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Most traditional satellite constellation design methods are associated with a simple zonal or global, continuous or
discontinuous coverage connected with a visibility of points on the Earth’s surface. A new geometric approach for
more complex coverage of a geographic region is proposed. Full and partial coverage of regions is considered. It
implies that, at any time, the region is completely or partially within the instantaneous access area of a satellite of the
constellation. The key idea of the method is a two-dimensional space application for maps of the satellite constellation
and coverage requirements. The space dimensions are right ascension of ascending node and argument of latitude.
Visibility requirements of each region can be presented as a polygon and satellite constellation as a uniform moving
grid. At any time, at least one grid vertex must belong to the polygon. The optimal configuration of the satellite
constellation corresponds to the maximum sparse grid. The method is suitable for continuous and discontinuous
coverage. In the last case, a vertex belonging to the polygon should be examined with a revisit time. Examples of
continuous coverage for a space communication network and of the United States are considered. Examples of

discontinuous coverage are also presented.

Nomenclature

relative phasing between satellite in adjacent planes in
units of 277/T

= orbit altitude, km

orbit inclination, deg

number of orbital planes

spherical radius of the Earth, 6378 km

number of satellites per plane, 7/P

total number of satellites

time, min

revisit time, min

argument of latitude, deg

parameter related with relative phasing F, deg
elevation angle, deg

coverage angle, deg

latitude, deg

= right ascension of ascending node in an inertial frame,
deg

mean motion of circular orbit, v/it/(R, + h)?, 1/s
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I. Introduction

ATELLITE constellations in circular orbits are currently used in

many applications: communication, navigation, and remote
sensing. Satellite constellation design for continuous single and
multiple global coverage of the Earth’s surface has been examined by
many authors [1-12]. The introduction of kinematically regular
constellations are independently given by Walker [2] and Mozhaev
[3]. The expanded tables of Walker-type constellations for
continuous single and multiple coverage for 5-100 satellites and
all numbers of orbit planes have been given by Lang [10] and Lang
and Adams [11]. Methods using street-of-coverage techniques with
arbitrary and optimal interplane satellite phasing have been
presented by Rider [5,6]. Another type of satellite constellation is a
polar constellation [7] and its generalization is a near-polar
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constellation [12]. Constellations for continuous global, single
above-the-horizon coverage, and global below-the-horizon coverage
have been considered by Hanson and Linden [8]. Another class of
satellite constellations is constellations which provide discontinuous
coverage [13—-18]. Many approaches for the constellations have used
genetic algorithms [14-16,18].

Most of the previous work has focused on the satellite
constellation design problem for a simple continuous coverage when
itis merely ensured that for every point on the Earth’s surface (global
or a latitude band) at least one satellite is visible above a minimum
elevation angle. For a simple discontinuous coverage, it also implies
every point is viewed, but with a revisit time. As an example of more
complex coverage, an approach for determining the minimum
required number of satellites in low-altitude circular orbits for a
regional communication system can be cited [4]. Analysis methods
for complex continuous coverage of communication networks have
been developed in [19].

The contribution of the paper is twofold. First, it is an extension of
the simple coverage to a more complex scenario associated with full
or partial visibility of a geographic region by a satellite from a
constellation. Second, it is the presentation of a new method for
satellite constellation design. The key idea of the method is a two-
dimensional space application for combined maps of the satellite
constellation and coverage requirements. The last section of the
paper illustrates several applications of this method for continuous
and discontinuous coverage.

II. Satellite Constellation Design Based

on Two-Dimensional Maps
A. Geometrical Preliminaries

We will start our analysis from examination of known facts related
to coverage geometry and will make some assumptions: 1) the Earth
is considered a round body, 2) all satellites in a constellation will be at
the same altitude, with the same number of satellites in each orbit
plane, and 3) all orbit planes in a constellation will have the same
orbit inclination. Figure 1 shows a typical satellite coverage for an
observer on the Earth.

The satellite is located at orbital altitude 4, and the projection of the
footprint onto the Earth’s surface defines a circle of coverage of angle
0. The well-known relation between the coverage angle 6, the orbit
altitude &, and the elevation angle ¢ is given by
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Subsatellite
Point

Fig. 1 Satellite view geometry.

Note that the coverage circle size is dependent only on the satellite
orbit altitude.

B. Two-Dimensional Maps for Coverage Requirements

Define a two-dimensional space, associated with a satellite
constellation: the x axis is the right ascension of ascending node €2 (in
an inertial frame) and the y axis is the satellite argument of latitude u.
Let us assume that the orbit inclination i, altitude 4, and elevation
angle ¢ are specified. Let f(2,u) be a coverage function which
describes the requirements of the satellite constellation. Without loss
of generality, let us suppose that all points f(£2, u) > 0 are required
values and their map in the space is an area. In the general case, it can
be a multiply connected area. Because, for the following analysis,
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only shape and size of the maps are important, the choice of right
ascension of ascending node is arbitrary.

The simplest case is the coverage of a point on the Earth’s surface
by a satellite. Figure 2 shows examples of such maps for points with
different geographical latitudes. The maps are shown for one satellite
revolution. On the next revolution, the maps would have shifted to
the right by w, x P, (where w, is the rotation rate of the earth and P,
is the orbital period), and so on for the next revolutions. From a
geometric point of view, they can be convex or nonconvex, simple or
multiply connected. For computational purposes, the coverage
function is presented as a polygon of boundary points. It should be
noted that in contrast to the coverage circle size on the Earth’s
surface, the size and shape of the polygon also depends on the point
latitude and orbit inclination.

As the first case of complex coverage, let us consider full coverage
of a geographical region by a satellite. It implies that the region is
completely within the instantaneous access area of the satellite. This
area represents the entire surface of the Earth that can be viewed for a
minimum elevation angle, at this time. Such cases can be called “full
region coverage” (see Fig. 3a). The next case is the “partial region
coverage,” i.e., only a part of the region is within the access area (see
Fig. 3b).

Each region can be presented as a discrete set of inner and
boundary points. For the full region coverage, the coverage function
f(K2, U) is the intersection of the polygons (see Fig. 4a) and, for the
partial region coverage, it is the union of the polygons (see Fig. 4b).

These problems can be solved using computational geometry
methods [20], and modern scientific software have effective
algorithms for such computations.

C. Two-Dimensional Maps for Satellite Constellations

It is evident that for time intervals on the order of several orbital
periods, a satellite trajectory in the introduced two-dimensional
space is a straight line parallel to the y axis. For the space, any satellite
constellation with a number of orbital planes and an equal number of
satellites in each plane can be presented as a uniform moving grid.
The satellites are the vertices of the grid. Examples of such grids for
Walker-type [2] and near-polar [12] constellations are shown in
Fig. 5. For time intervals more than several orbital periods, a similar
map can also be produced, but the regression of the ascending node
should be considered. In this case, the lines are slightly inclined to the
y axis.

The further optimization is limited to symmetric Walker-type
constellations [2]. The Walker approach uses symmetric arrange-
ments of similarly inclined circular orbits at a common altitude. The
standard notation 7/ P/ F will be used in this case. Here T is the total
number of satellites, and P is the number of orbit planes at the same
inclination and spread evenly around the equator. There are T/P
satellites evenly distributed in each plane. The integer parameter F'
describes the phasing of satellites in one plane relative to those in

Access area

Coverage region

Satellite

b)
Fig. 3 Geometry of coverage regions.
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a) Intersection of the polygons

b) Union of the polygons

Fig. 4 Boolean operations with polygons.

another. The satellites in a plane are shifted in phase by F(27/T)
relative to the plane to the west.

The satellite constellation motion can be presented as a uniform
moving grid. At any time, at least one grid vertex must belong to the
polygon. The grid should also satisfy integer-value constraints for
the numbers of orbit planes and satellites per plane. The optimal
configuration of the satellite constellation corresponds to the
maximum sparse grid. The method is suitable for continuous and
discontinuous coverage. In the last case, a vertex belonging to the
polygon should be examined with a revisit time. It is assumed that
f(2, U) mapis aconvex polygon. Clearly, all of the grid cells are the
same parallelograms (see Fig. 6) with the sides equal to 257/ P (along
the x axis) and 277(7/ P) (along the y axis), and a slope angle of Au
(in units of 27t/ T). It follows that we can consider only one grid cell.
Clearly, the optimal constellation with the minimum number of
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b) Map of a near-polar constellation
Fig. 5 Examples of satellite constellation maps.

satellites corresponds to the maximum area parallelogram that can be
placed (or inscribed for the limit case) into the polygon (see Fig. 6).
The proof is simple and easy to understand. For the slope angle, the
following inequality must be satisfied

k—1)2n/S) < Au=mQ2n/T) < k2x/S) 2)
where k and m are integer values. The phasing parameter is
F=[kQ2nr/S)—mQ2n/T))/Q2ra/T) =kP —m 3)

An enumerative approach follows. Specify the maximum
numbers for orbital planes P, and satellites per plane S, and a
current optimal number of satellites 7, = Pax X Smax- FOr each
boundary point of the polygon [x, y,], construct all of the possible
parallelograms. Determine the minimum value of P as

Pmin = |—2n/(xmax ~ Xmin» )-| +1 (4)

where [....] round toward minus infinity and x,,;,, X,y are extreme
values of the polygon (Fig. 6). The potential values of P, > P >
P i, are examined in increasing order. For a selected value of P, all of
the possible numbers of satellites per orbital plane S,,,, = S > 3 and
Au are considered. It is suggested that a corner point of the
parallelogram coincides with a boundary point of the polygon. If all
other corner points with coordinates [x, + 27/P,y, — Aul,
[xo + 27/P,yo — Au + 27/S], and [x,,y, + 27/S] are inside of
the polygon, then there exists an acceptable constellation because the
polygon is a convex hull. If the value of 7 is determined to be larger
than a previous value of T,,;, computed for a previous boundary
point, then the constellation cannot be optimal and is discarded. On
the other hand, if the value of 7T is smaller than the current value of
T min» then the previous optimal constellation cannot be minimal and
is discarded. For the next values of P, specify a new current value of
Smax = | Tmin/P] (this minimizes the computations). The con-
stellation which remains after this discarding process is the optimal

u, deg

Q, deg
Fig. 6 Geometry of optimal grid.
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Q
Fig. 7 Polygon for discontinuous coverage.

constellation for the polygon. It is evident that, for this solution type,
the maximal multiplicity of coverage is quadruple. Allowable
solution type is also an inscribed parallelogram with an angle of Au
that is not divisible evenly by (27/T). In this case, there is a set of
constellations with an arbitrary phase parameter F. But for the last
solution type, the maximum multiplicity of coverage can be less. As a
rule, a distinction in the total number of satellites between these
solution types is small.

In the case of discontinuous coverage, the polygon should be
expanded along the y axis at an angle of wtggy, as it shown in Fig. 7 ,
where fgpy is the maximum revisit time.

There are some comments about computational aspects. The
aforementioned algorithm is well suited for a simple connected
convex polygon. Development of a unifying algorithm for the
nonconvex cases is difficult because it should consider the shape of
the polygon. Perhaps, special algorithms for each shape class are
necessary. We use an algorithm in which the parallelogram is
presented by a set of boundary points, not only including corner
points. Suppose that a parallelogram point coinciding with a polygon
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boundary point may also be not only corner points. For this case,
computational capacity will be substantially increased. Other
difficulties are related with an application of the method for multiple
connected polygons. As an example, even in the case of simple
coverage of a point at latitude j for i < |¢|, there are ascending and
descending passes near the point, and, respectively, there are two
coverage polygons (see example in Fig. 2 for j = 0). Perhaps an
exception is the double connected polygon with the same parts and
double coverage. In a sense, itis equivalent to the single coverage and
can be considered only one part of the polygon.

As far as we consider a geometric problem in a two-dimensional
space, there are wide possibilities for their computer visualization
and interactive algorithm development.

A typical solution requires less that 2—5 min of computation time
using a MATLAB implementation on a Pentium IV processor.

The method could not be applied to a nonsymmetric satellite
constellation, as an example, to a near-polar constellation such as that
shown in Fig. 5b. For the examined solutions, we use only the
geometric presentation as uniform grids with the same cells as
parallelograms. Perhaps other types of geometric presentations can
be applied to nonsymmetric constellation design. A study of this
problem will be very useful.

It should be noted that the coverage function and corresponding
polygon may be treated as a target function for satellite
constellations. In the general case, the target function can be
associated with not only the coverage function but also with other
kinds of requirements for satellite constellations.
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Fig. 12 Convex hull for the United States.

III. Examples of Continuous Coverage Problems
A. Simplest Space Communication Network

As the first example, consider a communication network using the
satellites as relays between two ground stations or users. At any time,
the link between these stations is possible if they belong to the access
area of a satellite from the constellation. Suppose that the stations are
located in the Russian cities Moscow and Omsk. We consider
possible constellations for an inclination range of i = 50-75 deg
and three different orbit altitudes 2 = 1200, 1400, and 1600 km. The
coverage circles for the stations are overlapping and their
geographical presentation is shown in Fig. 8.

The optimization results are shown in Fig. 9. Note that most of the
solutions corresponded to constellations with three orbital planes.
For i < ~56 deg, the coverage maps are convex polygons.

As inclination increases, the coverage polygons grow in size and
the total number of satellites is decreased. Further, for each orbit
altitude, there is an optimal inclination range. After that, the total
number of satellites is increased. It is a superposition of two effects.
First, it is an extension of the polygons (mainly along the x axis), and
second, it is the influence of nonconvexity. The effects can be seen
from examples for convex and nonconvex polygons which are given
in Figs. 10 and 11, respectively.

B. Continuous Coverage of the United States

As an application example of full region coverage, we consider a
constellation for continuous coverage of the United States (without
Alaska, Hawaii, and other islands; see Fig. 12). This implies that, at
any time, there is at least one satellite from the constellation with the
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Fig. 13 Solution for the United States.
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instantaneous access area involving the full region. Or in other
words, at any time, at least one satellite is visible from all of the points
in the United States. In such case, the coverage function can be
computed based on a convex hull for a set of boundary points. The
convex hull is the smallest convex set that contains the points (see
Fig. 12).

Consider orbital elements near the ICO constellation orbit [21]:
h =10300 kmand i = 45 deg. The maps for visibility circles of the
points and their intersection are shown in Fig. 13. The corresponding
satellite constellation is T/P/F = 15/3/2.

Numerical simulation shows that, for the orbit, the maximum
possible access time with the full region is ~93 min (for
& = 10deg). Statistical parameters of this constellation’s coverage
are given in Table 1.

IV. Examples of Discontinuous Coverage Problems
A. Discontinuous Coverage of Regions

To illustrate discontinuous complex coverage, we consider a
satellite constellation for observation of a region near the equatorial
plane (a spherical rectangle with boundary coordinates in geographic
latitudes —10,...,—30 deg and longitudes —80,...,—100 deg).
Coverage requirements are discontinuous coverage of an arbitrary
part for the region with a revisit time no less than 40 min. Such
constellations can be used for remote sensing or weather
observations. The satellites are assumed in a circular orbit with
28 deg inclination and 1000 km altitude. The union of visibility circle
maps for points of the region is presented in Fig. 14. This polygon
corresponds to the continuous partial coverage of the region.
The extension of the polygon for discontinuous coverage and a
geometrical representation of the optimal solution are shown in
Fig. 15. For comparison, simulation results for complex
coverage and simple coverage of boundary points of the region are
listed in Table 2. We remark that these results can be applied to all
of the similar regions (i.e., with the same latitude bands in
both hemispheres of the Earth and the same range in relative
longitude).

Table 1 Simulation results for the United States

Multiplicity Percentage, % Access time, min
of coverage Average Maximum

1 33 24.8 86.2

65 30.5 73.0

3 2 22 4.9
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B. Quick Analysis of Two-Satellite Constellation

In the last example, we return to a simple coverage problem and
examine an inverse problem, i.e., perform coverage analysis for a
specified constellation. Consider a two-satellite constellation
(T/P/F=2/2/1, h=720 km, and i=51.6 deg, ¢ =5 deg)
and discontinuous coverage for the points with the same latitude of
30 deg. The corresponding maps of the coverage circles for three
orbital periods are shown in Fig. 16. It is clear that minimum and
maximum revisit times are near to one-half and two orbital periods,
respectively. The orbit with 14.517 revolutions per day is a not a
ground-repeating orbit. The precession of the right ascension of the
ascending node is —4.25 deg /day. The visibility map, such as in
Fig. 16, depends only on the relative angle between the point
longitude and right ascension of the ascending node. The variations
of these parameters are independent. Therefore, for a long-term
interval, we can assume that probability distribution of this relative
angle is uniform. Then, revisit time probabilities will be in proportion
to the ranges of corresponding revisit times. This implies that the
most probable revisit time is nearly one orbital period (see dashed
rectangles in Fig. 16). Long-term numerical simulation of the
constellation validated the qualitative result and the probability of
this revisit time is ~89%.

Table 2 Revisit times for discontinuous coverage

Coverage Revisit time, min
Minimum  Average = Maximum
Region 35.6 36.1 36.7
Point at ¢ = 10deg 434 43.5 47.0
Point at ¢ = 30deg 42.7 43.4 443

B 2t sateliite ‘

| Legend: [ ] tthsateliite
900+ : 4
- ‘I-‘ \
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720 === ==

Maximum gap
Most probable gap
| —— 1]
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0 I 1 1 1
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Fig. 16 Maps for two-satellite constellation.
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V. Conclusions

The purpose of this paper is to present a new satellite constellation
design method for circular orbits and demonstrate the beneficial
features of this approach. The key idea of the method is to use the
two-dimensional space and combined maps for the satellite
constellation and coverage functions. This method is attractive for
several reasons. First, it is probably the simplest and most obvious
representation of satellite constellation motion in space. Second,
there is the possibility of use for more complex coverage associated
with full or partial coverage of a geographic region. That is, at any
time, the region is completely or partially located within the
instantaneous access area of a satellite from the constellation. Third,
the method can be applicable not only for continuous coverage but
for discontinuous cases. Note that there are also some application
difficulties if the maps of the coverage functions are nonconvex and/
or multiple connected polygons. In future work, an application
possibility of the two-dimensional maps for nonsymmetric satellite
constellation design needs to be investigated. We believe that the
method can be used for other applications in which a target function
for a satellite constellation will be considered instead of the coverage
function.
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