
 

Analysis of Potential for Venus-Bound CubeSat Scientific Investigations  1 

Analysis of Potential for Venus-Bound CubeSat Scientific Investigations 

David Evinshteyn(1), Michael Rinehart(1), Benjamin Coons(1), Colton Smith(1), Sebastian Carta(1), Michael Buoni(1), 

Colin Driscoll(2), Dr. A. Yousuff(1) 

(1) Drexel Space Systems Laboratory, Drexel University, Philadelphia, PA, USA 

(2) a.i. solutions, Inc., Lanham, Maryland, USA 

(Received 31st March 2018) 

In recent years, multiple scientific phenomena have been discovered at Venus which have led to the formation of new 

questions and theories and the requirement for further investigation. After the rejection of the VERITAS, DAVINCI, 

and VOX mission proposals, it has become clear that lower budget and lower resource solutions are necessary to 

compete with deep space mission launch schedules. This paper investigates the use of a CubeSat as an interplanetary 

spacecraft to conduct investigations in Venus lower atmosphere behavior and ionosphere structure. The instrument suite 

would be capable of testing prevalent theories and producing valuable scientific analyses. With a total mass of 24 kg, the 

proposed system could deploy as a secondary payload for any launch going as low as LEO and achieve Venus orbit 

independently. Analysis of potential is performed based off findings and parameters from the Drexel Space Systems 

Laboratory TUCAN interplanetary satellite design and FreeFlyer astrodynamics simulations with support from the 

Pennsylvania Space Grant Consortium.  
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Nomenclature 

M :   mass 

V :   velocity 

Isp :   specific impulse 

SMA :   semi-major axis 

RAAN :   right ascension of ascending node 

INC :   inclination 

AoP :   argument of periapsis 

θ :   true anomaly 

VNB :   velocity-normal-binormal 

 

1. Introduction 

  For every mission sent to Venus, new questions about 

the neighboring planet are sent back. The Drexel Space 

Systems Laboratory team, in collaboration with a.i. 

solutions, Inc. has been developing the Twelve Unit 

Cubesat Astronautical Navigator (TUCAN) design as an 

independent CubeSat mission to Venus. The satellite 

would be deployable in Earth orbit and capable of 

interplanetary navigation and scientific investigation in 

the hopes of answering some of these questions. By 

propelling itself through interplanetary space and 

decelerating enough for orbital capture TUCAN would 

have dramatically lower mission cost and logistical 

complexity when compared to standard deep space 

satellites or “mothership” delivery vehicles. This analysis 

examines the feasibility of returning valuable scientific 

data from Venus under the limits of modern CubeSat 

restrictions and capabilities and via the TUCAN 

platform. 

 

Figure 1. The Twelve Unit Cubesat Astronautical Navigator 

2. CubeSat Transit to Venus 

 An interplanetary mission starting from Earth involves 

three phases; Earth escape, interplanetary transit, and 

planetary capture. To maintain low fuel mass to payload 

mass ratios aboard the CubeSat, high specific impulse 

systems such as ion engines are imperative. The low 

thrust nature of these demands thorough trajectory 

analysis and unique simulation methodology. Of 

available options, gridded ion thrusters have been proven 

to be most reliable and demonstrate sufficient 

efficiency(1). These thrusters are normally intended for 

orbital maintenance or short maneuvers, so a 

configuration of two working in parallel is required to 

reach minimum useful acceleration and reduce load on 

each thruster. This results in an engine with 2.2 mN 

thrust and 3500 s Isp, with an Iodine fuel tank (4940 

kg/m^3 density) feeding it. 

 The maneuvers required for this mission are determined 

by initial orbit parameters and launch window. The Earth 

escape phase is the simplest, requiring a continuous 
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prograde burn until escape is achieved. The 

interplanetary phase is the most nonlinear, requiring 

maneuvers to alter each of the orbital elements to achieve 

the desired Venus rendezvous, set to just within its 

sphere of influence. The final phase involves a complex 

retrograde burn set to achieve the targeted Venus orbit at 

desired inclinations and eccentricity.  

2.1. Trajectory Analysis and Optimization 

  Due to the number of variables in low-thrust, finite burn 

modeling, it is infeasible to optimize the complete 

trajectory of a small object with small acceleration across 

large distances with subtle gravitational influences. An 

alternative approach was developed on the basis of  J. 

Sims' match-point method(2) by splitting each phase into 

segments of equal timespan and simulating a single 

impulsive thrust and mass loss at the midpoint of each 

section. With the given engine parameters, burning at 

full efficiency for one day would be equivalent to a 9.51 

m/s impulsive burn ΔV, and 5.54 g ΔM.  

  An initial Earth orbit is selected at 2000 km altitude to 

remain under the payload delivery ceiling of most LEO 

launch vehicles. Using FreeFlyer's flight simulation 

capabilities, iterative calculations for escaping Earth's 

orbit are used to determine optimal INC, RAAN, and θ 

for any given initial epoch. Using the target orbit 

parameters of the interplanetary phase, the initial state 

vector is iterated as a variable for the Earth escape orbit 

to minimize ΔV needed to make the RAAN and INC 

changes necessary for achieving the calculated 

interplanetary orbit. 

  The Venus capture phase is then determined 

regressively. A stable orbit optimal for scientific 

investigations is targeted such that the pericytherion is 

near 9,000 km (~3,000 km altitude), the eccentricity is 

less than 0.1, and the inclination is within 3° of polar. 

Using a heliocentric coordinate frame, orbit parameters 

calculated for epochs spanning one year are used to 

obtain the target elements for the interplanetary phase, 

ending with a rough heliocentric orbit with slight 

variance in timing and position.  

 
Figure 2. Projected flight path of TUCAN during the interplanetary 

transfer phase. CubeSat trajectory is displayed in red.  

  This heliocentric target orbit changes depending upon 

both epoch and θ of the Venus-centered initial orbit. 

Once the optimal launch window is selected and the 

earth escape trajectory is calculated, the impulsive burn 

estimation trajectory is used as a foundation to the true 

flight path. At each segment, so long as the Keplerian 

elements are within the ranges of the successful capture 

burn initialization and it is confirmed that the trajectory 

will reach Venus’ sphere of influence, the trajectory can 

continue on to the next segment. Once each segment is 

confirmed and the capture parameters are achieved, the 

entire trajectory can be remodeled using finite burns. 

Keplerian Range 

SMA 0.69 - 0.76 AU 

ECC 0.028 - 0.051 

RAAN 6.6 - 9.4 deg 

AoP 144.5 - 181 deg 

INC 23.9 - 25.0 deg 

Table 1. Initial heliocentric orbit ranges that, when burned 

retrograde in Venus-centric VNB frame, achieved desired science 

orbit 

  To achieve the Venus capture trajectory and the above 

heliocentric ranges, conditional engine burns are 

modeled to maintain near-circular orbit. Burns are 

continuous while the eccentricity is less than 0.1, and 

then are restricted to pericytherion whenever eccentricity 

exceeds that value. Depending on the initial eccentricity 

and node line, inclination maintenance maneuvers are 

also implemented at this stage.   

2.2. Final Orbit Costs and Parameters 

  Final optimizations yield a requisite wet mass to dry 

mass ratio of approximately 12:7, meaning 10kg of the 

24kg mass limit of 12U CubeSats must be designated to 

propellant, with allowances made for course correction 

and fly-wheel desaturation expenditures. Table 1 below 

shows the calculated time and ΔM for each phase of the 

mission, beginning from LEO with 10 kg fuel, leaving 14 

kg for structure, equipment, and scientific payload.  

 

Phase Est. Time (days) ΔM (kg) 

Earth escape 700 3.875 

Interplanetary 800 3.120 

Venus capture 550 2.30 

Remaining fuel 0.705 

Table 2. Estimated time and mass expenditure for each of the three 

phases of the mission 
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  This leaves 0.7 kg fuel for orbit maintenance for the 

remainder of the mission and allows for alteration to 

orbital parameters if desired. With solar radiation 

pressure and atmospheric drag effects considered, the 

selected orbit is projected to be stable for more than a 

decade.  

 
Figure 3. Final orbit of TUCAN, 88° inclination and 2,943 km 

altitude at closest approach with 0.1 eccentricity  

3. Scientific Mission 

  Among the outstanding mysteries surrounding Venus is 

the phenomenon of super-rotation, in which the 

atmosphere of Venus rotates approximately 60 times 

faster than the planet itself. The mechanism driving 

super-rotation is still unknown, and simulations have 

failed to replicate the global super-rotation seen on the 

planet, however there are many leading theories as to 

why it happens. These theories require additional data 

about the temperature and interactions in the lowest part 

of the planet’s atmosphere, namely the troposphere. 

Previous missions have attempted to observe and collect 

data in this area, most notably the JAXA Akatsuki 

spacecraft and the ESA Venus Express (VEx). Akatsuki 

did not return much usable data in this area due to 

instrument failure(3). VEx was a great success and 

returned a wealth of atmospheric data during it’s 

extended 9 year mission, however this data is 

concentrated mostly in the southern hemisphere and 

typically limited to the lower mesosphere and above(4). If 

the data in the thermosphere and lower mesosphere could 

be accurately collected over a large enough area, it could 

greatly contribute to this area of research, as well as 

many others. 

  Additionally, the discovery and confirmation of hole 

anomalies in the ionosphere of Venus have been 

established by both Pioneer Venus Orbiter (PVO) and 

VEx missions, however the cause of said events are still 

undetermined. Currently, two theories have stood up to 

scrutiny and examination of data collected by previous 

missions. These are: The Interplanetary Magnetic Field 

(IMF) field lines do not interact with the ionosphere of 

Venus, and so pass through and into the planet until they 

reach the core and interact with its metallic structure(5); 

or that IMF Blanketing around the planet’s ionosphere 

creates a flow of plasma leading to a secondary magnetic 

pileup on the night side. This pile up of magnetic field 

lines increases magnetic pressure on the night side of 

Venus, potentially causing a portion of the ionosphere to 

be pushed out, thus leaving behind a hole phenomenon(5). 

3.1. Testable Hypotheses - Super-Rotation 

  Venus’s atmosphere is typically observed using Near-

Infrared/ Infrared spectroscopy. Different altitudes can 

be monitored using different wavelengths in the IR 

spectrum. IR spectroscopy can give insights on the 

atmospheric temperatures at a given altitude, and 

observing shadows cast by cloud tops at different 

wavelengths can give insights into the wind motions at 

that altitude. As stated by the Venus Exploration Analyst 

Group (VEXAG) in 2016 outlining NASA’s current 

goals and needs, “The interaction of the surface with the 

atmosphere is still poorly understood, partly because of 

the unexpected inability of all four Pioneer Venus probes 

to measure temperatures below 12 km altitude. 

Understanding the gradient of near-surface temperatures 

will inform us about the power of near-surface 

convection and the role that surface heating plays in 

energizing the atmosphere and powering the planet’s 

global super-rotation” (7).  

3.2. Requisite Instrumentation - Super-Rotation 

  In order to observe the infrared activity of the 

atmosphere at low altitudes, an instrument capable of 

reading IR wavelengths below 3 microns is required. If 

observing the night side of the planet, a wavelength 

range of 1 micron - 2.5 microns is needed to observe the 

altitude range 0 km - 20 km as well as surface thermal 

emissions. If observing the day side of the planet, that 

same wavelength range can observe the altitude range of 

approximately 50 km - 70 km(8). 

3.3. Testable Hypotheses - IMF Blanketing 

The TUCAN Cubesat would be capable of testing for 

evidence of ionospheric holes caused by IMF 

Blanketing, thus testing the main theory as the primary 

explanation of such phenomena. If the ionospheric holes 

are the result of IMF Blanketing, they should disappear 

during high intensity solar wind dynamic pressures. This 

could be observed by a consistent lack of holes during a 

weakened nightside ionosphere. When solar wind 

dynamic pressures exceed a certain value the nightside 

ionosphere of Venus appears to be absent(5). It has also 

been observed that when the solar wind velocities are 

above 485 m/s the nightside ionosphere becomes very 

weak and almost nonexistent(6). Given that one of the 

main factors in identifying a hole is the absence of 

localized plasma, detection under these conditions would 

have to be left to abrupt increases in magnetic force with 

strict guidelines as to be certain that they are consistent 

with other observations of 10 nT to 50 nT above relative 

area strength. 
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3.4. Requisite Instrumentation - IMF Blanketing 

 In order to observe the increase in ionosphere magnetic 

field strength characteristic of a hole boundary, a 

magnetometer with resolution finer than 10nT is 

required. It is of particular importance that the instrument 

be capable of accurately differentiating between 

ionosphere readings and background noise of the solar 

wind etc.  

 To test the IMF Blanketing hypothesis, an ion/neutral 

mass spectrometer must be utilized in order to observe 

changes in charged particle make-up and density within 

the ionosphere. The spectrometer would also serve to 

measure local solar wind dynamic pressure and act as a 

filter for ion noise affecting the magnetometer.  

4. Scientific Suite 

4.1. NIR Camera 

  The spectral range of the desired observation targets for 

super-rotation means an InGaAs detector is necessary. 

Due to the power and size restrictions of the CubeSat, an 

independently cooled or frequency modulating NIR 

spectrometer would be infeasible, and the mission will 

have to rely on standard devices. The Argus 1000 

Infrared Spectrometer, manufactured by Thoth 

Technology, Inc.(9) is a good candidate by size and image 

resolution. It operates in the 1000 nm to 1700 nm range 

with a 6 nm spectral resolution and uses a 256 element 

array. The Argus 1000 field of view would provide data 

from 15.7 km wide swaths as it orbits the planet.  

 The total system is 4.5 cm x 5.0 cm x 8.0 cm with a 

mass of 215 g, making it simple to be accommodated 

aboard TUCAN. As spacecraft vibration would impact 

image resolution and mapping accuracy, vibrationally 

isolated mounting is desired.   

4.2. Magnetometer 

  In order to conduct the necessary investigations into the 

ionospheric anomalies, the NSS Magnetometer, as 

developed by NewSpace Systems(10) and flown aboard 

several CubeSat missions, was selected. The instrument 

employs Anisotropic Magneto-Resistance techniques to 

achieve a resolution of 8 nT and sampling rates of 10 Hz. 

The entire system is contained within a 6.9 cm x 4.5 cm 

x 2.0 cm envelope, and totals 67 grams in mass. For 

improved readings, the magnetometer also requires 

vibrational isolation. 

  Data accumulated from the magnetometer would be 

compiled into a dynamic 3-dimensional map based on 

orbital position at time of sampling in order to better 

understand the nature of the ionospheric holes. Findings 

should be corroborated with ion spectrometer data to 

verify the potential relationship between the holes and 

concurrent solar wind activity, as well as any other 

ionosphere conditions. 

4.3. Ion Spectrometer 

  In order to examine the charged particles contained 

within Venus’ ionosphere, the ion and neutral mass 

spectrometer developed at the Heliophysics Science 

Division of the Goddard Space Flight Center (GSFC)(11) 

was selected. Previous applications of this instrument 

include the California Polytechnic State University’s 

ExoCube (CP 10) mission launched in January 2015 and 

the GSFC’s Dellingr mission launched in August 2017. 

 The spectrometer fits within a 1.5 U rack with a total 

volume of 832 cm3 (8 cm x 8 cm x 13 cm) and a total 

mass of 560 g. The mass spectrometer features a 

thermionic ionizer for neutral particles, an adjustable 

electronic gate pulse that serves as a mass filter, and 

offers gated time-of-flight measurements with a data 

sampling rate of 10 ms/frame. The instrument has a mass 

resolution M/dM of ~12, with mass dynamic range of 1 

amu - 40 amu.  

5. System Load and Outputs 

  One of the main concerns for CubeSat missions to the 

inner planets is the thermal load resultant from being so 

close to the Sun. Passive cooling becomes insufficient in 

polar orbits, and active cryocooling methods produce 

significant vibration on low mass spacecraft due to the 

action of the pumps. In order to preserve the function and 

resolution of selected equipment, the TUCAN design 

implements VERT Rotor’s conical rotary compressor(12). 

The device minimizes vibrations produced during the 

cooling cycle, and thus has negligible effect on the 

resolution of onboard detectors. With the selected 

instrument suite, the rotary compressor is capable of 

maintaining all CubeSat subsystems near their optimal 

operating temperature.  

  During flight, TUCAN produces from 200 W to 380 W 

of power based on distance from the Sun through its 

5,600 cm2 solar cell array. 150 W of this are designated 

to the continuous function of both thrusters during the 

long burn phases, with the rest going towards power 

conditioning, processing, attitude control, and cooling. In 

between burns, the communications system is powered 

to provide telemetry and receive mission program 

updates.  

  Once TUCAN achieves Venus orbit, the total power 

production of the solar panels reaches 360 W, operating 

under standard efficiency due to increased daytime 

temperatures resulting from Venus’ high albedo. To 

operate at peak performance, the NIR camera, 

magnetometer, and ion spectrometer require 1.4 W(9), 

0.55 W(10), and 1.6 W(11) respectively, consuming an 

almost negligible percentage of the supply. The main 

source of consistent power draw would then be the rotary 

cryocooler and power conditioning systems, totaling 

approximately 92 W(12)(13) at peak consumption. The 
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remaining power is routed to the communications system 

to maximize data rate.  

  Despite this, data sampling rates for the scientific 

instruments far exceed a CubeSat’s ability to transmit at 

interplanetary distances. Using the Deep Space Network 

ground stations, TUCAN would be capable of 

transmitting data at a frequency within 2.29 GHz and 2.3 

GHz(14). Using a bandwidth of 10 KHz within that 

frequency range, the Shannon-Hartley channel capacities 

for the parabolic dish antenna at 260W are calculated to 

be between 14.6 KB/s and 13.3 KB/s based on Venus 

and Earth relative distances. For this reason, a large 

amount of data storage will be designated for each 

instrument, with the collected data to be transmitted 

gradually. To accomplish this, the receiving antenna 

would require 43.2 dB of gain and a low-noise amplifier 

with 22 dB of gain(15) to keep the signal power well over 

the expected Nyquist noise floor somewhere in the range 

of -136.8 dBm and -133.7 dBm. 

6. Conclusion 

  This analysis proposes that it is possible for TUCAN to 

deliver itself to a near-circular, polar orbit around Venus. 

Based on previous mission data and current understandings, 

it is also possible for TUCAN to conduct relevant studies of 

Venus’ ionosphere and atmosphere to solve unanswered 

questions about their behavior. Using the equipment 

previously discussed, TUCAN could gain insight into the 

phenomenon of super-rotation through Near Infrared 

spectroscopy as well as determine the primary cause for 

ionospheric hole anomalies and transmit this data to Earth 

for analysis. With a mission timeframe of 5.6 years flight 

and >10 years operation, and a total mass of under 24kg, 

TUCAN demonstrates the capability of CubeSat class 

spacecraft to undertake deep space missions at much lower 

cost and risk than previously flown craft.  
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