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Abstract—Recent technological advancements have enabled dis-
tributed sensing of major weather events such as hurricanes us-
ing CubeSats. This paper proposes three novel formation flying
concepts of operations to improve the hurricane forecast accu-
racy by filling the current observation gaps. The first concept
leverages the use of non-Dopplerized precipitation radars, while
the second concept envisions the use of Dopplerized precipita-
tion radars in formation. Both formation designs enable the
collection of simultaneous multi-frequency data, with different
constituent CubeSats operating at different frequencies. The
third formation concept leverages the use of non-Dopplerized
precipitation radars, each operating at a different frequency,
flying in formation with a synthetic aperture radar (SAR) in
a multi-static configuration. The paper presents the concepts
of operations for each formation and conducts mission analysis
for relevant operational needs. Specifically, we determine the
safe (no collision) and efficient relative orbits designed by con-
sidering J2 perturbations for the proposed formation designs.
Furthermore, we conduct a performance comparison, focusing
on formation initialization as well as formation-keeping cost.
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1. INTRODUCTION
Hurricanes are one of the major natural disasters that im-
pact the people of the United States of America. For the
past 100 years, global sea surface temperature has been
increasing on an average of 0.13oC per decade because of
global warming [1]. As the warm ocean waters fuel these
hurricanes, every year, these hurricanes are getting more
frequent, violent, and unpredictable [2]. With this, the need
to improve the hurricane forecast accuracy is also increasing.
Over the years, the quality of the hurricane track forecast is
significantly improved compared to the hurricane intensity
forecast [3]. With the hurricane tracks forecast, predicting
the hurricane intensity with high precision will help to under-
stand the rapid intensification, fluctuations, or decay of these
hurricanes [4]. Using the advanced modern forecast models,
we can forecast the hurricane intensity with greater precision.
The accuracy of these forecast models highly depends on the
initial conditions such as wind vectors, temperature, humid-
ity, clouds, precipitation, and aerosols of the atmosphere [5].
By providing the data mentioned above with high quality,
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we can improve the accuracy of the forecast model’s initial
conditions and thus improve the accuracy of hurricane track
and intensity forecast. Using CubeSats to monitor hurricanes
can bring distributed sensing, cost-effectiveness, scalability,
and robustness to the science mission design. This paper
focuses on orbiting sensor architecture to improve hurricane
prediction through strategic measurements.

Hurricane’s internal dynamics are highly influenced by the
hot tower’s vertical moist convection [6]. Hot towers are
tropical hot air that rise up as high as 15 km from the sea
surface and release latent heat in large amounts due to the
condensation of water vapor. In deep convection, along with
the air in these hot towers, small amounts of heat, moisture,
mass, and traces gases are carried to the upper troposphere of
the atmosphere [7]. These vertical transports are a significant
source of high clouds and heavy precipitation. This con-
vection data can be obtained from Earth-orbiting clouds and
precipitation radars such as Tropical Rainfall Measuring Mis-
sion (TRMM), Global Precipitation Measurement (GPM),
and CloudSat. The missions mentioned above have propelled
clouds and precipitation science. Our understanding of these
sciences can be further improved by overcoming the limita-
tions in current multi-frequency and Doppler measurements
of the deep convection [8]. With the recent advancements
in technology, miniaturized precipitation radar missions such
as RainCube and Multi-Application Smallsat Tri-band Radar
(MASTR) are being planned. These small satellites, along
with many other CubeSats under development, bring in the
opportunity of distributed sensing of the deep convection,
enabling us to understand the hurricane dynamics better.

It is essential to monitor cloud and precipitation processes in
addition to the atmospheric states to advance the capabilities
of hurricane forecast models. Measuring the vertical motion
of the convective storms and the microphysics will enable
us to understand these processes related to vertical latent
heat distribution and convective mass flux. The precipitation
radar equipped with the Doppler capability can enable to
monitor the vertical transports of the convection. Even with
the Doppler capability, it is challenging to measure vertical
motion with the desired accuracy due to the uncertainties
in the Doppler measurements due to the satellite’s high ve-
locity [9]. This high velocity of the satellite can generate
apparent Doppler velocity of the vertical transports in the
convection. The Doppler uncertainties increase with the
Doppler spectral width that is directly proportional to satel-
lite velocity and inversely proportional to Pulse Repetition
Frequency (PRF) and the diameter of the antenna. We cannot
have a large antenna or increase the PRF, which requires high
onboard power for CubeSats for practical purposes. We have
no control over the choice of the satellite’s velocity for a
given nominal orbit. Additionally, having higher PRF can
also cause ambiguities in the Doppler measurements. The
literature proposes a solution for this dilemma in the form of a
concept called Displaced Phased Antenna Concept [10]. The
idea is to use two antennas instead of one to make the antenna
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appear stationary as the satellite moves. This mission design
considers radars operating at a single frequency.

Cloud and precipitation in-homogeneity within the radar
beam sampling volume results in the Non-Uniform Beam
Filling (NUBF). NBUF effect is one more factor that in-
troduces the uncertainties in the Doppler velocity estimates
of the vertical motion of the convective storms. We can
theoretically estimate the NUBF Doppler velocity bias and
compensate it for reducing the Doppler velocity estimation
errors. The uncertainties in the NUBF Doppler velocity
correction are inversely proportional to the operational radar
frequency. Radars operating at lower frequencies with deeper
penetration into the convective storms will have more signifi-
cant uncertainties. Observing these storms using multiple fre-
quencies can provide data that can help to estimate the NUBF
Doppler velocity correction with reduced uncertainties using
higher radar frequencies and provide higher penetration into
the convective storm with lower radar frequencies. To this
end, we envision a multi-frequency Doppler radar formation
design that extends the Displaced Phased Antenna Concept
proposed in [10] by allowing the collection of simultaneous
multi-frequency data through distributed sensing using Dopp-
lerized precipitation radars.

A single non-Doppleralized radar cannot observe the vertical
motion of the convective storms. The literature proposed a
mission concept using non-Doppleralized radar CubeSats to
observe these processes of convection. In this mission, three
CubeSats in a cluster collect data over the same convection
within seconds apart [7]. These time-difference measure-
ments provide additional information that, when processed,
can observe the vertical motion of the convection. In recent
years, the science community has been interested in simulta-
neous multi-frequency radar observations of the same precip-
itation system. Such observations improve the quality of the
convection’s vertical transport data by taking advantage of the
complementarity and synergy data [8]. Radars operating at a
single frequency can have particular penetration capabilities
limiting them to observe the entire vertical profile of the
precipitation system. Having simultaneous data of the pre-
cipitation system obtained from radars operating at different
frequencies can complement the otherwise unavailable data
collected with a single-frequency radar (complementarity).
On the other hand, when available, multi-frequency data of
a specific portion of the precipitating system can reduce the
retrieval uncertainties compared to the single-frequency data
(). In this paper, we propose a second novel formation design
to collect multi-frequency, time-difference measurements of
hurricanes. This formation design extends the mission design
proposed in [7] by enabling the collection of simultaneous
multi-frequency measurements of the hurricanes.

Understanding the hurricane’s ocean surface wind speed
and direction is essential data that the hurricane forecasting
moFdels require. This wind information will enable us to
understand the physical processes that determine the forma-
tion and evolution of these hurricanes. This wind data can
also help to predict the storm surge that causes significant
damage to the coastal habitat during the landfall of these
hurricanes [11]. There are several wind-retrieval space-born
sensors such as spectrometers, radiometers, and Synthetic
Aperture Radar(SAR). The two main challenges in observing
the near-surface ocean winds of the hurricanes are rain con-
tamination and the high wind speed retrievals [12]. Simul-
taneous observations of precipitation and the ocean surface
winds can improve the accuracy of hurricane forecast [13],
[14]. Currently, SAR is the only instrument that can collect

data at a kilometer-scale resolution of wind speeds that are
above the hurricane threshold that is 33ms−1 and improve
the quality of hurricane forecast [15]. As SAR’s provide a
single azimuth view, we can only determine if the changes
in the backscatter are due to wind speed or wind direction
variation [12]. Over the years, several methods to estimate
wind speed, as well as direction from the SAR data, have
been developed [16]. Operational uncertainties introduce
many errors in these estimates, and there is a potential for
using SAR in a multi-static configuration in order to make
these estimates more accurate. To this end, we propose our
third formation design that can collect simultaneous multi-
frequency measurements of precipitation systems using non-
Dopplerized precipitation radars and the multi-static obser-
vations of SAR to obtain the near-surface wind speed and
direction.

To this end, the main contributions of the paper are three
novel CubeSat formation designs and associated concepts
of operations that have the potential to improve the quality
of the data required by state-of-the-art hurricane forecasting
systems. For each proposed design, we determine the deputy
CubeSat relative orbits with respect to the chief CubeSat’s
orbit by considering J2 perturbations. The determined orbit
design ensures minimum drift under J2 perturbations and
avoids collisions. To this end, we construct a performance
metric that captures formation initialization and formation
keeping costs (Delta-V) and compares the proposed forma-
tion designs. We organize the rest of the paper as fol-
lows: Section 2 discusses the three novel formation designs
proposed to improve the hurricane forecast accuracy. The
procedure followed in conducting the mission analysis is
discussed in detail in Section 3. We present the numerical
simulations and the performance analysis of the formation
design in Section 4. Finally, Section 5 summarizes the
conclusions of the paper.

2. PROPOSED FORMATION DESIGNS
With the recent advancements in the miniaturization of the
satellite bus and payload, many CubeSats equipped with
precipitation radars and synthetic aperture radar are under
development. These low-cost platforms can enable monitor-
ing of the atmospheric processes through distributed sensing.
In literature, mission concepts such as D-train and Displaced
Phased Antenna Concept is proposed to monitor the precipi-
tation systems using distributed sensing. However, studying
mission designs that can collect data using multi-frequency
radars simultaneously operating from different platforms can
improve the science output of the missions mentioned above.
Near-surface ocean wind vectors are another essential infor-
mation required by the forecast models to predict hurricanes
accurately. Multi-static SAR observations are necessary to
observe both the wind speed and direction. These obser-
vations, along with precipitation system data, can further
improve hurricane forecast accuracy and necessitate studying
the formation design that can collect wind data in multi-static
mode and precipitation data using multi-frequency radars op-
erating simultaneously on different platforms. Simultaneous
and time difference measurements using distributed sensing
require a close and accurate formation design to retrieve
the data with minimum uncertainties. Here, we discuss the
three novel formation designs proposed in detail that can im-
prove the quality of the hurricane data collected by CubeSats
using distributed sensing. The first and second formation
design considers non-Dopplerized precipitation radars and
the Dopplerized precipitation radars, respectively. The third
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Figure 1: Concept of Formation Design-I.

formation design considers the SAR and non-Dopplerized
precipitation radars.

Formation Design-I

The first proposed design concept is motivated by the D-
train mission. The D-train mission considers three satellites
such that each satellite collects time-difference data over a
particular geographical area. This time-difference data can
provide additional information to help understand the rate
of change of the atmospheric states (atmospheric processes).
Instead of individual satellites in the D-train mission, we pro-
pose to have three satellites flying in formation. Specifically,
we choose the operating frequency of the three satellites in
formation to be Ka, Ku, and W band, respectively, as shown
in Figure 1. In Figure 1, the circles shown represent the
geographical coverage provided by each satellite from dif-
ferent positions in the formation. The geographical coverage
(circles) of different satellites operating at different frequen-
cies are shown in different colors and are labeled. These
satellites will allow the formation to collect simultaneous
multi-frequency data and take advantage of Complementarity
and Synergy data. This simultaneous data collection is
achieved by considering the overlapping coverage as shown
in Figure 4. This formation design considers nine non-
Dopplerized CubeSats that can collect time-difference mea-
surements of different parts of the convective system using
simultaneous multi-frequency data. Considering one of these
nine CubeSats as the Chief satellite, we determine the relative
positions of the deputy CubeSats for the proposed formation
design.

Formation Design-II

The second proposed design concept is motivated by the Dis-
placed Phased Antenna Concept (DPAC). In the DPAC, two
satellites with Dopplerized radars follow one another. The
trailing satellite comes to the current position of the leading
satellite with respect to the Earth’s surface after one pulse
repetition interval. These time-difference measurements help
us to reduce the Doppler uncertainties due to the high satellite
velocity. If the second satellite comes to the relative position
of the transmission with respect to Earth’s surface after one

Figure 2: Concept of Formation Design-II.

Figure 3: Concept of Formation Design-III.

pulse repetition, the distance from the radar to target remains
the same for the transmitted and the received signal. To
this end, the second proposed formation design considers
three CubeSats operating at different frequencies instead of
individual satellites in the DPAC. The proposed formation
design has six CubeSats with Dopplerized radars as shown in
Figure 2. Three leading CubeSats provide overlapping cover-
age to provide simultaneous multi-frequency measurements,
and the three trailing CubeSats provide overlapping coverage
and reduce the uncertainties. Similar to the previous design,
we consider that the three overlapping coverage satellites
operate in Ka, Ku, and W bands, respectively. Similar to the
previous case, Figure 2 show the circles in different colors
that represent the geographical coverage provided by each
satellite in the formation. The simultaneous multi-frequency
data collected by the formation can provide better penetration
with smaller uncertainties in the NUBF Doppler velocity
correction.

Formation Design-III

This section proposes a third formation design to collect pre-
cipitation measurements and the SAR measurements simul-
taneously that can improve the hurricane forecast accuracy.
Here, we propose a new formation configuration with the
six satellites: three precipitation radar CubeSats and three
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SAR CubeSats as shown in Figure 3. The three precipitation
CubeSats need to have an overlapping coverage to provide
simultaneously multi-frequency measurements. Additionally,
here, we consider three SAR CubeSats in a multi-static
configuration that can help retrieve the wind direction and
speed with greater accuracy. Similar to previous two cases,
Figure 3 shows the geographical coverage provided by the
six satellites in the formation represented by different colors.
In this formation, the transmitter SAR, receiver SAR 1, and
receiver SAR 2 is denoted by T, R1, and R2, respectively.
We define the positions of these three SAR CubeSats in this
design relative to the center of the precipitation radar footprint
using two different geometry angles α and ϕ. The first angle
α is the look angle of the SAR. The second angle ϕ is the
in-plane angle on the Earth’s surface, as shown in Figure 5.
The two geometry angles mentioned above fix the position
of the SAR satellites given the altitude of the satellite (H).
The geometric quantities such as the altitude of the satellite
(H), angles α and ϕ for the transmitter SAR, receiver SAR 1,
and receiver SAR 2 are identified by the subscripts T, R1,
and R2, respectively. The SAR deputies in the formation
are positioned such that the center of the footprint of each
SAR coincides with the center of the overlapping coverage
footprint of the precipitation radars. Similar to the previous
two cases, to take advantage of the Complementarity and
Synergy data, we consider that the three overlapping coverage
satellites operate in Ka, Ku, and W bands, respectively.

3. MISSION ANALYSIS
For the above-proposed formation design, we need to de-
termine the relative CubeSat states with respective a chief
satellite such that we achieve the desired distributed sensing
without any collisions within the formation. Additionally,
we need to develop a model to compare the three formation
designs. To this end, we categorize the Deputy CubeSats
in the proposed formations into three groups: overlapping
coverage deputies, time-difference coverage deputies, and
SAR deputies. The overlapping coverage deputies provide
overlapping coverage on the Earth’s surface to allow for
simultaneous multi-frequency measurements. The time-
difference coverage deputies provide identical geographical
coverage at the desired time intervals. The SAR deputies
provide simultaneous coverage along with the precipitation
radar. In this section, we detail the procedure followed
in conducting mission analysis for the proposed CubeSat
formations. Firstly, we determine the relative positions of
the overlapping coverage deputies, time-difference coverage
deputies, and SAR deputies with respect to the chief CubeSat
to enhance the science outcome. For a given set of relative
positions, we determine the relative velocities required to
initialize the formation that can place the Cubesats in rela-
tive orbits that require minimum maintenance under the J2
perturbations. Finally, we describe the procedure followed to
model a performance metric to evaluate the performance of
each formation.

Overlapping Coverage Deputies

Here we determine the relative positions of a satellite with
respect to the other such that they have the desired minimum
overlap at any given time. To this end, we consider two satel-
lites separated in the across-track direction. It is important
to note that the across-track distance of such two satellites
changes over time and is maximum at the Equator and min-
imum at the poles. The coverage overlap is proportional to
the across-track distance. To achieve the desired coverage
overlap, we determine the required along-track separation at

Figure 4: Overlapping Coverage Deputy.

the Equator (maximum across-track separation). We consider
the chief spacecraft states to consist of keplerian orbital
elements as shown below:

Xc = {ac, ec, ic,Ωc, ωc, θc} (1)

where ac, ec, ic, Ωc, ωc, θc is the semi-major axis, ec-
centricity, inclination, Right Ascension of Ascending Node
(RAAN), argument of perigee, and true anomaly angle of the
chief, respectively. The state vector of the deputy (Xd) is
defined using relative orbital elements as shown below:

Xd = {ac+δa, ec+δe, ic+δi,Ωc+δΩ, ωc+δωc, θc+δθc}
(2)

where δa, δe, δi, δΩ, δω and δθ are the relative orbital el-
ements of semi-major axis, eccentricity, inclination, RAAN,
argument of perigee and true anomaly angle with respect to
the chief, respectively. The argument of latitude of the deputy
spacecraft is defined as the sum of the argument of perigee
and the true anomaly angle as shown below:

Ud = ωc + δω + θc + δθ = Uc + δU (3)

To have across-track separation, we consider the satellites
have the same orbital parameters except for the δΩ. Here,
assuming δa, δe, δi, and δU to be zero, we determine the δΩ
required to achieve desire coverage overlap at the Equator.
Here, we assume that Earth’s surface is flat and the coverage
of the CubeSat on it is circular. This assumption holds for
the CubeSats narrow-swath sensors that have a very small
footprint, typically with a radius of tens of kilometers. Let
us assume satellites with the same radar configuration and
thus have the same geocentric angle θ as shown in Figure 4.
Assuming both the satellites have an identical footprint ge-
ometry on Earth’s surface, we can write the radius of the
footprint as REθ, where RE = 6378.1 km is the radius
of the Earth. The shift of one of the satellite footprint’s
centers due to the across-track separation will be REδΩ. As
a result, the overlapping coverage of the satellites can be
assumed as an ellipse with a semi-major axis of length REθ.
The semi-minor axis of the overlapping coverage ellipse is
RE(θ − δΩ). We can determine the Geocentric angle of the
CubeSat coverage (θ) using the following equation:

θ = 2 sin−1 (
Rf

RE
) (4)

where Rf is the radius of the foot print of the CubeSat. Now,
we can determine the required across-track separation (δΩ)
for desired coverage overlap as shown below:

δΩ = θ(1− η) (5)
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where η is the user-defined desired coverage overlap. For 100
% overlap of the coverage between the chief and the deputy
is 1 and eta is zero for no overlapping coverage between the
two satellites.

Time-difference Coverage Deputies

Now, we consider the case where the deputy satellite has to
provide identical geographical coverage as the chief after a
time ∆T . For this, we need to place satellites in orbits with
different RAAN to account for the Earth’s rotation. After
time ∆T , the geographical area required to be scanned shifts
right by (ωE +Ω̇)×∆T , where ωE is the angular velocity of
Earth about its axis and Ω̇ rate of change of Right Ascension
of Ascending node due to J2 perturbations. To this end,
to provide identical geographical coverage as the chief after
time ∆T , we place the deputy CubeSat in orbit with a small
difference in RAAN that is determined as shown below:

δΩ = −(ωE + Ω̇)∆T (6)

where ∆T is the difference between the time at which chief
coverage over region of interest (tC) and time at which the
deputy provide the identical geographical coverage (tD) as
shown in below:

∆T = tC − tD (7)

Additionally, along with a small difference in RAAN, we
need to separate the satellites in the along-track direction such
that after time ∆T the deputy provides the same geographical
coverage. To this end, we determine the required δU by
considering the second-order Geo-potential perturbations in
this analysis. The argument of latitude of the chief satellite is
a function of time as shown below:

Uc = Uc0 + nct, (8)

Where Uc0 is the chief satellite’s argument of latitude at the
initial time and nc is the mean motion of the chief satellite.
Considering the discrete difference equation of the rate of
change of the satellite, we have the following:

δU = ∆T (U̇c0 + nc) (9)

Where U̇c0 is the summation of rates of change of mean
anomaly and argument of periapsis due to perturbations.
Using the above relation, we can determine the required δU
to provide a time-difference coverage after time ∆T .

SAR Deputies

In this analysis, considering the center precipitation radar as
the chief, we can evaluate the relative orbital elements of the
SAR satellites in the formation design. Here, considering the
small footprint size associated with the CubeSats, we assume
the surface of the Earth to be flat. Additionally, for this
assumption to hold true, we consider the geometric angles α
and ϕ to be small. For a given SAR satellite with an altitude
of H and a look angle of α, we can determine the slant range
(S) using the following equation:

S =
H

cosα
(10)

Once we have the slant range(S) of the SAR satellite, we can
determine the required δΩ for a given set of look angle (α)
and in-plane angle (ϕ) using the following equation:

δΩ =
S cosϕ sinα

RE
(11)

Where RE is the radius of the Earth. Additionally, we can
determine the required δU for a given pair of look angle (α)
and in-plane angle (ϕ) using the following equation:

δU =
S sinϕ sinα

RE
(12)

Using the Equation 3, Equation 11, and Equation 12 we can
determine the relative positions of the SAR satellites with
respect to the chief precipitation radar CubeSat.

Collision Avoidance

In this section, assuming the chief orbit to be near-circular
we determine condition for collision avoidance between any
two CubeSats in the formation. Considering zero relative
eccentricity, we can approximate the relative distance in the
radial direction (x) as shown below [17]:

x = δa (13)

The above equation assumes the δa is much smaller that the
semi-major axis of the chief satellite (ac). Similarly, we can
consider the relative distance in along-track direction (y) as
shown below [18]:

y = acδU − 3

2
δa(Uc − Uc0) (14)

above equation assumes the δU is much smaller that the
argument of latitude of the chief satellite (Uc). Let us
consider D be the minimum distance between the chief and
deputy required to avoid collision, we can write the following
condition for collision avoidance [17]:

x2 + y2 > D2 (15)

Considering Equation 13 and Equation 14, the condition to
avoid collision between any two CubeSats in the formation
can be written as shown below:

δa2 + a2cδU
2 +

9

4
δa2Û2 − 3acδUδaÛ > D2 (16)

where Û = Uc − Uc0 . Now let us consider define a function
f(Û) as shown below:

f(Û) =
9

4
δa2Û2 − 3acδUδaÛ (17)

The first and second derivative of f(Û) with respect to Û are
obtained as shown below: ]

df(Û)

dÛ
=

9

4
δa2Û − 3acδUδa,

d2f(Û)

dÛ2
=

9

4
δa2 ≥ 0

(18)

as the second derivative of f(Û) with respect to Û is positive,
the Û∗ that satisfies the equation df(Û)/dÛ = 0 will give
the minimum of f(Û). The solution of df(Û)/dÛ = 0 is
obtained as shown below:

Û∗ =
4acδU

3δa
(19)

5
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by substituting the Û∗ in f(Û), we get zero. As the minimum
of the function f(Û) is zero for a given pair of δa and δU
values, we can write the collision avoidance condition in
Equation (16) as shown below:

δa2 + a2cδU
2 > D2 (20)

If any two satellites in the formation have δU as zero, we
should have a certain δa that satisfies Equation 20 to ensure
safe crossings at the poles. Considering the δa required for
collision avoidance will be very small compared to the semi-
major axis of the chief, we can assume the satellite footprint
geometry of both the chief and deputy will be identical, and
thus the analysis to determine δΩ for overlapping coverage
holds. Additionally, from the design point of view, as the
δU is a function of the time-difference (∆T ) after which the
deputy has to provide the chief’s current coverage, we cannot
explicitly choose δU to avoid the collision. For very small
values of ∆T , we can consider δU as zero, and consider δa
that satisfies avoid collision condition.

Formation Initialization and station-keeping

In the above sections, we evaluate the relative orbital ele-
ments of the deputies with respect to the chief for each of the
proposed formations by categorizing them into overlapping
coverage deputies, time-difference coverage deputies, and
SAR deputies. Here, we transform the relative orbital differ-
ence into the relative positions in the chief’s reference frame
(x,y,z). Furthermore, we determine the relative velocities of
deputy (vx, vy, vz) in the chief’s reference frame for these
relative positions (x,y,z) such that the spacecraft formation
does not drift away over time. For this analysis, we consider
the second-order Geo-potential perturbations, which, when
does not consider, can make the formation drift away over
time drastically. We formulate a targeting problem to deter-
mine the relative velocity required to initialize the spacecraft
formation considering J2 perturbations as shown below:

Choose ∆vx, ∆vy, ∆vz (21)

subject to the translation dynamics of the chief spacecraft and
deputy’s relative motion under J2 perturbations given by [19]:

ṡ = fKep(s) + fJ2(s), s ∈ R12, (22)

and subject to the following constraints on the initial states:

vx(0) = vx(0) + ∆vx,

vy(0) = vy(0) + ∆vy,

vz(0) = vz(0) + ∆vz,

(23)

and subject to the following constraints on the final states:

x(TΩ) = x(0),

y(TΩ) = y(0),

z(TΩ) = z(0),

(24)

s is the state vector consisting the elements as shown be-
low [19]:

s = {rc, Vxc, hc, Uc, ic,Ωc, x, y, z, vx, vy, vz} (25)

where rc is the position vector, Vxc is the radial velocity,
hc is the angular momentum, Uc is the argument of lati-
tude, ıc is the inclination, and Ωc is the Right Ascension of
Ascending node of the chief spacecraft, respectively. x, y

Figure 5: SAR Deputy.

and, z are the relative positions of the deputy in the chief’s
body-fixed reference frame, respectively. vx, vy , and vz
are the relative positions of the deputy in the chief’s body-
fixed reference frame, respectively. The conversion of the
Keplerian orbital elements to the state vector (s) along with
the nonlinear dynamics equations of motion is detailed in
Ref [19]. ∆vx,∆vy ,and ∆vz are the required components of
the relative velocity of deputy in the chief’s body-fixed ref-
erence to initialize the formation. The initialization enables
the deputy to have the same relative positions after one nodal
period (TΩ), and the TΩ is determined using the equation
shown below:

TΩ =
2π

Ṁc + ω̇c + nc

(26)

where, where nc, Ṁc and ω̇c are respectively the mean
motion of the chief satellite, rates of change of mean anomaly,
and argument of periapsis due to perturbations. It is important
to note that the targeting problem considers the deputy space-
craft is placed by the launcher at desired relative positions
(x(0),y(0),z(0)) and with a particular initial relative velocities
(vx(0), xy(0), vz(0)). However, placing the deputy at a more
efficient choice of initial relative velocities can reduce the
formation initialization costs. Additionally, it is efficient to
provide a good initial guess for ∆vx,∆vy ,and ∆vz while
solving the targeting problem. To this end, we consider the
equations developed using the energy matching technique
to determine relative velocities under J2 perturbations by
Morgan et al [18] to determine the initial guess for the
components of the relative velocity of deputy in the chief’s
body-fixed reference (∆vxinit,∆vyinit, ∆vzinit) required to
initialize the formation.

We solve the targeting problem discussed earlier after each
nodal period of the chief spacecraft to maintain the rela-
tive positions of the deputy in the formation. We consider
∆vxinit,∆vyinit, and ∆vzinit to be zero for the targeting
problem solved for station-keeping.

Formation Performance Metric

Here, we model a metric to compare the performance of
each formation design proposed in this work. The three
formation designs presented in this paper consider different
sensors, each providing unique data related to hurricanes.
Here, for the benefit of comparison, we assume that the
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Table 1: Orbital elements of chief spacecraft at initial
time.

Parameter Value
ac 6924.6 km
ic 87.2 deg
ec 0
Ωc 30 deg
ωc 0 deg
θc 0 deg

scientific value of data provided by all three formations is the
same. Additionally, we believe the launch costs and costs
associated with placing each CubeSat in the desired positions
determined in the above analysis are the same. To this end,
we present the metric to approximate the performance of jth
formation considering the assumptions mentioned above in
the equation given below:

Pj =

Nj∑
i=1

(
w1∆VIi

+ w2∆V Di

)
(27)

where w1 and w2 are the scalar weights, Nj is the number
of CubeSats in the jth formation, ∆VIi is the required ∆V
for the formation initialization of the ith CubeSat in the jth

formation, ∆V Di is the average ∆V required per orbit by the
ith CubeSat in the jth formation for station keeping.

4. SIMULATION RESULTS
This section provides numerical simulations to determine
the drift of the relative positions between chief and deputy,
one form each of the three categories: overlapping cover-
age deputies, time-difference coverage deputies, and SAR
deputies. We present the numerical simulations presenting
the drift of the relative positions with and without station
keeping for each case. Additionally, we compute the per-
formance metric for each of the three formations designed
to evaluate their respective performance. We consider the
Keplerian orbital elements for the chief spacecraft in all the
simulations at the initial time, as shown in Table 1.

Drift of the formations

Here, we present the relative positions deputy with respect
to chief over time to analyze the drift. We consider three
cases for this analysis, one from each category of deputies,
as mentioned earlier.

Overlapping Coverage Deputy—For an overlapping cover-
age, we consider a ninety percentage of coverage overlap that
is η = 0.9. We consider that the radius of the footprint of
the nadir pointing CubeSat (Rf ) is 4 km. We consider the
minimum distance between the chief and deputy required to
avoid collision (D) as 0.1 km. To this end, we have the
relative orbital elements between the chief and the deputy
before initialization for the overlapping coverage, as shown
in Table 2.

We determine the deputy’s relative positions (x,y,z) and rel-
ative velocities (vx, vy, vz) in the chief’s reference frame
using the above-mentioned orbital elements. Using these
initial relative velocities, we determine the desired ∆V ’s to

Figure 6: Overlapping coverage deputy’s relative motion
in x-y plane over a period of 1 month under J2 perturba-
tions.

Table 2: Orbital element difference for overlapping cov-
erage before the formation initialization.

Parameter Value
δa 0.1 km
δi 0 deg
δe 0
δΩ 0.0072 deg
δU 0 deg

Figure 7: Overlapping coverage deputy’s relative motion
in x-z plane over a period of 1 month under J2 perturba-
tions.
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Figure 8: Time-Difference coverage deputy’s relative mo-
tion in x-y plane over a period of 1 month under J2
perturbations.

Table 3: Orbital element difference for time-difference
coverage before the formation initialization.

Parameter Value
δa 0 km
δi 0 deg
δe 0
δΩ 0.376 deg
δU -5.6586 deg

initialize the formation. Figure 6 shows the relative motion
of the overlapping coverage deputy in the x-y plane over one
month under the J2 perturbations. There is drift in the y-
direction when there is no station-keeping after the spacecraft
formation initialization. The relative motion is bounded in the
x-y plane by maintaining the relative orbit using a station-
keeping maneuver after each nodal period. The relative
motion of the overlapping coverage formation is bounded in
the x-z plane even without the station-keeping as shown in
Figure 7. The magnitude of the minimum relative distance
between the chief and the deputy over the simulation time-
span of one month with station-keeping maneuver is 0.1027
km which is greater than the considered minimum distance
(D) between the chief and deputy that is required to avoid a
collision.

Time-difference Coverage Deputy— For a Time-difference
coverage, we consider that deputy provides the coverage
identical to chief after 90 sec that is ∆T = −90sec. Similar
to the previous case, we consider the minimum distance
between the chief and deputy required to avoid collision
(D) as 0.1 km. The relative orbital elements considered for
this formation is δU and δΩ. The δU considered here is
sufficiently large to satisfy the collision avoidance condition
as shown in Equation 20. To this end, we have the relative
orbital elements between the chief and the deputy before
formation initialization for the time-difference coverage, as
shown in Table 3.

Similar to the previous case, we determine the relative po-
sitions (x,y,z) and relative velocities (vx, vy, vz) of deputy
in chief reference frame using the relative orbital elements

Figure 9: Time-Difference coverage deputy’s relative mo-
tion in x-z plane over a period of 1 month under J2
perturbations.

Table 4: Orbital element difference for SAR before the
formation initialization.

Parameter Value
δa 0 km
δi 0 deg
δe 0
δΩ 0.0853 deg
δU 0.0075 deg

shown in Table 3. We determine the desired ∆V ’s to initialize
the formation using these initial relative velocities. The rela-
tive motion of the time-difference deputy in the x-y plane over
one month under the J2 perturbations is bounded with the
station-keeping maneuvers as shown in Figure 8. However,
the drift in the y-direction when there is no station-keeping af-
ter the spacecraft formation initialization increases with time
drastically. The station-keeping maneuvers for these simula-
tions are done after each nodal period of the chief spacecraft.
Similarly, the time-difference coverage formation’s relative
motion in the x-z plane is bounded with the station-keeping as
shown in Figure 9. However, there is adrift in the x-direction
in this case without the station-keeping maneuvers. In this
simulation, over one month, the minimum distance between
the two satellites in the formation is 683.5 km which is much
larger than the considered minimum distance (D) between the
chief and deputy that is required to avoid a collision.

SAR Deputy—Here, we consider deputy SAR that provides
simultaneous coverage along with the precipitation radar. We
consider the look and the in-plane angle of the SAR deputy
to be 5 deg. For this simulation, we consider the minimum
distance between the chief and deputy required to avoid
collision (D) as 0.1 km. The δU considered for this formation
is sufficient to satisfy the collision avoidance condition in
Equation 20. The SAR deputy’s relative orbital elements
before formation initialization are as shown in Table 4.

Similar to the above two scenarios, here, using the above-
mentioned relative orbital elements, we determine the relative
positions (x,y,z) and relative velocities (vx, vy, vz) of SAR
deputy in the chief’s reference frame. The desired ∆V ’s to
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Figure 10: SAR deputy’s relative motion in x-y plane over
a period of 1 month under J2 perturbations.

Figure 11: SAR deputy’s relative motion in x-z plane over
a period of 1 month under J2 perturbations.

initialize the formation using these initial relative velocities
are then determined. In Figure 10, we show the relative
motion of the SAR deputy in the x-y plane over one month
under the J2 perturbations. The relative motion in the
x-y plane is bounded with the station-keeping maneuvers.
Without the station-keeping maneuvers, there is a secular
drift in the relative motion along the y-direction. Similar
to the previous two cases, the station-keeping maneuvers are
executed after each nodal period of the chief spacecraft. The
relative motion in the x-z plane of the SAR deputy is bounded
with and without the station-keeping as shown in Figure 9.
The minimum distance between the chief and the SAR deputy
in the formation is 1.3984 km during the simulation time
window of one month. The minimum distance between the
two satellites in the formation is larger than the considered
minimum distance (D) between the chief and deputy that is
required to avoid a collision.

Fuel Requirement

Using the mission analysis, in this section, we determine the
relative orbital elements with respect to the chief satellite’s
orbital elements for all the CubeSats in the three proposed
formation designs. Additionally, the required ∆VI and ∆V D

Table 5: Orbital element differences of deputy CubeSats
in formation design-I.

δa δΩ δU ∆VI ∆V D
(km) (deg) (deg) (m/sec) (m/sec)
0.1 0.0072 0 0.1715 0.0156
-0.1 -0.0072 0 0.1716 0.0156

0 -0.1253 1.8862 247.9378 0.2644
0.1 -0.1181 1.8862 247.9844 0.2492
-0.1 -0.1325 1.8862 247.8913 0.2796

0 0.3760 -5.6586 740.3042 0.8055
0.1 0.3832 -5.6586 740.2579 0.8208
-0.1 0.3688 -5.6586 740.3505 0.7903

for each CubeSat is determined. We choose the ratios W1
and W2 as 0.1 and 0.9 in the metric as the initialization is
one-time and station-keeping costs are recurring. Using this,
here, we compute the performance metric of three formations
considered.

Formation Design-I—Here, we consider eight deputy Cube-
Sats in the formation. For an overlapping coverage, we
consider a ninety percentage of coverage overlap that is
η = 0.9. We consider that the radius of the footprint of
the nadir pointing CubeSat (Rf ) is 4 km. We consider the
minimum distance between the chief and deputy required to
avoid collision (D) as 0.1 km. For time-difference coverage
in the formation, we consider ∆T of 30 sec and -90 sec.
The orbital differences of the CubeSats in the formation are
computed using the equations developed for the overlapping
and time-difference coverage deputies. The orbital elements
of each deputy ensure collision avoidance with the chief.
Additionally, the difference in the semi-major axis and the
argument of latitude of the CubeSats in the formation satisfy
the Equation 20 to ensure safe operation of the CubeSats in
the formation. Table 5 shows the relative orbital elements
of the deputies in the formation design-I. The ∆V required
to initialize the formation and for station-keeping for each
CubeSat in the formation design-I are presented in Table 5.
For these ∆V values, the performance metric of the forma-
tion design-I is 299.4238 and is computed using Equation 27.

Formation Design-II—In this section, the formation design-
II with five deputy CubeSats is considered. Similar to the
previous case, for overlapping coverage, we consider a ninety
percentage of coverage overlap that is η = 0.9. We consider
that the radius of the footprint of the nadir pointing CubeSat
(Rf ) is 4 km. We consider the minimum distance between
the chief and deputy required to avoid collision (D) as 0.1
km. For time-difference coverage in the formation, we con-
sidered ∆T equal to the pulse repetition interval and assumed
it to be 1660 µsec. The relative orbital elements of the
CubeSats for the time-difference coverage in the formation
are determined using the previous analysis. Here, for time-
difference coverage the δΩ require is 6.9356×10−6 deg. As
the required δΩ for time-difference coverage is very small, we
consider it as zero in this simulation. Similar to the previous
case, the relative orbital elements of each deputy ensure the
collision avoidance with the chief and with all other CubeSats
in the formation. Table 6 presents the relative orbital elements
and the ∆V required for formation initialization and station-
keeping of the deputies in the formation design-II. Using
Equation 27, the performance metric of the formation design-
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Table 6: Orbital element differences of deputy CubeSats
in formation design-II.

δa δΩ δU ∆VI ∆V D
(km) (deg) (deg) (m/sec) (m/sec)
0.1 0.0072 0 0.1715 0.0156
-0.1 -0.0072 0 0.1716 0.0156
0.2 0 0.00010437 0.3296 0.0058
0.3 0.0072 0.00010437 0.4955 0.0179
-0.3 -0.0072 0.00010437 0.4984 0.0179

II is computed to be 0.2322 for the ∆V values in Table 6.

Formation Design-III—We consider five deputy CubeSats in
formation design-III in this section. Similar to the previous
two cases, for overlapping coverage, we consider a ninety
percentage of coverage overlap that is η = 0.9. We consider
that the radius of the footprint of the nadir pointing CubeSat
(Rf ) is 4 km. We consider the minimum distance between
the chief and deputy required to avoid collision (D) as 0.1
km. For the transmitter SAR deputy, we consider the look
angle 5 deg and the in-plane angle zero deg. For both the
receiver SAR’s we considered the look angle to be 5 deg. We
consider the in-plane angle for the two receiver SARs to be 5
and -5 deg. The relative orbital elements of the CubeSats
in the formation design-III for simultaneous precipitation
radar and SAR measurements are computed and presented
in Table 9. The CubeSats’ relative orbital elements in the
formation ensure the safe operation of the CubeSats in the
formation. The initialization of the formation and station-
keeping of each CubeSat in the formation design-III requires
∆V whose vales we present in Table 9. The performance
metric for these ∆V values of the formation design-III is
2.3941.

Furthermore, for each formation designed, we have consid-
ered the ∆V ’s required to initialize for each deputy from the
above analysis and computed the required ratio of propellant
mass to the total mass for each deputy. We have considered
different engines with different Isp values used or planned to
use on CubeSat missions to calculate these ratios. Table 7
shows the average propellant mass to the total mass ratio for
the deputies in each proposed formation required to initialize
the formation. It is important to note that the computed
initialization velocities in this work consider a particular
initial relative velocity for the deputies, as discussed in the
targeting problem. However, injecting the spacecraft with
desired relative velocity can eliminate or reduce the required
initialization velocities drastically.

Similarly, we show the average propellant mass to the total
mass ratio of the deputies in the formations required for
station keeping for one year in Table 8. We can see that using
cold gas and Hydros (Hybrid Propulsion) is not practical for
the formation design-I. The formation design-II and forma-
tion design-III can be maintained for few years using cold
gas or Hydros. On the other hand, we can maintain all three
formations proposed using electric propulsion. It is important
to note that the ∆V s computed in this work is not for electric
propulsion. Thus, the average propellant mass to the total
mass ratio of the deputies in the formations computed using
the electric propulsion are only estimates.

5. CONCLUSION
This paper proposed three novel CubeSat formation designs
to enable sensor data collection that has the potential to im-
prove the accuracy of forecasts made by hurricane prediction
systems by filling up the observation gaps in current sensor
networks. Taking into account the recent developments in
miniaturized technologies such as RainCube [21], Multi-
Application Smallsat Tri-band Radar(MASTR) [22], and
CubeSat Imaging Radar for Earth Science (CIRES) [23], we
consider CubeSat formations that fly SAR, non-Dopplerized
and/or Dopplerized precipitation radars in close proxim-
ity. Our proposed designs envision different roles for the
deputies: they could provide overlapping coverage, time-
difference measurements, or could enable a SAR. We have
developed equations to determine the relative orbital elements
that enables the envisioned data collection for each type
of deputy. Additionally, we presented the conditions to
avoid collision and ensure safe operations for all constituent
CubeSats. Our formation designs keep the motion of the
deputies relative to the chief bounded under J2 perturbations.
Furthermore, we determine the ∆V required for formation
initialization and formation-keeping by formulating a target-
ing problem. Overall, the formation-keeping and collision
avoidance conditions ensure safe operations under nonlin-
ear dynamics considering J2 perturbations. The formation
initialization and station-keeping costs are found to be pro-
portional to the magnitude of the relative orbital elements.
We have also compared the mass requirement for formation-
initialization and formation-keeping, by considering different
propellant systems relevant for CubeSat based missions. The
comparison suggests that the formation design-I is practical
only for electrical propulsion (to avoid excessive propellant
usage) in contrast to formation designs-II and III that allows
for reasonable propellant usage for a wider variety of propul-
sion systems.
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