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Abstract: The challenges of designing optimal satellite cluster configurations are presented with
respect to several key considerations including passive safety, stability, packing ratio, minimization
of the inter-module cone angles, scalability, and observability with relative range measurements.
A short primer on relative orbit elements (ROEs) and relative satellite motion precedes a discus-
sion of these metrics. ROE and safety ellipse concepts can be used to intuitively construct several
different cluster geometries that optimize different constraints such as packing ratio, stability, or
inter-module cone angles. Unique contributions from the authors include cluster stability in terms
of ROEs, optimizing the packing ratio while maintaining passive safety, radial, intrack, crosstrack
(RIC) and inertial intermodule cone angles for passively safe trajectories, relative state observ-
ability using intermodule range measurements in four module clusters, and the pros and cons of
three general configurations known as Nested, Circles-in-Circles, and Cross configurations.

1. Introduction

Safe and efficient long duration cluster flight is a necessary capability in order to enable au-
tonomous, cooperative interaction between satellites in a cluster. Interest in clusters is evident
with missions like the European Space Agency’s PRISMA mission [8] and mission concepts such
as DARPA’s System F6 [2], which was conceived to demonstrate long duration cluster flight by
demoing a four satellite cluster on a six month mission. Several considerations must be taken
into account when attempting long duration cluster flight, among which are fuel usage, probability
of collision between modules, intermodule communication, navigation observability, as well as
mission objectives. These various considerations are often competing. For a given mission these
considerations must be weighed when selecting a cluster geometry, so that the mission objectives
can be met.

This paper discusses several considerations key to designing useful cluster geometries, and lever-
ages the intuitive relative orbit element (ROE) representation of relative orbital motion to aid the
discussion. Related publications for passive safety, stability, packing ratio, and observability are
noted in the relevant section. Unique contributions from the authors include cluster stability in
terms of ROEs, optimizing the packing ratio while maintaining passive safety, radial, intrack,
crosstrack (RIC) and inertial intermodule cone angles for passively safe trajectories, and relative
state observability using intermodule range measurements in four module clusters. Three passively
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safe cluster configurations known as Nested, Circles-in-Circles, and Cross are defined and their rel-
ative strengths and weakness are discussed. These cluster configurations would be useful starting
points for the development of cluster configurations for future cluster flight missions.

2. Relative Orbit Elements Primer

The six elements of the state vector in the radial, intrack, crosstrack (RIC) frame can be
transformed into six relative orbit elements (ROE) described by [14, 16, 15]. These elements are
obtained by algebraic manipulation of Clohessy-Wiltshire Equations and by realizing that all
relative orbits can be represented as traveling ellipses. The relative orbit elements are given by
Eq. 1. The in-plane ROEs are shown graphically in Fig. 1.
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where w is the orbital rate, xd and yd represent the downrange and radial position of the center of
the traveling ellipse, ae represents the semi-major axis of the traveling ellipse, zmax represents the
maximum out-of-plane displacement of the ellipse, and b and y are the phase angles of the
in-plane and out-of-plane sinusoidal motion. The difference between y and b is known as g , and
is often useful in characterizing relative orbit element constraints.

g = y �b (2)

Equation 1 can be solved to obtain equations for the ROE as a function of time.

xd = xd0 yd = yd0 � 3
2wxd0t = yd0 � 3

2wxdt

ae = ae0 b = b0 +wt

zmax = zmax0 y = y0 +wt

(3)

These relative orbital elements can also be used to find the elements of the relative state vector in
the RIC frame.
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(4)

When mapping inertial states to ROEs, the inertial states are first transformed to RIC coordinates
according to [1], and then the RIC coordinates may be transformed to ROEs by Eq. 1. When
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transforming between the inertial frame and the RIC frame, the curvature of the orbit should be
taken into account. As such, y represents the distance downrange from the origin along the
curvature of the reference orbit, and z represents the separation along the curved crosstrack. All of
the results presented also have an additional correction to the intrack velocity to ensure that the
modules maintain the same relative orbital period before and after the transformation is
performed.

ẏ =
w
2
(Da�4x) (5)

where Da represents the difference in semi-major axis between the module and the reference orbit.

in-track

Down

origin of 
RIC frame

radial satellite

Figure 1: In-plane Relative Orbit Elements (ROEs)

3. Passive Safety

An on-orbit collision is one of the worse fates possible for a cluster mission. In order to avoid the
cost and impact of such an event, it is important that clustered modules are arranged in such a way
that collisions will not occur even if there is a total loss of control. Relative trajectories that satisfy
these conditions are referred to as passively safe trajectories or safety ellipses in [9].

First, it should be noted that crosstrack motion in Eq. 4 is oscillatory, and, even if higher order
effects are taken into account, the magnitude and period of the crosstrack motion will change
only very slowly according to [17]. Thus, errors in crosstrack positioning will not likely lead to
unexpected collisions.

Radial and intrack motion, on the other hand, are tightly coupled with intrack secular drift directly
dependent on radial position in Eq. 3. Thus, small errors in semi-major axis will always lead to
intrack drift. It is not possible to perfectly insert satellites into their desired orbits and, in addition,
satellites experience different forces due to perturbations such as drag and solar radiation pressure.
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These differential perturbations cause the semi-major axes of their orbits to differ. This manifests
itself in differential drift primarily in the intrack direction (v-bar). Thus, the main factor affecting
the passive safety of a configuration is separation between modules in the radial-crosstrack plane
(r-bar, h-bar).

Passively safe ROE trajectories with respect to a module at the origin can easily be identified. First,
xd should be nominally zero. If xd is almost as large as ae/2, then the relative trajectories will not
be passively safe. Second, ae and zmax should be significantly larger than the combined hardbody
radii of the two modules involved. Finally g should be close to either 0� or 180�. If g is close to
90� or 270� the relative trajectories will not be passively safe.

4. Stability

While the initial cluster configuration may be designed to be passively safe, the effect of higher
order gravity perturbations on the cluster configuration can distort the original geometry. The goal
is to design the cluster configuration in a way that minimizes cluster distortion due to higher-order
gravity terms, decreases fuel usage and improves passive cluster safety. Creating a cluster that
keeps all of the modules at the same inclination and according to [18, 17] flying the whole cluster
at the critical inclination of 63.43� are two ways to mitigate the effect of these perturbations.

Much work, [10, 13], has been done to explore J2-invariant formations. Aside from a difference
in semi-major axis between the modules, the next biggest driver of secular drift is a difference in
inclination. Ensuring that the sum of b and g is equal to either 90� or 270� at the ascending node
is one way to ensure that the modules are at the same inclination as the origin.

mod(g +b ,180�) = 90� (6)

A non-zero zmax can still be achieved with this constraint, but the crosstrack motion will be due
entirely to a difference in right ascension of the ascending node. The four module Nested config-
uration shown in Fig. 2 and described in Tab. 1 achieves just that. Figure 2 shows both the cluster
configuration and the ROE perturbations for a cluster flying at 600 km altitude with 45� inclination.
The cluster is propagated for 20 orbits with a 20x20 gravity model and no other perturbations. With
this configuration the majority of the ROEs have no noticeable secular drift, and most importantly
there is no secular intrack drift. The two ROEs with a significant amount of drift are the phase
angles g and b . If b was propagated using the mean angular rate of the argument of latitude of the
reference orbit instead of the osculating angular rate of the true anomaly, then no drift in b would
exist, and g would drift by the rate of precession of the orbit.

As shown in Fig. 3, by flying the configuration at the critical inclination of 63.43� the drift in g is
also eliminated. The drift in b still exists and has the effect of causing b to have a period of less
than one orbit, however the relative b between the modules remains constant, and the shape of the
cluster is undisturbed.

For cluster formation with modules that are not at the same inclination, often times the fuel con-
sumption between the modules can be balanced by adjusting the initial b angle. For a cluster of
four modules shown in Fig. 4 and described in Tab. 2, two of the modules experience different
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yd drift rates than the others. Fuel consumption amongst the modules could be more evenly dis-
tributed by setting the b ’s to 45�, 135�, 225�, and 315�, instead of the 0�, 90�, 180�, and 270�
shown. This would have the effect of causing all of the modules to drift from the reference orbit at
roughly the same rate, although in different directions.

Atmospheric drag is a significant perturbation at lower altitudes, and clusters with large ae values
would experience differential drag that would tend to pull the cluster apart. Keeping the cluster as
small as possible, as discussed in the next section, would help mitigate these effects (assuming the
modules have the same ballistic coefficient).
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Figure 2: ROE secular drift in b and g for Nested cluster configuration with 4 modules, propagated
for 20 orbits using a 20⇥20 gravity model. The orbit has an altitude of 600km and is inclined at
45�.

Table 1: Relative Orbit Elements (ROE) for four module Nested formation in Fig. 2 at the ascend-
ing node.

Module ae (m) xd (m) yd (m) b (degrees) zmax (m) g (degrees)

1 1000 0 0 90 500 0
2 1000 0 0 270 500 0
3 3000 0 0 90 1500 0
4 3000 0 0 270 1500 0
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Figure 3: ROE secular drift in b for Nested cluster configuration with 4 modules, propagated for
20 orbits using a 20⇥20 gravity model. The orbit has an altitude of 600km and is critically inclined
at 63.43�.
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Figure 4: ROE secular drift in b , g , and yd for Circles-in-Circles cluster configuration with 4
modules, propagated for 20 orbits using a 20⇥20 gravity model. The orbit has an altitude of
600km and is inclined at 45�.
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Table 2: Relative Orbit Elements (ROE) for four module Circles-in-Circles formation in Fig. 4.
Module ae (m) xd (m) yd (m) b (degrees) zmax (m) g (degrees)

1 1414.2 0 0 0 707.1 0
2 1414.2 0 0 90 707.1 0
3 1414.2 0 0 180 707.1 0
4 1414.2 0 0 270 707.1 0

5. Packing Ratio

Clusters may maintain radio communications to share navigation, coordinate maneuvers, or dis-
tribute mission data. Communication systems are sensitive to distance, and are, along with fuel us-
age, a motivation to minimize the maximum distance between modules. The ratio of the maximum
separation distance to the minimum separation distance is known as the packing ratio. Smaller
packing ratios ratios allow for smaller cluster sizes while still maintaining minimum separation
distances required by safety constraints. Additionally, as described in the section on passive safety,
it is desirable to maintain a minimum separation distance in the radial-crosstrack plane. Therefore,
the definition of packing ratio is modified to be the ratio of the maximum separation distance to
the minimum separation distance in the radial-crosstrack plane.

rp =
dmax

dmin�xz
(7)

By minimizing this ratio we are able to achieve the highest level of passive safety with the most
compact cluster possible. The optimal solution to this problem is equivalent to the optimal packing
problem detailed in [4], and can be simplified by attempting to find the smallest circle in which N
congruent circles can fit inside. The solutions for two through seven modules are detailed in Fig.
5.

An optimal set of relative orbit elements based on these mathematical solutions is referred to as
the Circles-in-Circles configuration. The four module solution was already shown in Fig. 4, and
the seven module solution is shown in Fig. 6.

The Cross configuration, shown in Fig. 7, has a better packing ratio than the Nested configuration
but shares its passive stability. The formation achieves a better packing ratio because, as is shown in
Tab. 3, the modules with the largest semi-major axis, ae, have the smallest crosstrack magnitudes,
zmax. The Nested and Cross configurations are defined in the appendix and are shown for ten
modules in Fig. 18. The packing densities of Nested, Cross, and Circles-in-Circles configurations
are shown in Fig. 8.
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Figure 5: Optimal packing in the radial-crosstrack plane for two though seven modules.
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Figure 6: Optimal packing with Circles-in-Circles cluster configuration with 7 modules.
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Figure 7: Cross cluster configuration with eight modules.

Table 3: Relative Orbit Elements (ROE) for eight module Cross formation in Fig. 7.
Module ae (m) xd (m) yd (m) b (degrees) zmax (m) g (degrees)

1 7000 0 0 90 500 0
2 7000 0 0 270 500 0
3 5000 0 0 90 1500 0
4 5000 0 0 270 1500 0
5 3000 0 0 90 2500 0
6 3000 0 0 270 2500 0
7 1000 0 0 90 3500 0
8 1000 0 0 270 3500 0
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6. Cone Angle

Many communication systems utilize high bandwidth antennas that have tight pointing constraints.
In order to minimize slewing, the inter-module cone angles should be taken into account in either
the inertial or RIC frames. Additionally, any future missions utilizing power beaming between
modules would benefit from a small maximum inter-module cone angle.

6.1. Cone Angle in the RIC Frame

The cluster configuration that minimizes cone angle in the RIC frame is String-of-Pearls, where the
orbits only differ in yd , however, this is undesirable for passive safety considerations. Nevertheless,
two modules in passively safe ellipses that are offset in yd , can achieve a small cone angle in
the RIC frame. This concept can be extended by arranging the modules into two subclusters
that are distributed along the v-bar. In this arrangement, each satellite can see two others in the
other subcluster within a small cone angle. By passing data along the chain, any module can
communicate with any other module in the cluster. Originally named by Jeremy Schwartz of
Mittrio LLC, this Chopsticks formation allows many satellites to communicate with high gain
antennas without requiring large slew maneuvers. A four module Chopsticks formation is shown
in Fig. 9. The ROEs for the formation are shown in Tab. 4.

A graphical representation of the cone angles from module 1 and module 2 are shown in Fig. 10.
Note that the cone angle to the modules in the other subcluster are very small, but the cone angles
to modules in the same subcluster are a full 180�. For the safety ellipses shown in Fig. 9, the cone
angles and the midpoints of the cone angles can be derived from the geometry with Eqs. 8 to 11
because the relative zmax is large enough that crosstrack motion determines the cone angle.

When designing clusters, one will often start with two sets of ROEs for two modules. Cone angles
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are easier to calculate for a single set of ROEs. This can be easily remedied by calculating the
relative orbit elements of the second module with respect to the first by converting the ROEs into
RIC coordinates using Eq. 4. Subtract the RIC coordinates and then convert back to relative orbit
elements with Eq. 1. The resulting ROEs can then be used to calculate the cone angle and the
offset between the ±v-bar of the RIC frame and midpoint of the cone angle:

q1 = arctan2(zmax,abs(yd)+ae) (8)
q2 = arctan2(zmax,abs(yd)�ae) (9)

cone angle = q1 +q2 (10)
midpoint offset = abs(q1 +q2)/2 (11)

Table 4: Relative Orbit Elements (ROE) for Four Module Chopsticks Formation in Fig. 9
Module ae (m) xd (m) yd (m) b (degrees) zmax (m) g (degrees)

1 1000 0 0 180 500 0
2 1000 0 6000 0 500 0
3 2000 0 6000 0 1000 0
4 2000 0 6000 180 1000 0

Table 5: Cone Angles between Modules in Fig. 9
Module 1 2 3 4

1 21.16� 9.796�

2 21.16� 9.796�

3 9.796� 56.31�

4 9.796� 56.31�

6.2. Cone Angle in the Inertial Frame

Cone angles in the inertial frame are less flexible. If the trajectory of the other module is entirely
downrange or uprange, then the inertial cone angle will be a full 180�. If zmax, xd, and yd are
set to zero and ae is non-zero, then inertial cone angles with respect to the origin of ⇠ 40� will
be obtained. The inertial cone angles for such an arrangement are shown in Fig. 11. To ease
interpretation of the figures, the inertial frame and the RIC frame were initially aligned. Also,
note that the size of the cluster does not impact the cone angles. A passively safe geometry can
be obtained if zmax =

ae
2 . As seen in Fig. 12, this geometry will result in inertial cone angles of

⇠ 60�.

By packing four modules unevenly into a large ellipse, a pseudo-chopsticks formation can be
created where each module can see two others on the other side of the ellipse. Figure 13 shows
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Figure 10: Projection of Line-of-Sight Angles and Resultant Cone Angles for Module 1 and Mod-
ule 2 onto a Unit Sphere

four modules with a 30� b separation for the modules on opposite sides of an ellipse with zmax =
ae
2 .

The bottom right (green) module can enclose the two opposite modules with an inertial cone angle
of ⇠ 75�.

7. Scalability

The ability to add more modules to an existing cluster in a uniform and systematic fashion should
also be taken into account. Scalability can be viewed in two different ways. Static scalability allows
a cluster configuration method that optimizes certain constraints to be adapted to different numbers
of satellite modules. Dynamic scalability allows the cluster to add modules without significantly
altering the configuration, minimizing fuel cost when ingressing a module into the cluster.

All of the configurations that have been discussed thus far have been designed with static scalability
in mind. Each cluster type has configurations defined for 2 through 20 modules (as defined in the
appendix). For more than 20 modules, the Circles-in-Circles (Fig. 18b) configuration would need
more work. String-of-Pearls (Fig. 15), See-Saw (Fig. 16), Nested (Fig. 18a) and Cross (Fig. 18c)
configurations can be expanded to an arbitrary number of modules.

Only some of the configurations scale dynamically. The Nested, String-of-Pearls, and See-Saw
configurations dynamically scale with no reconfiguration required. For the Cross configuration
a change in ae and zmax is required to add modules to the cluster. Care must be taken to ensure
the passive safety of the cluster while transitioning modules to their new relative orbits. For the
Circles-in-Circles configuration adding modules to the cluster is even more problematic. It requires

13



−5000

0

5000

−5000

0

5000
−5000

−4000

−3000

−2000

−1000

0

1000

2000

3000

4000

5000

y=v−bar (m)

Trajectory in LVC Frame

z=crosstrack (m)

x=
r−

ba
r (

m
)

Figure 11: Inertial Cone Angles of ⇠ 40� with respect to the origin when zmax, xd, and yd are set
to zero and ae is non-zero

−5000

0

5000

−5000

0

5000
−5000

−4000

−3000

−2000

−1000

0

1000

2000

3000

4000

5000

y=v−bar (m)

Trajectory in LVC Frame

z=crosstrack (m)

x=
r−

ba
r (

m
)

Figure 12: Inertial Cone Angles of ⇠ 60� with respect to the origin when xd, and yd are set to
zero, ae is non-zero, and zmax =

ae
2

14



−3000
−2000

−1000
0

1000
2000

3000

−3000
−2000

−1000
0

1000
2000

3000
−3000

−2000

−1000

0

1000

2000

3000

y=v−bar (m)

Trajectory in LVC Frame

z=crosstrack (m)

x=
r−

ba
r (

m
)

Figure 13: Inertial Cone Angles of ⇠ 75� to the two modules opposite the bottom-right module
(green) in a pseudochopsticks formation with zmax =
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2 .

adjusting not only ae and zmax, but also the in-plane phase angle b of the modules which is more
costly in terms of fuel.

One simple way to avoid having to adjust the relative orbits of the existing modules in a cluster to
make room for new modules, is to design the cluster with empty spots to begin with.

8. Observability

Inter-satellite measurements provide only relative state information to the filter and must be aug-
mented by some absolute measurements. However, relative measurements can improve the relative
state knowledge by orders of magnitude over simple differencing of absolute states. Highly accu-
rate relative state knowledge can improve the performance of guidance and control algorithms
with the net result of lowering the probability of collision and reducing fuel consumption. Relative
measurements include relative angle, range, and range-rate measurements, which can be realized
through several sensors such as Light Detection and Ranging (LIDAR), radar, and some wireless
communication systems. If range and angle information is combined, then the total relative state
can be observed. If only one or the other is available, observability is more difficult. As seen in
Fig. 11, relative satellite motion at close ranges has the curious characteristic of identical line-of-
sight tracks irrespective of range. This can only be overcome if forced motion is introduced into
the problem [11], or if the ranges are large enough that curvature of the orbit can be observed
[12].

Range and range-rate measurements are more useful than angle measurements in these situations.
Relative orbit motion generally precludes having three orthonormal measurements available at all
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times, and relative state observability for two modules with only range measurements is dubious,
with convergence possibly requiring several orbits [3]. Careful construction of the cluster geometry
for four modules can provide reliable observability over a single orbit.

In the following figures, the relative range observability characteristics of some representative four
module cluster geometries are analyzed. This analysis was performed by processing relative range
measurements in a navigation filter and analyzing the evolution of the state covariance. The filter
is given perfect initial conditions and the processed measurements are perfect (though the filter
processes them as if they had errors). The result is a basic linear covariance analysis that captures
the nature of the observability problem. If the covariance is bounded over the simulated interval,
then the problem is considered observable. The degree of observability was not analyzed so the
specific values for filter process noise, measurement noise, etc. are not important.

The geometries chosen represent basic cluster types that can be constructed for stable clusters and
are shown in the RIC frame. They give a good overview of the problem without looking at every
possible geometry. There are relative range measurements between each module (for a total of six
measurements for a cluster of four modules). Though not shown here, range rate measurements
have the same observability characteristics as range measurements.

The most easily understood case is for a planar ellipse with four satellites as shown in Fig. 14a.
For the planer case, if each module ranges to every other module, there is no observability of the
state in the out-of-plane direction. Thus, as seen in Fig. 14b, the covariance of the cyan satellite’s
crosstrack position grows without bound. Even if zmax is made non-zero, the cluster will remain
unobservable perpendicular to the plane of the ellipse.

The String-of-Pearls configuration (Fig. 15a) places all of the spacecraft on the reference orbit, but
at different locations on that orbit. This would correspond to ROEs all equal to zero except for
yd . The geometry is not observable with range measurements (Fig. 15b). However, adding out-of-
phase crosstrack motion to the String-of-Pearls configuration (to generate a See-Saw configuration
as seen in Fig. 16a) will allow observability using range measurements (Fig. 16b). The See-Saw
configuration corresponds to non-zero zmax with different y angles for each module.

A stacked ellipse configuration as seen in Fig. 17a can be built by setting zmax =
ae
2 where ae is

non-zero, g = xd = 0, and each module is given a different yd and b . If all members were in phase
(same b ), this case would degenerate into a String-of-Pearls formation. When range measurements
are processed in a filter, the relative state is observable (Fig. 17b).

It can be concluded that relative trajectories that are not colinear when projected into the intrack-
crosstrack plane over the course of an orbit are observable with range measurements. Radial offset
(non-zero xd) causes intrack drift, so observing intrack relative position can observe radial posi-
tion.
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(a) Planar Cluster Configuration (b) Covariance Analysis of Relative Range Observability of
Planer Case

Figure 14: Planar Cluster Configuration Observability

(a) String-of-Pearls Cluster Configuration (b) Covariance Analysis of Relative Range Observability of
String-of-Pearls Cluster Configuration

Figure 15: String-of-Pearls Cluster Configuration Observability
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(a) See-Saw Cluster Configuration (b) Covariance Analysis of Relative Range Observability of
See-Saw Cluster Configuration

Figure 16: See-Saw Cluster Configuration Observability

(a) Stacked Cluster Configuration (b) Covariance Analysis of Relative Range Observability of
Stacked Cluster Configuration

Figure 17: Stacked Cluster Configuration Observability
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9. Example Passively Safe Clusters

A few passively safe cluster configurations that optimally satisfy some of these constraints are
Circles-in-Circles, Nested, and Cross. The strengths and weaknesses of the different configura-
tions are shown in Tabs. 6 to 8. Ten module clusters in Circles-in-Circles, Nested, and Cross
configurations that maintain a 1 km minimum separation distance are shown in Fig. 18. Over-
all, the Nested configuration has the best balance among the metrics. It is stable, scalable, and,
when broken into two subclusters, observable. Two subclusters of the Nested configuration can
have small cone angles with the Chopsticks approach. The Cross configurations sacrifice scala-
bility and the possibility of small cone angles in order to achieve a slightly better packing ratio.
This is an poor sacrifice for many applications. The Circles-in-Circles configurations are not as
stable or scalable as the Nested configuration, but are significantly more compact. If atmospheric
drag is the primary destabilizing force, or omnidirectional antennas are used, it may be a superior
configuration.

Table 6: Summary of Nested strengths and weaknesses
Metric Comments about Nested Configuration

Passive Safety Passively safe

Stability The modules can be placed at the same inclination, thus the configuration
is stable to gravitational effects, but less stable to differential atmospheric
drag effects in comparison to Circles-in-Circles because of a poor
packing ratio

Packing Ratio Packing ratio is poor (Fig. 8)

Cone Angle If broken into two subclusters (with yd separation), then small cone
angles can be obtained using Chopsticks approach

Scalability Very scalable. New modules can be added to the cluster without
requiring the resident modules to be reconfigured

Observability Because the configuration is collinear in the intrack-crosstrack plane, it
must be broken into subclusters to have observability with range or
range-rate measurements
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Table 7: Summary of Circles-in-Circles strengths and weaknesses
Metric Comments about Circles-in-Circles Configuration

Passive Safety Passively safe

Stability The modules are not at the same inclination, thus the configuration is not
very stable to gravitational effects, but more stable to differential
atmospheric drag effects because of a good packing ratio

Packing Ratio Optimal packing ratio while maintaining passive safety (Fig. 8)

Cone Angle If broken into two subclusters (with yd separation), then small cone
angles can be obtained using chopsticks approach

Scalability Optimal solutions for up to 20 modules are known, but significant
reconfiguration is required to accommodate other modules joining the
cluster

Observability Because the configuration is collinear in the intrack-crosstrack plane, it
must be broken into subclusters to have observability with range or
range-rate measurements

Table 8: Summary of Cross strengths and weaknesses
Metric Comments about Cross Configuration

Passive Safety Passively safe

Stability The modules can be placed at the same inclination, thus the configuration
is stable to gravitational effects, but less stable to differential atmospheric
drag effects in comparison to Circles-in-Circles because of a poor
packing ratio.

Packing Ratio Packing ratio is poor, but slightly better than the Nested configuration
(Fig. 8)

Cone Angle Cone angles are poor, even if broken into two subclusters (with yd
separation), the max intermodule cone angles will be fairly large.

Scalability Significant reconfiguration is required to accommodate other modules
joining the cluster

Observability Marginally observable without subclusters, but if the initial conditions
are poor, relative range and range-rate measurements can converge to the
wrong solution. Subclusters will improved observability.
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(a) Nested Configuration
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(b) Circles-in-Circles Configuration
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(c) Cross Configuration
Figure 18: Nested, Circles-in-Circles and Cross cluster configurations (shown in meters) for 10
modules.
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Appendix: Cluster Definitions

For all cluster geometries the following relative orbit elements are defined the same

g = 0
xd = 0
yd = 0

N is the total number of modules in the cluster, n represents the nth module, and dmin is the mini-
mum intermodule distance.

Nested

Examples of the Nested configuration are shown in Figs. 2, 3, and 18. The ROEs for a Nested
configuration can be populated for N modules with the following algorithm:
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ae =

(
ndmin if n is odd,
(n�1)dmin otherwise.

zmax =
ae

2

b =

(
90� if n is odd,
270� otherwise.

These b values should correspond to the ascending or descending node of the orbit in order to
build a configuration where all the modules are at the same inclination.

Circles-in-Circles

Examples of the Circles-in-Circles configuration are shown in Figs. 6 and 18. For any number
of modules in the cluster the crosstrack amplitude is defined as zmax =

ae
2 . The equations used to

obtain ae and b are dependent upon the number of modules in the cluster. Equations derived using
[7, 4, 6, 5] are given in Tab. 9 for clusters with 2 to 20 modules.

Cross

Example of the Cross configuration are shown in Figs. 7 and 18. The ROEs for a Cross configura-
tion can be populated for N modules with the following algorithm:

ae = 2dmin floor
✓

n+1
2

◆
�1

zmax = dmin floor
✓

N �n+2
2

◆
�0.5

b =

(
90� if n is odd,
270� otherwise.

These b values should correspond to the ascending or descending node of the orbit in order to
build a configuration where all the modules are at the same inclination.
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Table 9: Semi-major axis, ae, and in plane phase angle, b , for Circles-in-Circles in terms of dmin
number of
modules

ae b (deg)

2-6 dmin csc p
N

360�
N (n�1)

7-9

(
dmin csc p

N if n < N,

0 if n = N.
360�
N�1 (n�1)

10

8
><

>:

2.813dmin if n < 9,
0.964dmin if n = 9,
1.036dmin if n = 10.

8
><

>:

41.647�n�7.411� if n < 9,
0� if n = 9,
180� if n = 10.

11

(
dmin csc p

9 if n < 10,
dmin

�
csc p

9 �
p

3
�

otherwise.

8
><

>:

40� (n�1) if n < 10,
100� if n = 10,
260� if n = 11.

12

(
3.03dmin if n < 10,
dmin csc p

3 otherwise.

8
>>><

>>>:

120� (n�1)�38.55� n = 1,2,3,
120� (n�4) n = 4,5,6,
120� (n�7)+38.55� n = 7,8,9,
120� (n�10) n = 10,11,12.

13

(
dmin csc p

10 if n < 11,
dmin csc p

3 otherwise.

(
36� (n�1) if n < 11,
120� (n�11) otherwise.

14

8
>>><

>>>:

3.328dmin if n < 11,
1.443dmin if n = 11,
1.536dmin if n = 12,
1.336dmin otherwise.

292.643, 327.611, 2.579, 37.548, 72.516,
107.484, 142.452, 177.421, 212.389,

247.357, 90, 270, 357.99, 182.01

15

(
dmin

q�
cot p

5 +2
�2

+1 if n < 11,
dmin csc p

5 otherwise.

8
><

>:

72�
�
n� 1

2
�
+16.5� if n < 6,

72� (n�5.5)�16.5� if 6  n < 11,
72� (n�11) otherwise.

16

8
>>><

>>>:

3.615dmin if n < 12,
1.812dmin if n = 12,
1.63dmin if n = 13,15,
1.72dmin if n = 14,16.

289.431, 321.544, 353.658, 25.772, 57.886, 90,
122.114, 154.228, 186.342, 218.456, 250.569,

270, 52.162, 338.922, 127.838, 211.078

17

8
>>>>>>>><

>>>>>>>>:

3.809dmin if n < 8,
1.943dmin if n = 8,9,
0.081dmin if n = 10,
2.026dmin if n = 11,12,
2.081dmin if n = 13,
3.809dmin otherwise.

358.6640, 29.11, 59.555, 90, 120.445, 150.89,
181.336, 44.332, 135.668, 270, 339.86, 200.14,

270, 321.056, 218.944, 290.611, 249.389

18-19

8
><

>:

dmin csc p
12 if n < 13,

dmin csc p
6 if 13  n < 19,

0 otherwise.

8
><

>:

30�
�
n� 1

2
�

if n < 13,
60� (n�13) if 13  n < 19,
0� otherwise.

20

8
>>>>>>>><

>>>>>>>>:

4.122dmin if n < 13,
2.235dmin if n = 13,17,
2.805dmin if n = 14,
2.193dmin if n = 15,18,
2.172dmin if n = 16,19,
0 if n = 20.

295.571, 323.649, 351.727, 19.805, 47.883,
75.961, 104.039, 132.117, 160.195,

188.273, 216.351, 244.429, 63.426, 270, 9.74,
315.198, 116.574, 170.26, 224.802,�90
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