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ABSTRACT

This paper develops an analytic modeling, simulation, and optimization framework for space networks to enable mission design and
operational planning. We incorporate key modeling elements necessary to address a challenging class of emerging missions- small
satellites exploring interplanetary targets. The model includes interactions between satellite states, subsystems, operational opportuni-
ties, and the external space environment and includes a dynamic link budget. We formulate an optimization problem that considers the
coupling between payload operations and downloading data as the decisions. We demonstrate applicability of the modeling, analysis,
and optimization framework to an example interplanetary CubeSat mission and identify key properties of the optimal solutions. We
investigate the sensitivity of the solutions to model parameters, including dynamic data rates, power generation, and antenna gains.
The framework developed in this paper is applicable to general classes of space missions, including both near-Earth and interplanetary
missions.

1. INTRODUCTION
The Planetary Science Decadal Survey published by the United States National Research Council for NASA and

other agencies published in 2011 emphasized to explore interplanetary locations [1]. In particular, the survey focused on
exploration of small solar system bodies and planetary satellites, such as Mars and primitive bodies (asteroids, comets,
Phobos, etc.), to address major scientific objectives. Interplanetary missions face significant operational challenges due
to the dynamic constraints on available energy and access times, unstable orbital properties, and the difficulty in the com-
municating command and mission data at great distances from the Earth. Spacecraft operations are increasingly complex
due to the stochastic environments of interplanetary space. For example, gravity and atmospheres at interplanetary bodies
may be poorly understood, impacting the orbits and in turn the opportunities for the satellite to collect energy and data
and communicate. Operations must be mainly autonomous given the latency delays for interplanetary applications and
schedules must be robust to the uncertainties in these environments.

Small satellites, such as CubeSats, are an emerging science and technology platform [2]. CubeSats have a standard-
ized 1U (10 cm3 cube) form factor and a standardized deployer that allows them to “piggyback” on rocket launches as
secondary payloads; thus they enable low-cost access to space. Emerging sensor and spacecraft technology is enabling
small satellites to perform novel science and technology missions, and has been flight demonstrated on several occasions
in Low Earth Orbit (LEO) [3, 4]. These small platforms are attractive since they can obtain highly sought-after multi-point
in situ measurements [5]. Small satellites are extremely constrained in their ability to collect and store energy and data,
control their position and attitude, communicate, and recover from failures due to their small size and mass.

Scientists and engineers are becoming increasingly interested in the potential of small satellite missions to perform
novel science and technology demonstration missions at interplanetary targets [5, 6]. The coupled challenges of operating
a small satellite in an interplanetary location lead to great operational questions. Thus, there is the need for modeling,
analysis, and optimization tools to design feasible and robust operational schedules are required.

This paper provides an analytic approach to the design optimization of spacecraft operations. Simple heuristics and
high level budgets for operations are not sufficient for missions that are so highly constrained. Analytic approaches are
desirable since they can be used to guarantee optimality of solutions, facilitate combined operations and vehicle design,
and enable sensitivity analysis of the solutions to problem parameters and stochasticity. The model includes important
elements to model space missions. First, we accurately model the coupling between the highly constrained resources such
as energy and data and the external environment that governs the opportunities to collect and consume these resources.
Secondly, we consider dynamic communication links, which is important given the great variation in range distance
between communication nodes. Third, we incorporate all operational decisions as variables, including when and how both
payload operations and communication occur. Assessing and optimizing mission operations using an analytic framework
is important not only at the operational stages but also at the mission and vehicle design stage to assess mission feasibility
and accurately compare feasible designs. The modeling framework presented in this paper is generic such that is can be
applied to diverse communication networks, including both near-Earth and interplanetary applications.



Previous work has developed foundational models and simulation tools to assess and optimize communication links
between Earth ground stations and satellites in LEO [7, 8, 9]. Heuristical approaches to operational planning for interplan-
etary missions such as the Mars Exploration Rovers and the Deep Space Network (DSN) have been proposed [10, 11, 12].
However, an analytic framework that includes payload and communication decisions as variables and includes a dynamic
link budget towards optimal operational plans does not appear in the literature. The contributions of this paper are:

• Develop an analytic optimization formulation for an operational satellite mission with both payload and download
operations as decisions and a dynamic link budget.

• Apply this formulation to optimize satellite operations for a CubeSat lander on Phobos. Compare the download
potential with diverse communication architectures and using variable and constant data rates.

• Explore the design space by investigating the sensitivities of the optimal solutions to different problem parameters.

We introduce our analytic model and optimization formulation in Section 2, which includes realistic spacecraft states,
operations, constraints, and decisions. An example interplanetary mission, a CubeSat lander on the Martian moon Phobos
with science objectives that align with the Decadel survey objectives, is described and its mission potential is assessed
in Section 3. We investigate access times and link budgets for two possible communication architectures. In Section
4 we provide properties of the optimal solutions and compare the two communication architectures and using variable
and constant-rate communication links. We also perform a preliminary design space exploration by investigating the
sensitivity of the solutions to problem parameters. We conclude and discuss extensions for future work in Section 5.

2. MODELING FRAMEWORK
We develop an analytic modeling framework that consists of two key components- an optimization formulation, in-

troduced in Section 2.1, and an analytic link budget, introduced in Section 2.2. This modeling framework is generic and
can be used to assess and optimize a great range of operational planning scenarios between communication nodes, includ-
ing satellites, ground stations, orbiters, probes, unmanned aerial vehicles, and ground-based vehicles. This approach is
applicable to communication links in any environment, including Earth-based, LEO, and interplanetary vehicles.

The communication network consists of a transmitter and collection of receivers. Opportunities for communication
exist when there is a line-of-sight between the transmitter and a receiver. Energy and data dynamics on-board the trans-
mitter are modelled, including the acquisition and consumption of these resources to perform nominal operations, perform
experiments, and download data. In general data is acquired at a low rate during nominal operations and at a high rate
during experiments and is consumed at a high rate during download. All operations require energy and there is a limited
capacity to store energy and data. Thus, the ability of the transmitter to perform payload operations and download are
coupled and constrained by the opportunities to collect and store energy and data.

2.1. Optimization Formulation

The goal of the optimization problem is to maximize the amount of data downloaded from a single transmitter to a
network of receivers. This formulation is based on the foundational Single-Satellite Multiple Ground Station Problem
(SMSP) from Reference [9]. SMSP is a continuous-time problem, where the opportunities to acquire energy and data
and download data are time-varying. To formulate and solve SMSP, we discretize the problem into a finite set of time
intervals, I . During every interval i ∈ I there are a set of download options, o ∈ Oi, which are constant throughout the
interval. The network of receivers are abstracted such that whenever a line-of-sight exists between the transmitter and
receiver, it is considered a communication opportunity, o ∈ Oi. If there are no download opportunities, i.e. no receivers
in view, then the set Oi is empty. Each download option o ∈ Oi consists of a tuple of download characteristics, including
download rate rio measured in bits per second, energy utilization αio measured in Joules per bit, and download efficiency,
ηio, which is unitless. The parameters in this tuple, (rio, αio, ηio), are a function of the communication systems and
transmitter-to-receiver link.

We formulate SMSP using linear optimization techniques, exploiting the linearity of the problem constraints and
objectives. We use an under-constrained formulation (UCF), where the energy and data capacity constraints are enforced
only at the start and end of each interval. The objective of UCF is to maximize the amount of data transmitted by a
transmitter and successfully received by a receiver over the planning horizon, as in Eq. 1. The decision variables are:

• xio ∈ {0, 1} is the binary value representing the decision to download using option o during interval i (unity
represents the decision to download), ∀i ∈ I, o ∈ Oi.



• qio ∈ R+ is the amount of data downloaded during interval i using option o, measured in bits, ∀i ∈ I, o ∈ Oi.
• yio ∈ {0, 1} is the binary value representing the decision to perform a payload operation using option o during

interval i (unity represents the decision to operate), ∀i ∈ I, o ∈ Oi.

The formulation is as follows:

max
∑
i∈I

∑
o∈Oi

ηioqio (1)

s.t. ∑
o∈Oi

xio ≤ 1 ∀i ∈ I (2)

qio ≤ ∆tiφoxio ∀i ∈ I, o ∈ Oi (3)
e0 = estart (4)

emin ≤ ei ≤ emax ∀i ∈ I (5)

ei+1 = ei − βe
i yi + δe+i − δ

e−
i −

∑
o∈Oi

αioqio − hei ∀i ∈ I (6)

d0 = dstart (7)
dmin ≤ di ≤ dmax ∀i ∈ I (8)

di+1 = di + βd
i yi + δd+i − δd−i +

∑
o∈Oi

qio − hdi ∀i ∈ I (9)

Constraint 2 enforces that the transmitter can only download using a single download option during each interval.
Constraint 3 enforces that data can only be downloaded during an interval i using option o if xio = 1, and that the amount
of data downloaded, qio, must not exceed the amount of data that could be transferred at the chosen rate φo if downloading
occurred for the full time interval, ∆ti. The transmitter collects, stores, and consumes energy to support nominal, mission-
specific, and download operations. Constraint 4 initializes the amount of energy stored on-board the battery at the start
of the planning horizon to estart. A finite amount of energy can be stored in the on-board battery, where the bounds are
[emin, emax], as enforced for all intervals i ∈ I in Constraint 5. The stored energy at the start of an interval, ei+1, is a
function of the energy at the start of the previous interval, ei, a product of the decision to operate, yio, and the energy
consumed to perform payload operations βe

i , the energy acquired and consumed throughout the interval due to nominal
operations unrelated to download, δe+ − δe−, the energy consumed to support download (the product of αio and qio, in
units of Joules), and any excess energy, hei , spilled to avoid over-filling the finite battery (to satisfy Constraint 5), as in
Constraint 6. Data is collected, stored, and downloaded by the transmitter. The data dynamics are analogous to the energy
dynamics, as represented in Constraints 7-9. Certain missions may consider additional constraints, such as a minimum
data collection by the payload, or the minimum download requirement. These types of constraints can easily be added to
the linear program described in Equations 1-9.

2.2. Analytical Link Budget

link budget to assess the communication potential and for use in our optimization algorithms. We use the link budget
to solve for the feasible data rate for communication between two communication nodes with known communication
systems and a given path distance. In particular, the link budget provides the energy utilization communication parameter
in Equation 6, where alpha = Pt/r, where Pt and r are the transmit power and data rate, as defined in this section.

The equivalent isotropic radiated power, EIRP, is a function of the transmit power, Pt, transmit line losses, Lt, and
gain of the transmitting antenna, Gt,

EIRP = Pt +Gt − Lt. (10)

The power at the receiver, Pr, is a function of EIRP, the receiver antenna gain, Gr, the pointing error losses, Le, the
polarization losses, Lp, the receive line losses, Lr, and the space loss, Ls,

Pr = EIRP +Gr − Le − Lp − Ll − Ls. (11)



Ls is the space loss which varies dynamically throughout the orbit and is defined,

Ls =

(
c

4fπS

)2

, (12)

where f is the frequency of the transmitted signal, c is the speed of light, and S is the path length. The received carrier-
to-nose received power ratio, C/N0, is then computed as a function of Pr, the system noise temperature, Ts, and the
Boltzmann constant, k,

C/N0 = Pr − 10 log10(Ts)− 10 log10(k). (13)

The signal-to-noise ratio, Eb/N0, is a function of C/N0 and the data rate, r,

Eb/N0 = C/N0 − 10 log10(r). (14)

The minimum required signal-to-noise ratio, Eb/N0,min, is a function of the implementation and modulation scheme. In
accordance with conservative design practices, the difference between Eb/N0 and the minimum required carrier-to-noise
spectral power density ratio, Eb/N0,min, must exceed the required link margin, M [13],

M ≤ Eb/N0 − Eb/N0,min. (15)

There are two approaches for modeling data rate in our analytic optimization formulation, using a constant or variable
data rate. When the data rate is constant, a single data rate is selected, and opportunities for communication exist only
when the analytic link budget in Equations 10-15 is satisfied. Alternatively, when the data rate is variable, the rate is
computed based on the time-dependent distance between the communication nodes. In this case, we solve Equations
14-15 to solve for the maximum feasible data rate as a function of path length, S.

3. MISSION DESCRIPTION AND ANALYSIS
Next we describe a representative interplanetary mission in Section 3.1 and introduce two potential communication

architectures for this mission in Section 3.2. In Section 3.3 we assess the potential of this mission to collect energy and
communicate and in Section 3.4 we apply the analytic link budget to the communication architectures.

3.1. Mission Description

The mission application considered in this paper is a CubeSat that lands on the Martian moon, Phobos. The proposed
mission seeks to address the primary themes from the Planetary Science Decadal Survey discussed in Section 1 in the
context of small body exploration [1]. In particular, the goal is to investigate how the chemical and physical properties and
processes of Phobos towards an improved understanding of the origins and evolution of the solar system. The ultimate
goal is to better understand Phobos and the possibility of human exploration on this moon.

The Phobos lander will be the first satellite to investigate the environment and surface material of Phobos using
an in-situ approach. The primary mission objective is to collect samples of the Phobian soil and perform a composition
analysis towards an improved understanding of how Phobos originated and evolved. Secondary mission objectives include
radiation, thermal, and seismic characterization [14]. The payload includes a penetrator designed to retrieve samples, a
mass spectrometer, a seismometer, a heat probe, and a docimeter. The seismometer will measure seismic reflections,
monitor background noise, and detect seismic events and the mass spectrometer will measure elemental isotope ratios.
The thermal conductivity probe will measure heat flow over the surface of Phobos for information on how the chemical
and physical processes interact and have evolved. A docimeter will monitor the radiation dosage on Phobos to understand
the potential radiation risk to humans if they were to visit this moon.

The Phobos lander consists of the conventional power, propulsion, attitude determination and control, flight computer,
and thermal control subsystems. The exact size of the CubeSat will depend on mission objectives and payload, power,
propulsion, and communication subsystems. We assume that the transmit radios are 30 % power efficient, such that the
transmit power is 30% of the input DC power. We also assume perfect communication efficiency. Although details of the
mission design are beyond the scope of the paper, several of the components have been sized to support the payload in the
Phobian environment. For example, the solar panels occupy an area of 0.06 cm2, the surface of a single 2U CubeSat or
1 U CubeSat with deployed solar panels and the battery is sized to sustain nominal operations for at least as long as the
average eclipse duration (200 minutes) with a factor of safety of two. Mission specifications are provided in Table 1.



The CubeSat will land on Phobos at a latitude = 0◦, longitude = 0◦, such that it is always facing Mars since Phobos
is tidally locked with Mars. This location was selected to maximize access time to the communication orbiter relay,
described in Section 3.2. Details of the trajectory to get the lander to Phobos, including hitching a ride on the ExoMars
mission as a secondary paylaod, self-jettison, and rendezvous, are beyond the scope of this paper (see Ref. [14]).

Table 1: Phobos lander mission parameters.

Parameter Value Units

Maximum Battery Capacity 336 kJ
Maximum Depth of Discharge 20 %

Maximum Data Capacity 25 MBytes
Power Collected in Sun on Phobos 9.4 W

Power Required for Nominal Operations 2.8 W
Power Required During Experiments 7.5 W

Data Collection Rate for Nominal Operations 0.5 kbps
Data Collection Rate During Experiments 400 kbps

3.2. Two Proposed Communication Architectures

In this paper we compare two communication architectures, details of the communication systems are in Table 3. The
first architecture consists of communicating to the ExoMars Trace Gas Orbiter (TGO), a Martian orbiter that is proposed
to become operational in 2016. The science objective of ExoMars TGO mission is to detect, map, and characterize the
atmospheric composition and state of the atmosphere, in particular investigating methane in the Martian atmosphere.
The ExoMars TGO will be in a near-circular low altitude orbit as it provides the best coverage mapping with a high
inclination to obain global coverage on a daily cycle and observe a uniform latitude distribution over a diurnal cycle [15].
The TGM orbiter will be in a near-circular low altitude, high inclination orbit, selected to obtain global coverage on a
daily cycle and observe a uniform latitude distribution over a diurnal cycle [15]. Based on the orbital period, minimum
altitude, inclination and argument of perigee of the proposed orbital approach, and the mean equatorial radius of Mars
from the available literature, we deduced that the orbiter has the following orbital properties: perigee of 255 km, apogee
of 320 km, and inclination of 92.7◦ [16, 17]. The TGM orbiter will perform both proximity UHF and deep space X-band
communication with the DSN and is expected to communicate 250 Mbits/sol in proximity ops and return over 2 Gb/day
to the DSN. In our communication architecture, we will communicate with the TGM orbiter and then our science and
telemetry data will “piggyback” to Earth via the X-band communication link. Proximity communication with the ExoMars
TGO will be using the UHF Electra Lite transceivers designed for Mars relay telecommunications and navigation [18] on
both the lander and orbiter. Electra Lite is proposed to weigh less than 2.1 kg with a volume of less than 2200 cm3 and
can achieve data rates ranging from 1 to 2048 kbps with a transmit of approximately 10 W. While this transceiver is likely
too large for a conventional 3U CubeSat, it may be feasible on larger 2-6 U CubeSats. We assume a low-gain (0 dBi)
UHF antenna is used, such as the deployable dipole antennas with considerable flight heritage on the CubeSat form factor
[19]. The receive antenna is a 12 dBi gain quadrafilar helix antenna with flight heritage on the Mars Global Surveyor,
Mars Odyssey, and the ISS [18].

The second architecture is X-Band communication to the DSN [20]. X-Band is the preferred method of deep space
communication since it is less susceptible to ranging distortions from interplanetary media. Although X-Band communi-
cation technology is less developed for interplanetary small satellite applications, there are emerging solutions that have
been proposed and are being developed. We use an X-Band transmitter with 12 W transmit power [21] and a low-gain
patch antenna [22] (we examine antenna patterns ranging from 0-7 dBi in the results reflecting possible antenna designs).
We will utilize the three 66.8 dBi gain 34 meter DSN ground stations located approximately 120◦ apart around the world
at Goldstone, in California’s Mojave Desert; near Madrid, Spain; and near Canberra, Australia.

3.3. Mission Assessment

Next we assess the potential of this mission to acquire energy and download data. This is important to identify average
and extreme cases to provide insight for operational planning. The analysis in this section is performed using integrated
Simulation Tool Kit (STK) [23] and custom-generated Matlab scripts [7]. STK models realistic orbital mechanics and
computes opportunities to collect energy from the sun and communicate and relay information back to the ExoMars TGO
and the DSN. This access time data is provided as inputs into our optimizer.



Energy is necessary to support nominal, payload, and download operations. Energy is acquired in the form of solar
energy by solar panels, thus is a function of eclipse time relative to the orbital period since we assume energy collection
is constant when the lander is in the sunlight (neglecting solar incidence angles). Figure 1 shows the eclipse times for
the Phobos landers for a long-duration two year simulation. The constant longer duration eclipse durations in Figure 1a
are due to the Phobian orbital period (it lasts approximately half of Phobos’ 7 hour 39 minute orbit). The shorter eclipse
durations are due to Mars obstructing the line-of-sight to the sun at certain times during the year. The combined effect of
these eclipse times on average daily eclipse time is shown in Figure 1b. There are times during the year with considerably
longer eclipse time per Martian sol (up to 16 hours of a 24.66 hour sol), which will present operational challenges.

Access times for communication are also dynamic, both in the duration of access times and the total daily access time.
We focus on short-term trends as in this paper we focus on short-term operational planning. We show the access times for
the two communication architectures in Figure 2 for a two week scenario. The average daily access times are provided
in Table 2. There are a greater number of shorter access to the ExoMars TGO relative to access times to the DSN, which
consistently has approximately three hour chunks of time where the Phobos lander is in view. Overall there is greater
daily access time to the ExoMars TGO relative to the DSN, see Table 2.
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Figure 1: Long-duration eclipse characteristics for Phobos lander. A Martian sol is 24.66 hours.
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Figure 2: Short-duration access time characteristics for Phobos lander communicating to ExoMars TGO and three 34 m
DSN dishes. A Martian sol is 24.66 hours.



Table 2: Short-duration access time statistics for Phobos lander access time for 14 days (as shown in Figure 2).

Receiver Pass Time/ sol (hours)
Minimum Average Maximum

ExoMars TGO 4.67 6.55 9.12
DSN 9.05 9.74 10.76

3.4. Applied Link Budgets

Table 3 summarizes the link budget (from Section 2.2) for the two communication architectures described in Section
3.2 for representative path distances. Figure 3 shows the predicted path distances and the feasible data rates over these
path distances for the two communication architectures. The path distances to the ExoMars TGO vary on a daily basis
while the path distances for communication to the DSN varies over longer durations as a function of the position of the
Earth relative to Mars (with an orbital period of 667 sols and 687 days) . Data rates to the DSN are extremely low (<30
bps), while data rates achieved by small satellites and LEO are feasible when communicating to the ExoMars TGO.

Table 3: Link budget for Phobos lander communicating to the ExoMars TGO with the Electra Lite UHF transceivers [18] and to three
34 meter DSN ground stations [24, 20]. with an X-Band transponder [21] and patch antenna [22].

Link Budget Parameter Symbol UHF to ExoMars TGO X-Band to DSN Units

Frequency f 401 8,425 MHz
Propagation Path Distance S 8 · 103 1 · 108 km

Transmitter Power Pt 10 12 dBW
Transmit Antenna Gain Gt 0 0 dBi
Transmit Line Losses Lt 2 1 dBi

Equivalent Isotropic Radiated Power (Eq. 10) EIRP 8 9.8 dBW
Receive Antenna Gain Gr 12 66.8 dBi

Pointing Error Loss Le 1 1 dB
Polarization losses Lp 1 1 dB

Receive Line Losses Lr 2 0.4 dBi
Space Loss (Eq. 12) Ls 162.6 270.9 dB

Received Power (Eq. 11) Pr -144.6 -196.4 dBW
System Noise Temperature Ts 500 500 K

Carrier-to-Noise Spectral Power Density Ratio (Eq. 13) C/N0 57.0 5.2 dB
Minimum Eb/N0 Eb/N0,min 2.7 1.24 dB

Link Margin M 3 3 dB
Feasible Data Rate (Eqs. 14-15) r 136,239 1.3 bits/sec

4. OPTIMIZATION RESULTS
The previous section enabled us to assess mission performance at a high level, in particular the total potential to collect

energy and download data, and the feasible data rates for communication. Although we can use this information to extract
average, best, and worst-case scenarios, to roughly approximate energy and data budgets and performance metrics. Thus,
optimization techniques are required that accurately capture on-board dynamics, opportunities, and how decisions impact
the future state of the vehicle. In this section we provide results from applying our modeling framework and link budget
from Section 2 to optimize operational schedules for the Phobos mission described in Section 3.

4.1. Solving for Optimal Solutions

The analytic optimization formulation in Section 2.1 has both integer variables (xio, yio) and continuous variables
(qio), thus it is a mixed integer problem (MIP). We have shown that in the special case when the dynamics are linear in
time, the foundational formulation is guaranteed to yield optimal solutions to SMSP [9]. We discretize our problem and
assume the dynamics are linear over the relatively short durations of the intervals. In our implementation intervals are
typically ≥ 1 minute in duration.

The optimization problem is solved using the IBM ILOG CPLEX Optimization Studio (CPLEX) software package
[25]. CPLEX is a high performance solver from IBM for linear programming (LP), mixed integer programming (MIP),
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Figure 3: Path distances and feasible data rates for Phobos lander communicating to ExoMars TGO and three 34 m DSN
ground stations. Data rates are computed using the link budget in Table 3.

and quadratic programming (QP/QCP/MIQP/MIQCP) problems. The computations are performed on an Intel Core i7 2.8
GHz processor with 8 GB of memory using CPLEX 12.1 C++ API. We use a MIP integrality tolerance of 0.02% and all
problems solved in less than a minute.

4.2. Optimal Solutions with Constant and Dynamic Data Rates

The optimal amount of data downloaded for communication to the ExoMars TGO architecture is shown in Figure 4.
Both dynamic data rates, where the data rate varies as a function of distance between the transmitter and receiver, and
constant rates, where a constant data rate is selected and communication is only feasible if the link budget is satisfied. It
is not surprising that the dynamic rate solutions outperform the constant rate solutions since they are able to adapt to the
range and download at the maximum feasible rate throughout the mission. The fraction of time available and used in the
optimal solutions for communication and experiments for UHF proximity communication to ExoMars TGO are shown
in Figure 4b. Higher rates have less feasible download times since they are constrained to closer range distances (see
Figures 3a-3b). In 4a, there is an interesting relationship between the constant rates and the performance index, total data
downloaded. As the rate increases from 16-160 kbps, the data downloaded increases. However, for greater constant data
rates the data downloaded decreases significantly (see the drop to less than 50 MBytes for the 224 kbps case and zero
downloaded data for higher rates). This trend is due to the fact that there are fewer opportunities to download at higher
rates (i.e. less time as closer ranges), as observed in Figure 4b.



Optimal results for X-Band communication to the DSN are shown in Figure 5 for variable transmit antenna gains,
where the achievable data rates are shown in Figure 3d. Dynamic data rates are used, however the actual rates are rela-
tively constant since the range distance does not change significantly over the two day planning horizon. The significant
reduction in data throughput using the DSN indicate this is not the preferred communication architecture.
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Figure 4: Properties of optimal solutions for dynamic and constant rate communication for Phobos lander to ExoMars
TGO for a 48 hour planning horizon.

4.3. Challenges of Interplanetary Communication

There are additional networking challenges associated with communicating to both the ExoMars TGO and DSN that
we’ll briefly discuss here. These challenges are beyond the scheduling problem formulated and solved in this paper, but
many elements may be incorporated into the scheduling formulation presented in Section 2, as discussed in Section 5.

The relay satellites that currently support Mars missions face increasing challenges in routing and prioritization as the
number of Martian missions increases [26]. Furthermore, there is high demand for access to the DSN. Thus, access to the
orbiter and ability to “piggyback” data or send it directly to the DSN will be competitive. Due to orbital constraints, the
Mars Exploration Rovers (MER) communicated to the Mars Reconnaissance Orbiter (MRO)a for about eight minutes per
sol (transmitting about 8.5 MByte of data per pass). With 16 hours of daily access time, the MRO schedules approximately
10-11 hours of time at a data rate of 0.5-4 Mbps for a total data return of about 34 terabits/day [27]. In our optimal
solutions, the lander communicates to the MTG orbiter for a maximum of about 5% of the time, or 74 minutes per sol and
to the DSN for a maximum of about 20% of the time, or 4.9 hours per sol (4.8 hours per Earth day). This amount of access
to the orbiter and DSN may not be feasible given the constraints of these communication nodes. Conflict resolution in
scheduling is a huge concern for space networks such as the DSN and interplanetary missions, and is currently an active
area of research [12, 28, 29].

Communicating to the DSN is also very challenging due to the very low feasible data rates (see Figure 3) and the long
transmission times (ranging from approximately 3 to 20 minutes depending on the distance between Mars and Earth). This
can cause difficulty in sending and acknowledging commands. Delay Tolerant Networking (DTN), a standard, secure,
store and forward mechanism for high latency has been proposed as a viable solution to this problem to provide a reliable
deep space link [26].

Opportunities to schedule and re-schedule events must also be considered in interplanetary communication since with
limited uplink opportunities, re-scheduling often may be difficult or impossible. Thus, planning for a long-term planning
horizon may be necessary, which is possible with the optimization formulation presented in this paper, however larger
problems will require an increase in computational effort.

There is also the financial cost and logistical limitations associated with using either the relay through the ExoMars
TGO and the DSN. Acquiring time on the DSN requires special authorization and the financial Apeture Cost is dependent
on the antenna type, communication requirements, total required number of contacts, and type of required support [30].

aThe ExoMars TGO will be the successor to the MRO, thus it is used here for the sake of comparison.
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Figure 5: Properties of optimal solutions for dynamic communication with different receive antenna gains for Phobos
lander communicating to the DSN for a 48 hour planning horizon.

4.4. Exploration of the Design Space

Next we perform a preliminary exploration of the design space by investigating the sensitivity of the performance
metric, the amount of data downloaded, to problem parameters. The goal is to assess if this type of mission would be
feasible and how the performance metric varies when applied to other interplanetary targets or different mission scenarios.

Figure 6 shows the optimal results when the communication optimization problem is applied to diverse targets with
the solar properties in Table 4. This is a simple scaling of the energy collected when in the sun, assuming constant eclipse
durations, which is reasonable if the lander was on the surface of any of these planetary bodies, spending about half the
time in the sun and half the time in eclipse. Since this simulation is performed early in the mission, the short-term Martian
effects on eclipse (see Figure 1a) are not present. Plants in the solar system further away than Mars are not feasible for
this type of mission

Table 4: Phobos lander solar radiation properties on different planets assuming surface area A = 0.06m2.

Planet Units Mercury Venus Earth Mars
Average Solar Radiation W/m2 10,359 2,611.5 1,367 603.5

Collected Power W 161.6004 40.74 21.33 9.41
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Figure 6: Optimal downloaded data with variable collected power representative of different planets for communication
between Phobos lander and the ExoMars TGO for a 48 hour planning horizon.



5. CONCLUSION AND EXTENSIONS
This paper has addressed the need for an analytic, generic modeling and optimization framework for operational

planning and communication of space vehicles with applicability to interplanetary small satellite missions. A foundational
model has been presented that couples key operational decisions- such as how and when to perform payload operations
and download to available communication nodes, and considers realistic dynamics, opportunities, and constraints. The
formulation incorporates a dynamic link budget to take into account the highly variable nature of space communication
links, which is particularly critical for interplanetary missions. The framework has been applied to assess and optimize
an example interplanetary mission with two diverse communication architectures using both dynamic and constant data
rates.

Key properties of the solutions have been highlighted, which we expect are representative of a wide range of interplan-
etary applications. The advantages of dynamic link budgets has been demonstrated, where nearly double the data returns
can be achieved relative to constant rate communication links. Proximity communication outperforms long-distance com-
munication by several orders of magnitude and is the preferred solution for communication for a lander in the Martian
system. Key challenges and constraints of interplanetary communication using either communication architecture have
been discussed and the sensitivity of solutions to key problem parameters investigated.

The framework presented in this paper can be used for vehicle and network design coupled with operational planning.
For example, the feasibility of a given vehicle and network design may be verified or possible design options may be
compared using this model-based approach in this paper. For example, the solar panels may be sized using a power
sensitivity analysis, similar to the analysis comparing different planets. This has distinct advantages over conventional
trade-space approaches to design since it optimizes each design option for accurate comparison.

There are several ways to extend the work presented in this paper. Longer-duration test scenarios should be optimized,
which may present computational challenges By recognizing periods over which the dynamics and opportunities are
periodic, for example, see the period trend in the eclipse durations in Figure 1a, we may be able to reduce the problem
smaller and thus make it easier to solve. Realistic constraints on the opportunities to communicate with the Mars TGM
orbiter and the DSN should be considered, and in particular conflicts with other missions taken into account. This can
be accomplished with the analytic formulation in this paper in two ways. The modeling architecture may be extended
to communication networks with multiple transmitting and receiving communication nodes such that all constraints are
modeled. Alternatively, the opportunities for communication may be constrained in the optimization formulation based
on knowledge on the windows of opportunity. Finally, realistic communication efficiencies should be considered as
the current paper simply assumes a best-case scenario with perfect communication efficiency. Based on our experience
with LEO satellites, this efficiency tends to have deterministic and stochastic factors, which must be characterized for
interplanetary communication.
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