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Three- and Four-Satellite Continuous-Coverage Constellations

John E. Draim*
ANSER (Analytic Services Inc.), Arlington, Virginia

This paper addresses the problem of obtaining continuous satellite line-of-sight coverage of every point in
either the northern hemisphere or on the entire Earth’s surface with the minimom number of satellites.
Geometric theorems and corollaries relating to coverage are presented. A three-satellite elliptic-orbit constella-
tion covering the entire northern hemisphere is described. Also, a four-satellite constellation giving continuous
global coverage is defined. An extensive search has uncovered no other three-satellite continnous hemispheric
or four-satellite continuous global coverage constellations.

Nomenclature

= eccentricity

=inclination

=mean anomaly

=perpendicular distance from center of
Earth to satellite plane

Ry =mean radius of Earth (=3442 n.mi.)

81582,53,8,...  =satellite designators

8{,8;,83,5;... = =satellite suborbital points

T, or Toonst = constellation period, h (equals elliptic

orbit period)

N e

o = satellite visibility angle (‘‘look angle’’)
above horizon
Q. = constellation frequency
Q,p =osculating or rotating plane frequency
Background

HE question ‘‘How many satellites are required to

achieve continuous global coverage?’’ has been dis-
cussed by a number of authors. In 1969, Roger Easton of the
Naval Research Laboratory stated that ‘‘a minimum of six
satellites is required in a controlled-orbit constellation to
have at least one satellite continuously visible from all points
on the earth’s surface.””! Versions of Easton’s constellation
are shown in Fig. 1. In 1970, John G. Walker of England’s
Royal Aircraft Establishment stated that ‘‘whole earth
coverage cannot be maintained at all times with less than five
satellites.”’> Walker’s constellation is shown in Fig. 2. In
1980, A. H. Ballard of TRW wrote that ‘‘a total of at least
five satellites is required for worldwide single visibility.’’? All
three authors have assumed. that the constellations employ
circular, common-period orbits, although only Walker and
Ballard explicitly state this assumption. Walker also stated
that ““while elliptical orbits have some advantages in the pro-
vision of coverage to limited areas mainly confined to either
the northern or the southern hemisphere, circular orbits ap-
“pear to have the advantage for zones extending equally into
both hemispheres, and even more as regards whole earth
coverage.”’

The author’s goal has been to reduce, if possible, the
number of satellites required for continuous global or hemi-
spheric coverage. Reduction in the number of satellites
should lead to significant booster and satellites cost savings.
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Alternatively, improvements in coverage should be possible,
using the same number of satellites.

_ Introduction

The purpose of this paper is to incorporate the use of
elliptic orbits into the design of multisatellite constellations.
It will be demonstrated that the general assumption that cir-
cular orbits have the advantage as regards whole-Earth
coverage is in error. The determination that at least five
satellites are required to provide whole-Earth coverage, while
true for circular orbits, does not apply to elliptic-orbit con-
stellations. In fact, it will be shown that continuous global
coverage can be achieved with only four elliptic-orbit
satellites and that continuous hemispheric coverage can be

o THREE SATELLITES IN
EQUATORIAL PLANE, -
SPACED 120° APART

® THREE SATELLITES IN
POLAR PLANE,
SPACED 120° APART

(RLTERNATE ARRAY: TWO POLAR PLANES WITH 90° DIHEDRAL ANGLE)

Fig. 1 Six-satellite continuous global coverage model proposed by
Roger Easton, 1969.
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,a. VIEW FROM NEAR HEMISPHERE
TWO SYNCHRONOUS EQUATORIAL
SATELLITES SPACED 84° APART

b. VIEW FROM FAR HEMISPHERE
THREE SYNCHRONOUS INCLINED
SATELLITES EQUALLY SPACED (i = 78°)

Fig. 2 Five-satellite continuous global coverage model proposed by
John Walker, 1970.
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achieved with only three elliptic-orbit satellites. The addi-
tional flexibility obtained through the use of elliptic orbits
opens up new possibilities in constellation design.

For the restricted case of circular orbits, it can be shown
that three satellites in noncoplanar orbits must at some point
in time lie along the arc of a great circle (i.e., the satellite
plane must at some point in time contain the Earth’s center).
The two resultant polar coverage gaps (lying at the ex-
tremities of the Earth diameter normal to the satellite plane)
thus make continuous hemispheric coverage impossible with
only three circular orbit satellites. Since at least one addi-
tional satellite is needed to cover up one of these polar gaps,
a minimum of four satellites in circular orbits is required for
continuous hemispheric coverage. Similarly, since at least
two extra satellites are required to cover both polar gaps,
complete and continuous global coverage requires a
minimum of five circular-orbit satellites.

The employment of circular synchronous equatorial orbits
results in coverage gaps at and near the poles of the Earth,
regardless of how many satellites are used. For example,
three stationary satellites spaced 120 deg apart on the
equator leave a triangular gap at both the North and South
Poles. For certain mission requirements, it is desirable to
close one or the other, or both, of these gaps. Generally, the
northern hemisphere is of greater interest and coverage of
the North Pole and the entire northern hemisphere is given
priority. A common solution consists of adding an extra ring
of satellites in inclined orbits. This practice can be quite ex-
pensive given the high costs of producing, launching, and
maintaining these extra satellites on orbit. Continuous hemi-
spherical or global coverage with the minimum number of
satellites thus has obvious advantages.

Coverage Theorems

As a first step, the sufficient conditions for complete, in-
stantaneous coverage will be stated in the form of geometric
theorems. For reasons of brevity, proofs of these theorems
will not be given. Later, the conditions for continuous
coverage will be addressed. For simplicity, a spherical Earth
is assumed.

Theorem I states the sufficient conditions to ensure com-
plete, instantaneous coverage at all points within the
spherical triangle formed by the suborbital points of three
satellites (see Fig. 3).

Theorem I: If a plane containing three satellites does not
intersect the Earth or if this plane is tangent to the Earth at a
point, then every point within the spherical triangle on the
Earth’s surface formed by the satellites’ suborbital points is
visible from at least one of the satellites.

Theorem II states the sufficient conditions for visibility
within specified Earth-surface areas defined by two satellite
suborbital points and a great circle (see Fig. 4). The areas in
question may be either two spherical triangles (case 1) or a
spherical quadrilateral (case 2).

Theorem II: If a plane containing two satellites is perpen-
dicular to a great circle on Earth and, if this plane either
does not intersect the Earth or is tangent to the Earth (at a
single point on the great circle), then all points within the

Fig. 3 Theorem I.
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area (or areas) encompassed by the great circle, the smaller
arc between the two subsatellite points, and the arcs from
each subsatellite point perpendicular to the great circle are
visible from at least one of the two satellites.

In order to apply the two theorems just stated to ensure
instantaneous northern hemisphere coverage, one constructs
a prism using the three satellites, S;, S,, and S;. The top of
the prism is formed by the plane that passes through all three
satellites. The sides of the prism are formed by selecting two
satellites at a time and passing planes through them that are
perpendicular to the plane of the equator. It will also be
assumed that the prism sides (the planes perpendicular to the
equator) are infinitely long in the downward direction, so
that there is no ‘‘bottom’’ to the prism. Then, applying
theorem I to the top plane and theorem II three times in suc-
cession to the three side planes, it is evident that total in-
stantaneous coverage of the entire northern hemisphere is
obtained, provided that the prism always surrounds, but
does not intersect, the Earth. (Coverage will again be as-
sumed if a plane is merely tangent at a single point on the
sphere.) This construction is covered in corollary I (see
Fig. 5):

Corollary I: A four-sided prism is formed by passing a
plane through all three satellites, and then three planes
through pairs of satellites in sequence that are perpendicular .
to a given great circle. If none of the planes of this prism
intersects the Earth, then all points within the hemisphere
bounded by the great circle and lying on the side of the
three-satellite plane are visible from at least one of the three
satellites, by theorems I and II.

To provide for continuous hemispheric coverage in time, it
is necessary only to apply the theorems given above repeti-
tively to the irregular prism as it warps continuously through
an entire constellation period. If, as shown in Fig. S5, the
prism always surrounds the Earth without intersecting it,
then continuous and complete coverage of the northern
hemisphere is ensured. .

To provide for instantaneous complete global coverage by
four satellites, in a similar manner, it is necessary to apply
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Fig. 5 Corollary 1.
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theorem I and corollary II (Fig. 6) four times successively.
The four spherical triangles defined by the suborbital points
will cover the entire surface of the Earth. If the tetrahedron
surrounds the Earth without contacting it or is at the most
tangent at a point or points, then instantaneous global
coverage will result. That is, at least one satellite will be visi-
ble from any point of the Earth’s surface at that instant.

Corollary II: Pass planes through three satellites at a time
in a four-satellite constellation; the subsatellite points taken
three at a time define four spherical triangles. It can be
shown that, if none of the four planes intersect the Earth’s
surface and if the Earth is completely enclosed within the
tetrahedron formed by the four planes, then any point on
the Earth’s surface is visible from at least one of the
satellites, by using theorem I.

To obtain complete, continuous global coverage, it is
necessary to show that the planes of the tetrahedron always
encompass the Earth, without intersecting it, as the tetra-
hedron changes shape or warps during the constellation
period. The planes can momentarily become tangent to the
Earth’s surface, but the visibility criteria are still met. This
leads to the use of the descriptive term ‘‘osculating planes.”’
The tangent condition will occur for some critical minimum
constellation period, where the planes momentarily “‘kiss’’
the Earth’s surface and then rise to a higher altitude.

Computer models were developed to calculate the per-
pendicular distances from the center of the Earth to any of
the above planes. If the perpendicular distance is less than
the Earth’s radius, then the plane will intersect the Earth. If,
on the other hand, the perpendicular distances are always
greater than the Earth’s radius, then it is evident that the
plane in question does not intersect the Earth’s surface.

Since we are concerned with coverage of either the entire
globe or the entire northern hemisphere, it does not matter
whether we introduce Earth rotation or not. As a matter of
convenience, the orbital equations have been written in iner-
tial space. Also, orbital perturbations due to Earth oblate-
ness and lunar attraction have not been considered here.
Their ‘'magnitudes are small and in practice could be can-
celled by small periodic orbital corrections.

The Basic (Circular) Cubic Constellation

Satellite constellations have been constructed with the or-
bital planes lying parallel to the faces of a regular poly-
hedron.* Research by the present author has shown ways of
using other polytopes (solid polyhedra or plane polygons) to
space the satellites within these orbital planes. In the case of
a three-satellite array, three faces of a cube form a conven-
ient starting point. If a cube is tipped so that a major
diagonal is vertical, then each plane face of the cube will be
inclined at 54.735 deg from the horizontal. Each of the
planes will be spaced 120 deg apart on the equator. For each
satellite, a line of nodes is established (which will be used for
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Fig. 6 Corollary II.
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eventual rotation into other inclinations). For each orbit, an
argument of perigee of —90 deg is specified (to place each
perigee in the southern hemisphere). This provides a
reference for measuring either true or mean anomaly and
allows for the later perturbation from circular to elliptic or-
bits. For the starting position, we place the satellites into cir-
cular orbits at true anomalies of 0, 120, and 240 deg, respec-
tively, progressing to the east in the inertial reference frame.
That is, satellite S; is placed at a true anomaly of 0 deg, in
an inertial frame, with its line of nodes at the reference value
of 0 deg. Satellite S,, with a line of nodes located at 120 deg
to the east of satellite S, is given a true anomaly of 120 deg.
(This displaces satellite S, roughly 240 deg to the east of S,.)
Finally, satellite S;, whose line of nodes is 240 deg to the
east of S,’s, is assigned a true anomaly of 240 deg. This puts
it roughly back at 120 deg to the east of S;. From the star-
ting positions, circular orbital motion is then allowed to pro-
ceed through one complete constellation orbital period (see
Fig. 7). A c¢onstellation orbital period is defined as equal to
an individual satellite period.

Examining the characteristics of the satellite plane of the
basic circular-orbit cubic constellation throughout a com-
plete constellation period, some interesting phenomena are
noted. First, the perpendicular to the satellite plane remains
at a fixed angle from the polar axis and rotates around it.
This angle is found to be 45.99 deg. Second, the perpendi-
cular to the satellite plane rotates around the polar axis at
twice the constellation frequency (see Fig. 8). Third, the
satellite plane does not continuously pass through the center
of the Earth. Instead, it moves up and down on the polar
axis, with a frequency of motion three times the constellation
frequency (see Fig. 9). Thus, six times per constellation

i=54.736°
ASCENDING NODES
SPACED 120°

SATELLITE NO. 1

M.A. =0 PLANE THROUGH

THREE SATELLITES

Fig. 7 Basic cubic constellation showing rotating plane at =0 (cir-
cular orbits). :

NORMAL TO
PLANE PASSING
THROUGH
CENTER OF
SPHERE

Fig. 8 Basic cubic constellation C showing movement of rotating
plane RP.
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PERPENDICULAR TCONST = 24 HR

DISTANCE TO i = 54.736
OSCULATING e =0.0
PLANE (NM) PLANE THROUGH
4,000 SATELLITES
1,2,AND 3
3,000 >

2,000 4
1,000 4

8 10 12 14 16 18 20 2
CONSTELLATION TIME (HR) -
5,000 +——————T— T T —
0 40 80 120 - 160 200 240 280 320 360
TRUE ANOMALY, 6, 0R MEAN ANOMALY, M, (DEGREES)
NOTE: v = ANGLE BETWEEN p AND NORTH POLAR AXIS = 46.0°

Fig. 9 Perpendicular distance p to sateilite plane from Earth
center, circular cubic constellation.

period, the satellite plane passes through the center of the
Earth. Coverage gaps will be offset from the polar axis due
to the tilt of the plane.

A computer model was developed that presents the ap-
proximate visibility arcs for any set of satellites at any in-
stant during the constellation period, looking down from the
North Pole. For this circular-orbit constellation, the picture
looking up from the South Pole would be identical, with a
phase difference. Figure 10 shows how the gaps rotate
around either polar axis at twice the constellation frequency.
The southern hemisphere coverage would be the same as the
northern, with a phase difference.

The Three-Satellite Elliptic Cubic Constellation
for Continuous Northern Hemisphere Coveraget

If the basic (circular-orbit) cubic constellation just de-
scribed is now altered by reducing the inclination of all three
planes, introducing an eccentricity, and substituting mean
anomaly for true anomaly at all points in the orbits (to ac-
commodate the change from circular to elliptic orbits), the
northern hemisphere coverage gap can be suppressed
throughout the constellation period. This is accomplished at
the expense of allowing the size of the southern hemisphere
gap to increase. Proper selection of the inclination-
eccentricity combinations will lead to an optimal solution
marked by the maximization of the minimum value for the
perpendicular distance p.

For this elliptic-orbit example, 24 h was used for the
period, 30 deg for the orbital inclination, and 0.28 for the
eccentricity of all three orbits. An isometric diagram of the
perturbed, elliptic cubic constellation is shown in Fig. 11. In
effect, we have raised the satellite plane above the northern
hemisphere for an entire orbital period. The plane can be
made to osculate (make contact momentarily) or to maintain
some minimum separation distance from the Earth’s surface.
The minimum-visibility look angle (angle at which satellites
are viewed above the horizon) will be a function of this
separation distance.

To see the effect of this synchronous (24 h) constellation
in terms of coverage and ground tracks, both the continuous
coverage areas and satellite ground tracks have been plotted
on a standard Mercator chart (see Fig. 12). Since there is no
restriction in selecting the longitudes of the ascending nodes
(so long as they are kept 120 deg apart), values are selected
that provide coverage to the major southern hemisphere land
masses of Africa, Australia, and South America. It can be
seen in Fig. 12 that continuous coverage is thus provided to
most of the world’s populated land masses with just three

1U.S. patent pending.
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PERIODD IN HR: 24
INCLINATION IN DEG: 54.736
ECCENTRICITY: 0.0

M=0

Fig. 10 Basic circular cubic three-satellite constellation, northern
hemisphere coverage arcs, looking down from North Pole.

Fig. 11 Elliptic cubic three-satellite constellation giving continuous
coverage of entire northern hemisphere.

satellites. It should also be noted that there is a minimum or-
bital altitude for continuous hemispherical coverage with this
cubic constellation. More precisely, a particular value of
semimajor axis, corresponding to a unique period, will
define this minimum; any lower values will necessarily lead
to an intersection of the Earth’s surface by the satellite plane
or planes. For the northern hemisphere, continuous-coverage
constellation, this minimum constellation period was deter-
mined to be 16.1 h. For constellation periods greater than
this minimum, a range of inclination/eccentricity combina-
tions can be used. However, it should be noted that the
southern hemisphere land masses can be provided con-
tinuous coverage only with a 24-h (synchronous) constella-
tion period.
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Fig. 12 Geographical coverage and ground tracks of elliptic cubic

consteliation.

The Four-Satellite Continuous Global
Coverage Constellation}

The underlying concept of covering the globe continuously
with four satellites involves exploiting the facts that 1) the
only remaining gap in coverage occurs in the southern
hemisphere and 2) this gap rotates at twice the constellation
frequency. The reasoning is that a single circular-orbit
satellite (in addition to the original three), having a fre-
quency of rotation twice that of the other three and in an
equatorial orbit, can cover the remaining southern
hemisphere gap. However, for this to happen, it is evident
that the original three satellites have not only to provide con-
tinuous coverage of the entire northern hemisphere, but also
to cover the South Pole and the area immediately surround-
ing it. It was found that this could be accomplished, pro-
viding the altitude is high enough (period lengthy enough)
and the eccentricity does not exceed a critical value. A 96 h
constellation (elliptic-orbit) period will meet these stringent
additional requirements. This period was selected because it
is an integral multiple of 24 h and also because it provides
some ‘‘cushion” in keeping the osculating tetrahedral planes
from actually contacting the Earth’s surface. Since the basic
period of the three original satellites is 96 h, this means that
the circular equatorial satellite has a period of 48 h. The
satellite parameters, along with an isometric view of the con-
stellation, are shown in Fig. 13.

Using the visibility arc computer model, snapshots of
coverage arcs for every 30 deg of constellation mean anom-
aly are shown from the South Pole aspect. Only the three
common-period satellites are shown, so that the remaining
gap to be covered by the fourth satellite will be visible. There
are no coverage gaps in the northern hemisphere throughout
the constellation period. Looking up from the Southern
Hemisphere, it can be seen that there is a continuous
coverage gap, which does, indeed, rotate at twice the con-
stellation frequency around the South Pole. It can also be
seen that the original three satellites do continuously cover
the South Pole itself, plus a region of a few degrees on all
sides of this pole (see Fig. 14). The remaining coverage gap
will now be covered by the circular équatorial 48-h period
satellite.

As a final check, the perpendicular distances from the
center of the Earth to all four planes of the constantly

TU.S. patent pending.
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$
RIGHT ASCENSION
OF ASCENDING | ARGUMENT | MEAN
PERIOD INCLINATION NODE* | OF PERIGEE | ANOMALY
(HOURS) | ECCENTRICITY | (DEGREES) (DEGREES) | (DEGREES) | (DEGREES).
SATELLITE1| 96 0.13 B 0 %0 0
SATELLITE2 |~ 96 0.13 3 120 %0 120
SATELLITEZ| 96 913 £ 20 -9 240
SATELLITE4| 48 0.00 0 180 0 0

*INERTIAL REFERENCE FRAME

Fig. 13 Four-satellite global coverage constellation.

PERIOD IN HR: 96
INCLINATION IN DEG: 33
ECCENTRICITY: 0.13

X NO COVERAGE

M=0

M=120 M= 150
1 '
q Y ) :
‘ Z ‘ |
3 3
M=210 M=240
2 2
3
3 <
1
1
M=270 M =300 M=330 M =360

SolekE

Fig. 14 Four-satellite global coverage model, southern hemisphere
coverage arcs for satellites 1-3, looking up from the South Pole
(satellite 4 omitted).

changing tetrahedron were calculated for small increments of
mean anomaly during a complete constellation period (see
Fig. 15). It can be seen that the closest approaches of all of
the planes occur at roughly 4000 n.mi. from the Earth’s cen-
ter. Referring back to theorem I and corollary II, the Earth
is continuously covered by the four satellites for a complete
constellation period (and thus for all succeeding periods). It
should be noted that the plane containing the three 96-h
satellites approaches the Earth at minimum distance three
times per orbital period, while the other three planes (each of
which contains the 48-h satellite) approach to a minimum
distance only once per orbital period. Also, the maximum
separations of the latter three planes is much greater, which
led to plotting the distances logarithmically. The critical con-
stellation period for obtaining continuous global coverage is
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Fig. 15 Perpendicular distance from Earth center to the four
osculating planes in a four-satellite global coverage model (T¢ =96
h).
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Fig. 16 Geographical coverage and satellite ground tracks of four-
satellite continuous global coverage array.

78 h, which means that the circular equatorial satellite must
have a period of 39 h.

A Mercator coverage and satellite ground track chart is
shown in Fig. 16 for the 96-h constellation. Since the three
“top>’ satellites are in inclined orbits with a 4-day period,
they appear to rotate from east to west in the sky once every
72 h. The circular-orbit equatorial satellite, having a 2-day
period, also rotates from east to west but with an apparent
24-h period. Since the orbits are fairly low in inclination,
there is somewhat more redundant coverage in the equatorial
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regions than in the polar regions; but there is complete
coverage by at least one satellite continuously, everywhere on
Earth.

Conclusions

The generally accepted hypothesis that circular-orbit con-
stellations are superior to elliptic-orbit constellations in pro-
viding continuous global coverage with the minimum
number of satellites is shown to be in error. Specifically, it is
shown in this paper that:

1) Using circular orbits, continuous hemispherical Earth
coverage cannot be provided by three satellites and con-
tinuous global Earth coverage cannot be provided with four
satellites. )

2)  Continuous northern (or southern) hemispherical
coverage can be provided with a three-satellite constellation
using inclined elliptic orbits for constellation periods of 16.1
h or greater.

3) Continuous global Earth coverage can be provided with
a four-satellite constellation having three inclined elliptic or-
bit satellites and a single circular equatorial satellite having
one-half the period of the rest of the constellation, for con-
stellation periods of 78 h or greater.

Utilizing the principles embodied in these concepts for
multisatellite constellation design, it is possible that signifi-
cant improvements in coverage and/or cost reduction may be
realized.
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