -Question 1. We now look at a specific orbit being considered for a
Phase III satellite -- eccentricity = 688 a = 3. 93R . Plot P*(e) vs. o |

 for n = (0, l/2 l\'Z 3, 4). 'Use: arbitrary units for P*(e) and use .
5° intrements for e. ' '

See next page 6on g)Laph

. . - H
- . . . i
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/,.guestionJZ; ‘Gerify Eq. 4.: 7 ST
Isetropic: Uiv= ?J/(A") H Uo(n) =i:max.e'
2w o T -~
P0 = ‘;]Uo(n) cosn(o) siq(o)dodﬂ .=-.U6(n) B cosn(e) sin(e) de df
| Y8=0"e=0
Using integral tables (Pierce£#277)
2mM /2 ) 2r o (n)
__J__] - .o
= U, {_ ab = U, G @ = —m
0 0 q 0 ,
A-fﬁo(n) = 2:%P e . [QED] therefore 1) (o) n+1 P ¢os (e)

1

4

Question 3:1 Plot Ui and U (e) using Eq. 7 for n.= (0, 1, 3) on
the same set of axes n A

(3}
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'guestion 4. Derive a general éxpression for the half power beamwidth

~ of the antennas described by Eq. 7 and compute half power beamwidths for
n = (0 1/2 1 2 3 4). ‘

_ ZCULC.C.OA (. 5)”"
mn- Gain- Gain. Half power
- 2(n+l) - dBi . beamwidth
1sotrop1c N 0 - -
0 2. 3.0 180 -
B 3 4.8 151
1 4 6.0 120 .
2 6 7.8 90 .
-3 . 8 9.0 . 74.9 .
4 10 10.0: .- 65.5 L

“~

-

: guestion 5. Plans are to use an omni-directional antenna.along the
-Z axis of “the first Phase III satellite. , Spillover from this antenna will
only illuminate a small part of the hem1sphere centered about the +Z axis,
perhaps up to 30°. Which of the antennas considered in Question 1 will ~
give the best overall. performance7

The n = 2 antenna produces .a 'Leea,twe,t’.y comtant Mgna,?_ aft the .
 ghound’ fon -70°% ¢ £ +70° - If satellite power is sufficient, this
antenna will work well. -One could aft.gue, that the n = 4 antenna will -
provide betten nesults out to dbout 40° §iom apogee and that the -
satellite spends a very Large wucemtage of each onbit nearn apogee.
Also, ‘the n = 4 antenna will s£{0L be providing strongern signals at
55° than the n = 7 antenna was providing at apogee. Since the choice
48 not very clear-cut; other factons such as avatlabke thansmitter
power. and mecharuccal_ Ahapa 06 the: an,tennaA will be an mpomtant
' corw.dma,twn : : ‘ e

&S

L

o

I Questlon 6.' Our computations for power density at the ground’ were o

for an’ observer at the subsatellite point This greatly simplified our S
- work but most ground stations will not be at this: location. How useful .

;ﬂis this model? ° Are there any siiple changes which could be made to”~

improve our model? How diffdieult would it be to solve’ this problem- using
an observer who always sees the satelilte at a fixed elevation angle of 5°9

“Pple) (Eq..1) sinvolves: two 6ac,tou —- the. finst: de.pendb only -6n ‘the
distance n, the second only on zhe angl2 e.. The angular facton” will .
be .I»chhuy high’ fon some observerns (not at subsatellite point) and
- ~slightly Low fon othens. The digtance facton will . (L&Oag'b be sLightly
" high. .Since a Lower.bound for Pple) is most useful we could use the
satellite nadius instead of the abtitude in the distance facton. I1t's
. onot ddffleult to compwte Pule) for an observer who aliays sees: the
. Aa,te,w/te a,t a 59 deva,twn angle (choom obAe)we/L 40 U, (e) = muu,mu.m).; :

0_ s .
: A o . Lot .
B . - R
. . . o ; . - ,
AT , : . 1;1 : .
t .o . . - 2 R
: ' ) : oL L.
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6.7 SATELLITE RANGING

In this section we discuss how '"'satellite ranging'' can be used. for
.a number of educational projects. Ranging data consists: of information.
showing the distance between a satellite and ground station as a function
of time.
-4

. PROJECT SP 15 -
" ' _ SATELLITE RANGING

.oona

bjective To introduce the reader to the various forms the ranging
problem takes on and to discuss the experimental aspects of satellite,
ranging. '

Procedure. The following discussion assumes that the redder is '_
familiar with Chapter I of this text, Experiment SE 2 (Doppler Effect),
, and projects SP-1 (Slant Range) and SP 5 (Theoretical Doppler Curves).

: Ranging problems/involve three sets of parameters.

1 Rang;,Curves. "Range curves show slant range (P= distance between
. satellite and ground station) as a function of time; '

2. Orbital Elements. Six orbital elements (parameters) are needed to
describe a satellite in an elliptical orbit, four are needed for a
circular orbit. :

3. Ground Station Location. The ground station location is specified by
latitude (¢ ) ‘and longitude (X ). , _

A ranging problem involves finding one of the above sets of
.parameters when the othér two ate known. In practice the ranging
problém generally occurs in one of the following two " forms .

. B
'\Navigation Problem: In the navigation problem we assume that range

. curves are available and orbital elements a@e known and that we wish

to determine the two parameters which speci y the location of the ground

station. : - o

- II. Tracking Problem. In the tracking problem we- assume that range
curves are available and the location of theiground station is known
. and .that we wish to determine the six orbitah elements..

o

We refer to the remaining form of the _anging problem as the '

1

III. Theoretical Problem. In, the theoretﬂcal problem we assume that the
- orbital elements .and the location. of the: ground station are known and
that wz wish to calculate theoretical range curves. Each’ point on the
-5lﬁm\:range curve inv61ves determining the value of :cne parameter.

“The-difficulty of each of the three forms of the ranging problem.
roughlz/péralleIs“the number of variables to be determined. We turn
first to III -- the theoretical problem ~~-.because. it is the simplest one.

T

\

218
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; 'Theoretical Problem. Problem III is the only form-of the ranging
problem that -can be solved in closed form. Range curves can be computed,
point.by point, by following the steps outlined below.

satellite

subsatellite
- point

P

slant range

geocenter ground station

1. Initialize o (the angle that locates the satellite in the orbital plane).

2. Use text Eqs 1. 15, 1.20 and 1.21 to solve for the latitude and
"~ longitude of the subsatellite point.

‘3. Use text Eq. 1.14 to find the radial distance, ‘T, between satellite
- -and. geocenter. .

4. Use text Eq. 1.12,
1) Pz = Ri + 2+ Rof'cos‘f
to obtain the slant range.

5. Finally, cosS9 is obtained from text Eq. 1. 9 - -
(2)  cosf = sin¢ sin¢ + cos¢ cos¢ cos() )\ )

where ¢s’ )\s" are latitude’ and longitude ‘of the subsatellite point
andy, ¢ and )‘ are implicitly time dependent. Steps 2-5 give.’ﬁs'a

single point on the range curve. ) :
}
6. Increment e by a convenient ‘amount and. return to step 2 Stop when

the final value of e is reached

By following these steps one can plot theoretical range curves for
any orbit of any satellite from ‘any ground station. The accuracy of the
curves is determined solely by the size of the e‘increments chosen.

-’We now turn to the navigation problem. ' '

i
!

e



6-59

Navigation Problem. In the navigation problem two unknowns must be
< determined -- the latitude and longitude of the ground station. A
.simple graphical technique for®solving the navigation problem involves
‘selecting two points off a range curve and using Eq.- 1 to obtain ¥ . '
‘(essentially terrestrial distance) for each. These distances are used
_to draw circles on a globe about the corresponding subsatellite points.
The two circles intersect'at two points, one of" Wwhich is the location of
the ground station. The ambiguity is easily resolved by either (1)
using a -directional antenna to make a single ¢rude azimuth measurement
during the pass or by (2) drawing additional range circles ‘along the |
subsatellite path -- the correct ¢ x will have a much smaller variance.

- Another technique for solving the navigation problem suitable for
satellites in circular orbits follows. Use the range curves to determine
slant range and time at closest approach. Compute the location of the =~ =
subsatellite point at this time and the heading (azimuth) of the satellite.»
The . .heading is most easily obtained by computing the position of the
subsatellite. one minute before and one minute gfter closest approach
and ‘then using standard terrestrial navigation methods to determine

N the bearing between these two -points. The azimuth of the ground station
ith' respect to the subsatellite point at closest approach is given by -
the satellite heading + 90°. The terrestrial distance between supsatellite
‘point and ground station'at closest approach is easily calculated. The
ground station location is therefore determined except for the: sign
ambiguity as in the previous technique.

Tracking Problem. The tracking problem involves determining ‘six
.unknowns -- the six orbital elements. Six points on the range curve
williyield (using Egqs. 1 and 2) six independent non-linear simultaneous’
equanions. These equations can be solved. using numerical techniques.
est results more than six points are taken from the range curve and
curve fitting procedures are used.’ Although they're not necessary, range
5 from ground stations at different locations will improve the
accur cy with which orbital elements can be determined.

| similar approach.to the tracking problem is to follow the .o .
procedure flow charted at the end of Project SP 5 (replace "Doppler . ’
curve! with "range curve" everyplace in.the flow chart). .The technique’
involves successive approximations -- one guesses the orbital elements and
uses them to compute théoretical ‘curves. The theoretical and actual curves
are then compared and- the results’are used to produce a "better" guess of
the elements. This loop is continued until the desired accuracy is
attained. For additional information on these techniques see [13, 14].

i
' . . 7

\ \

‘
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Note' Experiments which require transmittino must complv w1th Federal .
laws cited in text section 5.6.

K}

(=

Experimental Consideratibns. Now that the three forms of the ranging
problem have been distussed we turn to experimental aspects of obtaining
range curves.. The range to the satellite is obtained by transmitting a
'signal to the satellite and measurlng the elapsed time (t) before it is
returned by the transponder: ‘As a first approximation :the distanceA(p )
to the satellite is given by | o S

i

.

(3) L= (/2)ct

\

" iwhere ¢ 1is the speed of-light.\ From Eq 3 we see that the accuracy of
our measurements depends on: (1) how closely the radio signal velocity is’
given by c and (2) how accurately the time .interval is measured. We now-
examine each of these factors. | The ionosphere tends to retard the velocity
of signals propagating through it. The effect depends on the thickness -
of the ilonosphere and on freque cy. Errors as large as 500 km can occur at

~29.5 MHz and low elevation anglf The problem is minimized by using the

.. mode B or mode J transponders. |Typical time intervals encountered will

" "range from about 10 milliseconds for AMSAT-O0SCAR 7 or 8 at’ closest approach -
to about .25 seconds for a Phase III AMSAT satellite near apogee. The
transponder itself introduces a 'delay of typically 10 microseconds which .
-can generally be ignored. Thé time delay in a selective communications -
receiver can amount to as much as 5 milliseconds and must not be neglected.
The receiver delay time is usually directly measured and used to adjust
“the value of t. One method for determining receiver delay -- assuming
mode B, operation with a transmitter using a direct multiplier chain --
is to tune the 146 MHz receiver tp 1/3. the transmitter frequency. so that
the low level stages can be monitqred. "A scope (preferably dual trace with
delay line) 1s used to obsgrve th; transmitter output using a voltage e

L.

probe (" an "AC probe from & VIVM is okay) and the receiver audio signal ---
trigger on the transmitter signal.! If the transmitter mixing scheme -
. doesn't produce any output near 14¢ MHz, then time delay calibration. can

be accomplished by replacing the lﬁ6/29 MEz converter with a 432/29 MHz
unit. :

Actual ranging setups vary gre tly in design. A triggered scope
can be used .to measure t with techniques similar to those émployed for
calibration. More accurate techniques have been described 4An [15] and [16]. ..

, At present theére isn't dny standard ranging system in use. Most
e~ systems are improvised using whateveﬁ equipment is available.

D
Do
ob_\
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6.8 - MISCELLANEOUS ACTIVITIES o . o

— In this”section a number of activities involving, and’ topics
concerning, satellites are -briefly described.  Each description is meant
to introduce an idea -- comprehensive information is not- provided When
available, references are given. All references, [N], are contained at

the end of the chapter. . This list of activities and topics can only begin
to suggest the unending variety of experiments and projects involving
satellites which can be used: for science instruction.

el \ S w'
'“SM-l Construction of Satellite Hardware 47

) ~a ]

: Flyable hardware for future spacecraft is continually being solicited
by AMSAT. Groups which have designed and construdted transponders,
beacons, control circuitry, geophysical. sensors, etc., are regpested to
submit: the subsystems for testing and possiblejincrusion onr abellites ; S

~ now in the planning sfages. Once the Space Trahsportation‘sybtgm (Space’:, .:
Shuttle)—is—operational—it—iS‘possible—that—aniosCAR satellite Will -be "}~.
 launched .about every 18 months. This means that there will be a continual

need for flight hardware. * Past experience has—shown ,that students.get very
involved in the design and construction of such,hardware, especially when

‘the odds ‘are good that well designed equipment will actually fly

o -

SM 2. . Propagation Through the Ionosphere

v

; ‘In addition to the aspects of propagation discussed in Section 6 5
*?‘there are other interesting topics worth investigating. These include: :
(1) unusual effects at AOS (acquisition of satellite) and 1OS (loss of TR
‘satellite) and (2) propagation. velocity delay in the ionosphere. The
- AOS/LOS effects alluded-to.include: scintillations - (large-amplitude,
rapid variations) and signal splitting (signal appears to split into two
or more components at slightly different frequencies). Some observers
have speculated that splitting is due .to signals arriving by different
paths, each path having-a- slightly different Doppler shift. However, neither
“scintillations nor splitting are believed to.be well understood. - Propa-
gation velocity delay was mentioned in conjunction with project SP 15
on ranging where it was regarded as_an annoyance which introduced errors
into our measurements. However, once ‘the orbital elements of a satellite -
have been accurately determined, ranging can be-used to obtain. the signal
" propagation velocity which can, in turn, be used to infer information about
the nature of the region of the ionosphere through which the' signals are
traveling. e . -~ : o '

- sM 3. Satellite Monitoring '

_ Hunting for downlink radio signals from unidentified satellites.

" makes an interesting project. Once a satellite has-been "found" an attempt
may be made to determine the orbit and operating schedule and finally to
identify the spacecraft. Sometimes this can'be accomplished without ever - °

 understanding the content of the telemetry which is usually observed.

: Suggested f“equency bands for listening to American and Russian non-amateur
spacecraft are listed in the following paragraphs. Only downlinks below
500 MHz are listed ‘because of equipment complexity and- scarcity for
higher ranges. i D .

vm_' - ' ‘;2:322 K o .' b B ? Qﬁi:“
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American aatellites often use downlinks in the vicinity of
135.5 ~ 137 MHz {136 Miz band),
399.5 - 401 MHz (400 MHz band).

Coﬁmercial converters (for use with HF receiver) are available for the
136 MHz band making it easy to- monitor.. Converters for the 146/29 MHz*
range can usually be easily. modified for the 136 MHz band. Adjustment
involves retuning some resonamt ¢ircuits and purchasing a new crystal
for the injection oscillator chain.

Russian spacecraft often use downlinks in the vicinity.of

- . 15.008‘MHz,
g 20.008 MHz, - -
121.50 and 121.75 MHz, ...
143.625 Mz, |

The Russian frequencies are easy to monitor since the 15 and 20 MHz

. frequencies” can be tuned_on most HF receivers; the 121 MHz frequencies
can“be tuned on the inexpensive civilian'aircraft monitor radios;
the 143 MHz downlink can be tuned by stations set up to receive AMSAT—
0SCAR 7 mode B. The 121 'MHz -links are often used for voice- communications :
from manned spacecraft -- signal 1evels are very strong -

When monitoring, a 1/4 wavelength omnidirectional groundplane antenna
aworks well for acquisition _When,:a possible satellite has been- located,

a directional antenna is often necessary to verify that the signals being P

received are from a non—terrestrial source. - An axial mode helix is
excellent for this purpose since a single- helix can be designed to perform
well over a wide range of frequencies including 120 - 150 MHz.. Doppler

shifts are also a clue as to the extra—terrestrial nature of thelsignals
being received.. - :

Ménitoring projects can be used for a variety of educationsal
purposes.. At:the’ simplest level they familiarize the student with
communications equipment "and’ satellite terminology. At a more advanceo
level they demonstrate how orbit détermination utilizes all available
resources.  Information on operating frequencies of some American _
satellites can be obtained from [17]. ce . o '

" SM 4., Antenna Design_ oo ' . Lo

The selection preccess for choosing the antenna(s) for one's ground—
station serves as a good example of system optimization. -Many of the
tradeoffs were discussed in section 5.3 where simple antenna systems for
the: beginner were emphasized Once one has experience with’ -ground ‘station

operation, antenna improvements should be considered. Two. areas of special‘

'interest are circularly polarized antennas and miniature antennas
. ' '
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Circularly Polarized Antennas Antennas which produce circularly
: polarized waves include: : .

a) axial mode helix [18], ’

"b) TR~array (crossed dipoles above reflecting screen) [19],
¢) crossed yagis [20], : . -
d) miscellaneous [21],

e) quadrifilar helix [22].

The first three in the. list prOduce circular polarization along a single
axis.  They were briefly discussed in Chapter V. 1In [21] Kraus discusses
three types of antennas which produce omnidirectional“circular polarization*
in a plane. Of special interest is the four in-phase 1/2 wavelength -
dipoles mounted around the circumference of an imaginary circle about 1/3
< . wavelength in diameter. .If folded dipoles are -used, a simple feed system
could be improvised using four 1/2 wavelength sections of 300 ohm balanced
1line paralleled at the center and fed using a 1 to 1 balun with a slight
mismatch. The quadrifilar helix (e) has the unusual property of producing
nearly. circular polarization in a hemisphere. It should be extremely '
useful for satellite ground stations :

I

_ ‘Miniature antenna. It is. possible to design highly directive antennas
.. -“which are very small. in terms of wavelength. These miniature antennas
generally have a low. efficiency.which makes them unsuitable for trans-
mitting. Howewver, they can markedly improve reception when the received
S/N ratio is being limited by noise .arriving through the antenna.
Miniature antennas are especially useful at 29 MHz where full size
‘beams. may be congidered unwieldy. A 1/3 size two-element yagi for’ 29 MHz
' would have elements under 2 meters long and a boom of -about 1.2 meters.
General’ information on the construction of miniature beams is contained
in references [?3] and‘[24] Two miniature yagis can be used for circular
-polarization -asi in [20] / : :
| /
I

" SM 5. AntennaneasurementsJ

Antenna. characteristicJ (polarization, feed—point impeaance directivity,
“patteri and absolute gain) are-very difficult to measure. As a’ result,
realistic atudent . laboratory experiments involving antennas are very -scarce.
Measuxeigents of directivity,’pattern and absolute gain (the characteristics
treated her's) are greatly simplified by using a signal source aboard a
satellite . . . :

Antenna measurements should ideally be made in outer space  to guarantee
that signals would travel by a single line-of-sight path. Although the
-idéal situation isn't possible we can closely approximate it by using a
satellite beacon as:a source while the antenna under test is used for
reception at our ground station. _Assume that ‘the measurements are:
performed on a-‘directive-antenna. when the satellite is at a high elevation*
angle. Any signals arriving at the antenna after being reflected off the -
ground will be way down on'the directivity pattern., t Multipath- reception is
therefore a much less serious problem when a satellite mounted beacon is
used as a source than when a ground mounted source is employed.

3




- SM 7. Satellite Beacons oL e

' ground ‘station antenna evaluation, and path loss: /computations has already

bands (frequencies used for AMSAT-OSCAR satellites).

. v . . . - . * - \
. \. : - SN

Antenna directivit y can be obtained by directliy measuring the 3 dB
'_beamwidth in the E pla e (e-) and. using the. formula

D .2, 40,000 - [23].

" (e )2 A Co '. L | } .

! E i

/ ' ' ’
This/formula is only valid for directivity patterns which are nearly‘ S
symmetric in the E and H planes. Most common antennas satisfy this | . '
‘requirement. Absolute gain measurements are made by comparing the antenna -

under test to'a standard-gain antenna as suggested by .the National

ll.lr eau 2
of Standards.

o

/
e

- Changes in signal level and direction of polarization may make it- o
difficult to perform some of these measurements using Phase II (near earth)

satellites. ‘However, Phase III satellites:near apogee should-be almost ideal
ffor the antenna measurements sketched above.

SM 6. Downlink Power Level

Standard techniques can be used to ‘measure downlink power dengity E
levels from the satellite beacons. Since beacon output power is knownﬂu“m
we can use-these measurements to:

1. ‘evaluate various line-of-sight path loss models,

2. compute power loss due to propagation through the ionosphere, -
. deduce’ béacon’ power néeded for other orbits.

The importance of the beacons for Doppler bhift measurements, )
been mentioned. In ‘addition, the availability of a single well-characterized
signal (frequency and power level) enables ground stations around the
‘world to construct ‘and accurately evaluate the performance of UHF and

higher frequency equipment. The satellite beacon program produces a , ~

- number of extremely important direct effects:

v

1. it encourages the development of equipment for. higher frequencies,

2.. it increases occupancy of higher frequency bands by serious
. experimenters which’ leads to better knowledge of propagation
* phehomena (for example, discovery of TE—propagation at 145 MHZ
Ain ‘early 1978),. .

B, *
"b

3. it increases the supply of trained personnel familiar with very

T _high frequency te”hniques.-

International regulations currently prohibit space beacons on many’ amateur

- As a .result, beacons

for many‘frequencies cannot be flown.. A-2304 MHz beacon was placed on

- AMSAT-O0SCAR 7 in the hope that" a special temporary authorization for its
-fuse could be obtained.=- However the STA was not received.

It would be of.
great utility to the world-wide educational community if telemetry beacons

spacecraft._”.-

at 1,296 MHz, 2,304 MHz, and higher frequencies are permitted on future

- 225
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. were mentioned .in SM 8 including: initial
-motor available; and effects due ‘to solar dnd lunar perturbations. ‘In”

- due to. the earth's radiation belts. | it

L eees

 SM 8. Orbital Transfer

" Phase III AMSAT satellites will have .an onboard propulsion system.
For the first time, orbit. changes will be pdssible. As a result, problems’
related to orbit. change are now a reality for OSCAR designers. . An orbital

o change may involve: change of period, change of eccentricity, change of

orbital inclination, or a-combination of the above. When ‘one desires to

. make. these orbital .changes with the least expenditure of. energy, it is_ )
. often necessary to fire the propulsion system a number of times. " The basic

maneuver is referred to as a/Hohmann transfér. A readable introduction to
orbital transfer and rendezvous problems is contained in chapter 7 of
reference. [25] . . : -

AMSAT is primarily concerned with the following transfer problem. -

Using.a kick motor capable of producing-a velocity change of- about 1,700 m/s

(68 kg payload) which can only be fired once, what orbits are attainable
from a given initial.orbit? The solution of. this problem leads to another .
problem. Which one of the- attainabla orbits is most desirable in terms of .

" AMSAT's objectives’ The tradeoffs here are very hard to quantify but it is

generally agreed that .an elliptical orbit with a period of 8 to 14 hours .
is probably best -(see SM 9). ,}

As mentioned in section 1 2 of - the text highly elliptical orbits are
responsive to lunar and solar perturbations. These perturbations can cause

large changes in the’ perigee altitude which”may. increase, decrease, or .

oscillate wildly.. Orbital parameters ‘'will be carefully chosen to insure
that the perigee does not decrease to the axtent that the satellite will
re—enter the atmosphere and burn up. _ _ .

|
) to o ’ - X AT,
SM 9. Future Satellites Orbit Selection / . B

A number of constraints on orbit selec tion for future AMSAI spacecraft
2rbits available, size -of kick

this section we introduce two additional fdctors (1) -operational features
(from the point of view of those using the[satellite) and (2) ‘effects

Operational reatures It is often thought that .a. synchronous orbit
is most advantageous to the user.  Let us. briefly compare :(1) a drifting .
synchronous satellite (sat tellite .remains oyer thé~equatorwhile longitude

-.8lowly changes) to (2) a satellite in a highly elliptical orbit like that

being’ considereﬂ for Phase IIT (period = 11 hours,_eccentricity = .69,
inclination = 102 ). Comparison\criteria are necessarily subjective.”
For example, an analysis- of a two-way: communications link-between New York

" and. Frankfurt shows that communication would be possible about 17% ‘of

the time‘with a drifting synchronous\satellite ‘and about. 70% of the time"
with the highly elliptical orbit when he spacecraft apogee 1s near the
northernmost point.--In addition, ground\stations greater than 75° North _
or South of the equator will mever be able to use the synchronous satellite. -
These selected comments only begin to show\some of the:different criteria
“which can be used to compare orbits. Synchronous orbits do ‘have a number ..
of well—known advantages-so -we_have concentrated on the advantages ) '

e X - -
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of the elliptical orbit. Perhaps the reader may ‘now deduce why the Russians
have chosen highly ‘elliptical orbits for their Molniya series of commun-
ications satellites. Both types of orbits have desirable features and,

in the best: of all possible worlds, both types of satellites would be
available for educational ase. . _ o T

In order not to leave a false’ impression it should ‘be stated that
it requires a much greater. amount of energy to achieve a synchronous’
orbit than the Phase III orbit used in the above example. AMSAT does not
have: the capability of putting a satellite into synchronous orbit using

the "kick motor" approach being considered for the first two Phase III
spacecraft.} .

Radiation belts. Soon after artificial satellites became a reality;
scientists learned of the radiation belts surrounding the earth.. Satellites
passing through these radiation belts experience degradation of solar cell
peérformance and an increased probability\of catastrophic electronic system
failure. . Unless one is specifically interested in studying the radiation _
. belts it is best to, in so far as possible, .avoid them. The 1,400 km .

orbit of AMSAT-OSCAR 7 is safely inside the radiation zones. A synchronous '
- orbit is safely outside.~ The elliptical orbits béing considered for Phase III
: spacecraft pass through the belts twice each orbit.

Satellites studies have "taught us a great ‘deal about radiation damage
80 we can estimate the effects of such damage for different orbits. One , 4
" 'important’ factor is in our favor. For the elliptical orbits being
considered, the satellite is- movihg very rapidly near perigee as it
traverses the radiation zones. Radiation damage is positively correlated
with total exposure time. Calculations reveal that the total .exposure -
should be within safe operating limits when planning for a six-yezr . °
satellite lifetime. Projections of total radiation eéxposure depend. upon
the shape of the radiation zones. The zones' cannot be adequately -
modeled using shells (x adial- symmetry). Reasonably accurate estimates of
”_total exposure time’ require a, three-dimensional model.., '

i

.

-;‘v-\. . .
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SM 10. Satellite Communications

The oevelopment of a satellite ground station with two-way communications
capability can serve as a focal point for number of educational activities
related to:

1. ground station design and evaluation, ) : o ’

2. a continuing program of ground station equipment development
and evaluation,' :

3.'system (satellite plus multiple ground station) evaluation..

. The ground station will serve for ranging .and other experiments, such as
- those discussed in SM 12, SM.13 and "M 14, requiring transmitting
capabilities.' ' -
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‘SM 11 ll Distance Between Two Satellites.

The distance between two satellites (for example, OSCARs 7 and 8)
varies as a function of time. It is important to know when these
satellites will be in close proximity because, when this'occurs, it is
possible to transmit uplink signals to OSCAR 7 (432 MHz) which are then
relayed directly to- OSCAR 8 (146 MHz) - ‘and- returned to earth by OSCAR 8" T
(29 5 MHz). . Computing the distance between OSCAR 6 and OSCAR 7 was

=assigned as a Laboratory exercise in a course -on computer programming
.. with good results. This exercise was brought to my attention by C. J.
N _Schmidt Mathematics Department "Towson . State College, Md. : :

N
¥

SM 12,

ommunications Involving Satellite-Satellite Relay .

The possibilit of two—way-communications between two groundstations o

" using a satellité-satellite relay" was mentioned in SM 1l.. Successful results

" of satellite-satellite relay experiments with OSCARs. 6 and 7 are described
.in reference [26]. Satellite-satellite’ relays were»observed with 0SCARs

7 'and 8 on the first day ‘that OSCAR_ 8 was in orbit

v SM 13. Transponder Phase Distortion ‘

In the Engineering Department of Trenton State College (N J ) Dr. A,
'Katz is supervising students who are (1) making distortion measurements on
the AMSAT-OSCAR satellite transponders and -(2) analyzing how system
nonlinearity is related to the generation of spurious signals and other

:;L';.
aspects of transponder performance

~

SM 14. Compound Doppler Shift

_' Experiment SE 2 outlined a’ Dopp1er shift model for a single link.
The Doppler shift problem may be examined (experimettally and/or
theoretically) for actual two-way communications involving an uplink and

- a downlink'at different frequencies. A practical problem which might be -

considered follows. Assume two stations (A-and B) are in contact via a
satellite link and that A sets the uplink frequency so that downllnks from'
B and A coincide in frequency (as heard by A). wWill B hear both downlinks
on the same freqiency?. One might also try to analyze the Doppler shift
effects occurring on a two-way tommunications 11nk involving a
satellite-satellite relayv (‘ee SM 12)

- ’ R E ~

SM 15. Mobile Grcundstation R .

3 ) R

)

It has been suggested "that many ‘land mobile radio services could

. benefit if repeaters were place aboard a network of’low orbiting satellites

insteadéof being mounted on toWers. Onhe approach to- testing the feasibhillity
of this-idea is to build- and evaluate the performance of a mobile .ground
station ‘for use with AMSAT-OSCAR Phase II spacecraft. A sophisticated
mobile station has been constructed by F. Merry of Albany, N. Y. ~The =~
station has -been used to send and receive EKG patterns from a moving
vehicle to a fixed stwtion at the National Institute of Health in Washington

: 4 |
Sy
[
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AMSAT has received a special temporary authqrization (STA) from the
Federal Communications Commission which permits the use of ASCII code for -
satellite experiments. Ground. stations can now use ‘the satellite to
interconnect’ microprocessors or to remotely access someone else's

- computer. It 1s conceivable that an on line time-sharing computer network

utilizing AMSAT satellites may someday exist. Anyone contemplating ASCII
experiments using OSCAR satellites should first contact AMSAT concerning

. the ¢ current status of the STA.

——- “ . - %

. SM'17 Electro-Cardiograms (EKGs)

—. ' A number of techniques for encod1ng electro—cardiograms (EKGs) for
transmission using a. standard SSB transmitter have been tested.  “As
mentioned in SM 15, EKGs have. been successfully transmitted between a
moving vehicle near Albany, -§. Y. and.a ground ‘station at thé National
Institute of Health in Washington, D. C. via AMSAT Phase II satellites.
For_ information on the encoding techniques and other aspects of these
experiments see’ references [27] ‘and [28]

SM 18‘ Emergency Locating Transmitters (ELTs) L : .

" Emergency Locating Transmitters (ELTs) operating on -an international

~distress frequency of 121.5 MHz;are cafried by all aircraft in the U. S.

‘and Canada and by, aircraft of many other countries. The ELT is designed

to automatically turn on at impact and\it provides a signal for® search
aircraft to "home in" on. Recent exper ments at the Communications Research.
Centre (CRC) of the Canadian Department of Communications using AMSAT-0SCARs
6 and -7 have shown that a satellite—aided\search “4nd rescue concept: could
reduce the costs and time associated with conventional methods for /
locating downed aircraft [29]. Similar expe iments have been run‘ by

; NASA”aL the Goddard Space Flight Center [30]

@ , ; e
SM 19. .Remote Geophysical Sensors ' - \\\ s ,

“Low orbit satellites can be used to relay data from remote autcmated -
geophysical sensors. Groups.are presently working on the design of auto-
mated data collection platforms using low power. transmitters and omni-
directional antennas. Basic design decisions include the following. .
How is ‘data recorded at the vemote site? In what format is it transmitted7'
Will'fheﬂtransmitter be cormanded by an internal clecck or an. externallsignal7

SM 20 20 Radio Interferometer

Radio interferometer principles can be illustrated by using ‘two simpif
beam antennas at the ground station. Preliminary tests at 146 and 43% Mz

- with low.altitude satellites and antenna spacings of three to. five wave-

lengths show_sharp,, well defined nulls. Experimental suggestions-are

- contained in reference [31] : T ' T,
N . . -EZ - [P ’ ’ ¢ N : N .
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. APPENDIX A

~

The addresses of equipment manufacturers, publishers and sources. of .
information referred to in this text are listed below.
EQUEPMENT MANUFACTURERS - . )

 Amateur Radio Components Service (ARCOS), Box 546 East Greenbush NY 12061
Cush Craft Corp., 621 Hayward St. » Manchester, NH 03103 ‘
Data Signal Inc., 2212 Palmyra Road, Albany, G& 31701 .
Drake (R. L. Drake Co. ), 540 Richard St., Miamisburg, OH 45342 -

| HAL Communications Corp , Box 365, Urbana, 'IL 61801 . ‘

. Hamtronics, Inc., l82—A ‘Belmont Rd., Rochester, NY 14612

- Heath Company, Benton Harbor MI 49022 S ,
Hy-Gain Electronics:Corp., 8601 NE Highway Six, Lincoln, NE 68507 i _
International Crystal Mfg. Co., Inc', Box 32497, Oklahoma City, QK 73132
Janel Laboratories, 260 NW Polk Ave , Corvallis, 0R 97330
Kenwood (Trio—Kenwood Communications, Inc.), 116 East Alondra, Gardena, CA 90248
KIM Electronics, 1600 Decker Ave ; San Martin, CA 95046

ﬂMicrowave Modules (see Texas RF Distributors)

Spectrum International, Box 1084, Concord, Mass. 01742

Texas RF Distributors, Inc., 4800 West 34th Sto, Suite D-12A, Houston, TX 77092
Vanguard Labs., 196-23 J.maica Ave., Hollis, NY 11423

,VHF Engineering, 320 Water St., Binghamton, NY 13902 .

Yaesu (Yaesu Musen USA Inc.), 7625 E. Rosecrans Blvd No. 29, Paramount,

CA 90723 : . - ‘ -
_ PUBLISHERS . 5
 ARRL (American Radio Relay League) Publicat*ons, 225 Main St., Newingtou,
ot CT 06111

QST "The Radio Amateur ) Handbook' The ARRL Antenna Book

. OSCARLOCATOR; Getting te Know OSCAR; The Radio Amateur's VHF
Manual; Specialized Communications Techniques for. the Radio
Amateur; Understanding Amateur Radio. :

,_Communications Technology, Inc., Greenville NH 03048
: Ham Radio Magazine; Satellabe "

QST Magazine (See ARRL publications)
Ham Radio Magazine (See Communications Technology)

MISCELLANEOUS
AMSAT (Radio Amateur Satellite. Corporation), Box 27, Washington, "DC 20044
iARRL OSCAR Educational Programs Office (See publishers -~ ARRL)
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s ' APPENDIX B

. This'appendix contains a short glossary of frequently encountered
i térms and abbreviations. Definitions focus on usage in the area of
- satellite communications : ‘

| altitude: The distance between a satellite and’the point on the surface
of the earth directly below it. :

AMSAT: Radio Amateur Satellite Corporation The construction-of AMSAT-
. OSCARs 5, 6, 7 and 8 was coordinated by AMSAT.

A0S (acquisition of signal): The time at which a particular ground station
begins to receive radio signals from a satellite. '

- apogee The point on the orbit where'a satellite is farthest from earth.

‘argument of perigee: The polar angle locating the perigee in the orbital -
plane -- measured counterclockwise from the line of nodes.

ARRL (American Radio Relay League): U.S. national organization of radio

" . amateurs. N

ascending node Point on the satellite orbit (or gcound track) where
sub-satellite point crosses from southern hemisphere to northern'
hemisphere. 0rbits are said to begin at the ascending node

AU (Astronomical Unit) Mean sun-earth distance = 1.49 x lO m

Codestore: A digital memory system- aboard a satellite which can be loaded .
by ground stations for later rebroadcast in Morse or other codes.

descending node: Point on the satellite orbit (or ground track) where
sub-satellite -point crosses from northern. hemisphere to southern
hemisphere

downlink A radio link originating at a spacecraft and terminating at

a ground station. N

eccentricity A parameter frequently used to describe the shape of . an
orbital ellipse.

equatorial plane: The plane containing the earth's equator.
ESA: European Space Agency. o

ground station: A radio station on or near the surface of the earth used -
to receive signals from or transmit signals to a spacecraft.

¢

inclination The angle between the orbital plane of a satellite and the
’ equatorial plane of the earth :

. line of nodes The line of intersection of a satellite s orbital plane and
_— the earth's equatorial plane.

llLOS (loss of signal): The time at which a particular ground station
. -loses radio signals from a satellite




NASA: National Aeronautics and Space Administration.

orbital elements: A set of parameters which completely describe an orbit.
Six are needed for an elliptical orbit four for a circular orbit.

orbital plane: The plane containing the satellite orbit.
‘OSCAR Orbital Satellite Carrying Amateur Radio -

perigee' The point on the orbit where a satellite is closest to earth.

Phase I satellite: Label applied to early OSCAR satellites which were <>
characterized by a short lifetime due to the fact thas they did
not use. solar cells (OSCARs 1, 2, 3 » and 5)

Phase II satellite: Label applied to OSCAR satellites. characterized by
long lifetimes and low altitudes (under 2,000 km) This group
includes OSCARs 6, 7, and 8.

Phase III satellite Label applied to post 1978 OSCAR satellites: character-

ized by long lifetimes and high apogees (apogee height greater
than 20,000 km).

reference node: The first ascending node of the UTC day for a given satellite.

slant ra g' Distance between satellite and a particular ground station
T (varies with tine).

solar constant: Incident energy per unit time on a surface of unit area .
.oriented perpendicular to direction of radiation at 1-AU from
the sun. :

sub—satellite point:- Poinr en surface of earth\directly below satellite.

TCA (time of closest _ppéoach) Time at which satellite is closest 'to
’ a particular ground station’ during an orbit.

telemetrz' Radio signals originating at a satellite which convey information
: , on the performance or status of onboard subsystems. Also refers
to the information itself

transponoer A device which receives radio signals in a narrow slice of
: the spectrum, amplifies them, translates (shifts) their frequency,
" and retrdnsmits ‘them. .

 true anomally: The polar angle locating the satellite in the orbital plane --
measured counterclockwise from perigee. .

uplink: A radio link originating at a ground station and terminating
at a spacecraft. '



