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The Pharos mission to the near-Earth asteroid Apophis provides humankind with its first major 
opportunity to enhance the orbital state and scientific knowledge of the most threatening Earth-
crossing asteroid that has ever been tracked. 
 
The Pharos solution consists of a single 720 kg (380 kg dry mass) spacecraft which launches 
from Earth in mid-2013 to intercept Apophis in early 2014 and begin an approximately three-
year orbit determination and science mission.  Through the use of a Kalman filter, 3�  uncertainty 
in Apophis’ orbital state is reduced to less than 14 km in the largest dimension of the 2029 Earth 
B-plane footprint.  Additionally, science investigation at Apophis will uncover physical 
properties which are scientifically-important and critical to future deflection mission plans.  As 
part of the science investigation, Pharos employs four low-velocity impactor probes to assess 
asteroid compositional and other properties.  The total cost of Pharos is estimated at about $430 
million (FY07). 
 
BLASST Space Systems arrives at the Pharos solution through an extensive design space 
exploration and comprehensive downselection process which maximizes mission importance for 
minimum cost.  Potential minor, major, and catastrophic failure modes are also identified and 
analyzed to assist with engineering trades.  Program risk is managed by identifying critical 
schedule paths, blending heritage with new technologies, defining descope options, and retaining 
generous schedule, mass, and cost margins throughout the design process. 
 
Pharos was created by BLASST Space Systems for the second of two senior Space Systems 
Design courses at the Georgia Institute of Technology.  Of the five teams who completed 
projects, BLASST was chosen to represent the class in the Planetary Society Apophis Mission 
Design Competition.  The team consists of Jonathan Sharma (Program Manager), Jarret Lafleur 
(Lead Systems Engineer), Kreston Barron (Spacecraft Systems Engineer), Jonathan Townley 
(Mission Systems Engineer), Nilesh Shah (Orbit Determination Payload Specialist), and Jillian 
Apa (Science Payload Specialist). 
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The Pharos mission to the near-Earth 
asteroid Apophis provides humankind with 
its first major opportunity to enhance the 
orbital state and scientific knowledge of the 
most threatening Earth-crossing asteroid 
that has ever been tracked. 
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This proposal presents BLASST Space 
Systems’ design of Pharos, a mission to the 
asteroid Apophis which aims to accomplish 
concrete and feasible orbit determination and 
scientific objectives while achieving balance 
among mission cost, risk, and schedule.  
Named for the ancient lighthouse at 
Alexandria, Pharos acts as a beacon shedding 
light not only on the orbital state of Apophis, 
but also on physical properties which are 
important to science and critical to future 
asteroid deflection design efforts. 
 
Apophis was discovered in June 2004 and 
observed again in December of that year. 
Within a week the asteroid’s impact risk 
reached an unprecedented level of 4 on the 
Torino Scale for an impact on April 13, 2029. 
Since 2004, observations and analysis have 
eliminated the possibility of a 2029 impact, 
but the small probability (2.2×10-5) of a 2036 
impact still exists. Consequences of an impact 
would be regional-scale destruction.  An 
impact in the Gulf of Mexico, for example, 
could produce tsunami peak run-ups of over 
30 meters (98 feet). Infrastructure losses alone 
have been estimated at over $400 billion.  
 
Since 2004, Apophis and similar Earth-
crossing asteroids have continued to generate 
interest from organizations such as NASA, 
the United Nations, and advocacy groups such 
as the B612 Foundation.  In 2005, efforts by 

Steve Chesley and Jon Giorgini at NASA JPL 
characterized the specific impact risk and 
mitigation possibilities for Apophis. In 2006, 
a study led by JPL began appraising the 
potential for a human mission to an asteroid 
using elements from the Constellation 
architecture.  Additionally, in February 2007, 
headlines were made when former astronaut 
Rusty Schweickart updated the United 
Nations on plans for a blueprint on asteroid 
threat global response.   
 
Current work on Apophis focuses on accurate 
orbit determination, which is also the 
overriding goal of Pharos.  Table E.1-1 shows 
the large uncertainties that exist in the 
physical and orbital characteristics of 
Apophis.  While accurate knowledge of 
orbital characteristics is clearly the most 
critical in prediction of the asteroid’s 2036 
Earth pass, physical characteristics are also 
important due small body energy radiation 
effects (e.g., the Yarkovsky Effect). 
 
 
Table E.1-1. The prime impetus behind 
Pharos is the effect that current uncertainty in 
Apophis' physical and orbital characteristics 
have on 2036 Earth impact predictions. 
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In the context of NASA’s Solar System 
Exploration (SSE) Roadmap, the Pharos 
mission objectives in Table E.1-2 fall under 
three broad questions ranked by importance: 
 
SSE Roadmap Question 5:  What are the 
hazards and resources in the Solar System 
environment that will affect the extension of 
human presence in space? 

Pharos’ primary mission is the improvement 
of knowledge of Apophis’ orbital and 
physical characteristics, both of which are 
critical to orbit determination and prediction 
of the 2036 Earth pass.  As an Earth-crossing 
asteroid, Apophis is a hazard to human 
presence in space and on Earth.  Additionally, 
Pharos identifies mineral or organic resources 
of interest to human and robotic missions to 
asteroids in the future.  Of the eight objectives 
listed in Table E.1-2, seven are tied to this 
SSE Roadmap question. 
 
SSE Roadmap Question 1:  How did the 
Sun’s family of planets and minor bodies 
originate? 

Studying the composition, mass properties, 
coherence, and other geophysical properties 
of Apophis lends scientific insight into the 
origin of this asteroid and others like it.  
Apophis is of particular interest because of its 
classification as a Q-type asteroid, a type 
speculated to be abundant in the solar system, 
but of which few examples have been 
discovered.  Six of the eight objectives in 
Table E.1-2 are tied to this question. 
 
SSE Roadmap Question 3:  What are the 
characteristics of the Solar System that led to 
the origin of life? 

Part of Pharos’ payload is a spectrometer 
which allows for the analysis of the surface 
composition of Apophis for the presence of 
organic materials.  Furthermore, impactor 
probes allow Pharos to analyze subsurface 

composition.  One of the eight objectives in 
Table E.1-2 is tied to this question. 
 
As described later in this proposal, the 
objectives presented here are chosen based on 
a rigorous downselection process which 
couples mission objective selection with 
architecture selection to ensure a high 
scientific return for a minimum cost. Note 
that an assumption of a $500 million (FY07) 
maximum sponsor cost commitment is used, 
placing Pharos just above the $425 million 
cap for a NASA Discovery class mission and 
well under the $700 million limit for a NASA 
New Frontiers class mission. 
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Pharos builds on previous missions to 
asteroids and comets in the solar system.  An 
important difference between Pharos and 
previous missions, however, is that it serves 
as a navigational asset at Apophis such that 
precise orbit determination can be 
accomplished by 2017. 
 
With the trajectory of Apophis predicted to 
pass closer than geostationary orbit during the 
2029 Earth flyby, there is likelihood that 
perturbations could cause the asteroid to 
impact Earth on its subsequent 2036 flyby.  
Specifically, the 2029 passage of Apophis 
must not pass through a 610 m region denoted 
as the 2036 keyhole as seen in Figure E.1-2.  
If the keyhole is breached, the asteroid will hit 
Earth on its subsequent return in 2036.  By 
precise orbit determination techniques, 
Pharos’ primary mission objective is to 
specify the ±3�  error ellipse long dimension 
to within 14 km.  This corresponds to within 
10% confidence bounds that the true Apophis 
orbit will not hit the 2036 keyhole during its 
passage in 2029.  Precise orbit determination 
data is returned to the Pharos science team for 
analysis, completed before the 2017 deadline. 
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Table E.1-2.  Pharos’ goals emphasize measurements which contribute to NASA SSE Roadmap 
objectives and enhance knowledge of parameters key to future predictions of Apophis’ orbit. 
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Table E.1-3.  Each of the instruments carried aboard Pharos almost invariably serves a variety 
of functions while still allowing modest descope options. 
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Table E.1-4.  The Pharos mission reserves five descope options which reduce mission 
capabilities but still allow an acceptable cadre of science activities. 
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The precise orbit determination desired for 
Pharos requires a communications system on 
a spacecraft at Apophis. Via NASA’s Deep 
Space Network (DSN), the position and 
velocity of a spacecraft is determined using 
Tracking Data Type (TRK).  This involves 
two types of measurements, a ranging pulse 
determining position and the Doppler shift in 
the signal determining angular velocity.  The 
accuracy of position and velocity determined 
using the DSN results in 1 m and 1 mm/s 
uncertainties, respectively. 
 
Upon arrival at Apophis, Pharos begins 
conducting its orbit determination mission.  
Position and velocity measurements via the 
DSN at periodic intervals throughout the 
mission will be processed by use of a Kalman 
filter.  The recursive nature of the Kalman 
filter is the means by which the new orbit data 
and its uncertainties, or covariance, will be 
incorporated with previous observational data 
collected by NASA JPL, and is used to 
predict Apophis’ future state during its 2029 
flyby. 
 
In order to determine the appropriate 
frequency of DSN ranging measurements 

during the course of the Pharos mission, 
BLASST Space Systems constructed a 
Kalman filter simulation which operates as 
described below: 
 
Pharos’ communication of its orbital state 
upon arrival in 2014 demonstrates Apophis’ 
nominal trajectory (position, velocity, and 
covariance).  The Kalman filter processes 
Apophis’ nominal trajectory, and determines 
its state forward in time, at a predetermined 
interval, using an orbit propagation tool.  The 
true trajectory of Apophis is also processed 
similar to the nominal; however, the true 
incorporates covariance in the state and its 
measurements in the form of noise.  
Measurement noise is calculated from the 
state, which includes the true range of 
Apophis, its celestial longitude, and its 
celestial latitude, each with its respective 
random noise. 
 
To determine the covariance forward in time, 
a state transition matrix is constructed using 
the previously known state, and an 
observation sensitivity matrix is constructed 
using the determined measurements.  The 
observation sensitivity matrix relates the 
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errors in the state to the errors in the 
measurements.  The Kalman filter then 
processes these matrices and compute a 
Kalman gain, a minimum error estimator.  As 
the covariance grows from one processed 
observation to the next, the error is minimized 
through the computation of the Kalman gain.  
As the number of observations is increased, a 
best estimated trajectory is computed for 
Apophis, with minimum state and 
measurement error, and is processed from the 
time of arrival in 2014 until its EOL in 
December 2016.  In order to meet the orbit 
determination requirements, the best 
estimated trajectory and covariance from the 
EOL of Pharos are propagated, via a state 
transition matrix, until the Apophis’ flyby in 
2029. 
 
Pharos takes 73 measurements over 146 
weeks to demonstrate the reduction of the ±3�  
error ellipse long dimension to 2 km.  This is 
well under the 14 km requirement.  
Furthermore, Pharos doubles the amount of 
measurements to 146 (once a week) from 
operational considerations (uplinks and 
downlinks). 
 
As Apophis crosses Earth’s sphere of 
influence during its 2029 passage, its best 
estimated trajectory and covariance is 
projected onto Earth’s B-plane.  The Earth B-
plane is a plane through the center of the 
Earth and perpendicular to the incoming 
velocity vector of the trajectory.  An error 
ellipse is plotted around the best estimated 
trajectory on the B-plane by determining the 
semi-major axis from the eigenvalues of the 
covariance, and rotating the ellipse as 
determined by its eigenvectors. 
 
Analysis of the best estimated Apophis 
trajectory via 15-body solar system orbit 
propagation and Kalman filtering indicates, as 
shown in Figure E.1-1, demonstrates that a 
weekly DSN ranging plan results in the error 

ellipse being nowhere near breaching the 
2036 keyhole.  The ±3�  error ellipse is shown 
in comparison to the 2036 keyhole in Figure 
E.1-3. 
 

 
Figure E.1-2.  The keyhole (lower left) and 
the propagated error ellipse (upper right) are 
both projected on Earth’s B-plane. 
 

 
Figure E.1-3.  Comparison between the 2036 
keyhole (red circle) and the ±3�  error ellipse 
(blue ellipse) demonstrates Kalman filter 
measurement incorporation. 
 
Also included in the category of precise orbit 
determination are physical characteristics of 
Apophis such as composition and mass 
properties.  The combination of state vector, 
rotation rate, composition, and mass 
properties all allow for the analysis of the 
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Yarkovsky Effect.  The rotating body absorbs 
heat during its daytime and re-radiates the 
heat in a direction during its nighttime.  This 
re-radiation of energy causes uncertainties in 
the state vector and therefore trajectory 
predictions. Increased knowledge of the 
Yarkovsky Effect during the mission duration 
can is incorporated into the Kalman filter via 
addition of noise into the state vector of 
Apophis.  As the mission progresses, an 
improved characterization of the Yarkovsky 
effect results in greater accuracy in state 
vector orbit propagation and covariance 
determination throughout the Pharos mission 
as well as other asteroid missions in the near 
future. 
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BLASST mitigates uncertainty in mission 
cost, schedule, mass, and power by grounding 
the Pharos proposal in heritage technologies, 
applying generous budget margins, and 
utilizing science instruments which each 
fulfill several objectives, as seen in Table E.1-
3. In the event that these efforts are 
insufficient, five descope options are defined 
to reduce mission capabilities but still allow 
an acceptable cadre of science activities. 
 
Table E.1-4 details these descope options, 
including launch mass, power, and cost 
savings if the options are implemented prior 
to the beginning of Phase C.  The ultimate 
deadline for each decision is also listed, as are 
associated impacts on the science mission. 
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The high-TRL heritage instruments to be 
flown on this mission complement Pharos’ 
orbit determination mission by providing 
for valuable science. The suite, previously 
flown on the NEAR-Shoemaker mission, is 
composed of a Multi-Spectral Imager (MSI), 

a NEAR Infrared Spectrometer (NIS), a 
NEAR Laser Rangefinder (NLR), and a 
magnetometer. A summary of the instruments 
is in Table E.2-1. 
 
Table E.2-1. The heritage instruments on 
Pharos utilize both low cost and low power to 
optimize the science return. 
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Multi-Spectral Imager 
The MSI, used to create a detailed profile of 
the asteroid, is chosen for its high resolution, 
low mass and demonstrated reliability on the 
NEAR-Shoemaker mission. Also, since it is a 
heritage device, no further development is 
needed to fit the needs of this mission. The 
camera has a field of view of 405 m × 545 m 
and a resolution of 1 m from Pharos’ 1000 m 
distance and a resolution of 9.6 × 16.2 km. It 
consists of a five-element refractive telescope 
with Si CCD sensitive to the wavelength 
range of 400-1100 nm. From these images, 
knowledge can be obtained about shape, size, 
terrain, and composition. 
 
This imager will be located under the 
spacecraft main bus pointed in the negative z 
direction due to pointing and thermal 
considerations. The camera, although 
survivable at higher temperatures is most 
effective at lower temperatures. Due to this 
reason, it is located in the shade where only 
passive thermal control is needed.  
 
NEAR Infrared Spectrometer 
A complete composition analysis is 
performed by the NIS with little risk 
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involved. This instrument works along with 
the MSI to create a complete map of the 
asteroid’s composition mapping the 
composition and abundance of the major 
minerals of the asteroid. The resolution of the 
NIS is 30 m and the field of view is 405 × 545 
m from 1000 m. This device measures the 
light reflected from the asteroid and compares 
it to germanium (Ge) and indium-gallium 
arsenide (InGaAs). From this comparison, 
composition can be determined.  
 
The NIS will be mounted under the spacecraft 
main bus in the negative z direction for 
thermal reasons. Due to the temperature 
restrictions of the Ge and InGaAs, those 
sensors must be kept at -30°C and -40°C 
respectively. The optics must also be kept 
between -10°C and -15°C to maintain 
performance. The thermal environment is 
controlled within the instrument itself using 
radiators and thermal isolators while heaters 
are used to keep temperatures regulated for 
cruise. 
 
NEAR Laser Rangefinder 
The NLR is capable of determining small 
altitude variations on the asteroid to help 
establish both orbit determination and asteroid 
shape.  A pulsed neodymium–yttrium–
aluminum–garnet (Nd-YAG) laser is used to 
determine the distance from the spacecraft to 
the asteroid and develop a detailed 
topological map of the asteroid. The rotation 
rate and state vector relative to the spacecraft 
is determined by tracking chosen points.  The 
system has an overall accuracy of 1 m from 
1000 m away. The NLR employs continuous 
in flight calibration throughout the mission to 
ensure accuracy.  
 
The NLR is located under the spacecraft main 
bus pointing in the negative z direction. Due 
to the materials of the laser, the thermal 
environment must be closely controlled. For 
this reason, heaters and heat sinks are 

employed to regulate the temperature within 
the instrument. 
 
Magnetometer 
A model of the magnetic field around 
Apophis is determined using a heritage 
magnetometer capable of mapping the 
magnetic field to the accuracy to 1 nT. The 
low mass, low cost magnetometer allows for 
accurate science with little schedule risk.  
 
The magnetometer is located on the feed array 
on the main parabolic high-gain antenna 
(HGA) in order to prevent interference from 
the other instruments onboard the spacecraft.  
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The Ballistic Unit and Operational 
Impactor (BUOI) probes allow for a more 
detailed look at the surface and internal 
characteristics of the asteroid Apophis.  
 
Onboard the Pharos main craft, there are four 
individual BUOI probes each equipped with 
accelerometers and temperature sensors. The 
probes, propelled by a thruster, impact the 
surface of the asteroid at 100 m/s while the 
main spacecraft records the effects and ejecta. 
The probes are launched near each other to 
determine the seismic activity created by the 
impact of the subsequent probes. Landing 
location are determined based on site 
conditions. This information aids the 
determination of the internal structure of the 
asteroid which may prove essential to future 
mitigation. Each probe weighs 7 kg including 
a cold gas thruster to propel the probe. To 
operate, 2.5 W of power are required, and 0.1 
W are required during hibernation.  

 
Structure 
The BUOI Probe structure is modeled after 
the 1999 DS2 Mars Microprobes. It can be 
broken down into three parts, the forebody, 
the aftbody, and a structural shell. The 
structural shell can be used to lessen the 
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effects of the impact as well as providing a 
mounting structure for spin up mechanism.  
 
Propulsion 
A reliable cold gas thruster will be used to 
propel the probes into the asteroid up to 100 
m/s. A nitrogen cold gas thruster was chosen 
to create the velocity needed to impact the 
probes into the asteroid. Nitrogen was chosen 
since it is known that it is not present on 
Apophis. This fact is essential in obtaining 
proper composition analysis of the probe’s 
ejecta.  
 
ADCS 
Spin stabilization of the probes after 
detachment from the main spacecraft will 
ensure an accurate trajectory. The probes are 
pointed using the main spacecraft and then 
spin stabilized to a rate of 5 radians per 
second to ensure pointing. The stabilization is 

created by two nitrogen cold gas thrusters on 
either side acting as spinners. 
 
Power  
The BUOI Probes use reliable battery 
technology to increase their lifetime and 
therefore increase their value. The power is 
provided by primary Lithium thionyl-chloride 
(Li-SOCl2) batteries. These batteries have 
been extensively tested on the DS2 mission 
and therefore cost less than they would be 
without testing. In addition, they provide 
more than adequate power for the entire 
mission lifetime.   
 
A subsystem power breakdown can be seen in 
Table E.2-2.  Since power constraints are less 
than those of the DS2, a similar battery 
package is chosen for the BUOI probes. This 
includes two sets of four cells each. With all 
systems constantly operational, the probe will 
last 45 hours. 

 
. 
Figure E.2-1. The structural integrity of the impactor shell protects the subsystems of the BUOI 
probe from the force of the impact with Apophis’ surface. 
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.Table E.2-2. BUOI Probe Power Breakdown 
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Telecommunications 
The telecommunications system previously 
flown on the DS2 mission, allows for 
minimum testing while retaining reliability. It 
uses an Ultra High Frequency band (UHF) to 
communicate with the main spacecraft. This 
data is then relayed to Earth via the Deep 
Space Network.  
 
Instrumentation 
The instrumentation chosen for the BUOI 
Probes relies on heritage sensors to provide 
valuable data of the asteroid’s surface and 
internal characteristics. The sensors include a 
temperature sensor as well as three different 
accelerometers. A mass and power 
breakdown of these systems can be seen in 
Table E.2-3. 
 
Temperature Sensors 
Temperature sensors located in the forebody 
are effectively used to determine the 
conductivity of the soil. The impact of the 
probes transfers heat into the asteroid soil. For 
the first 30 minutes after the impact, two 
sensors separated by 20 cm continuously 
measure the temperature. As the temperature 
returns to equilibrium, the soil conductivity is 
determined. This information is useful in the 
determination of composition, cohesion, and 
the Yarkovsky effect. 
 
 

Table E.2-3. The BUOI Probe 
instrumentation allows for low mass and 
power to increase efficiency 
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Descent Accelerometer 
A descent accelerometer is activated from the 
time of detachment to the time of impact. 
Located in the aftbody, this sensor helps to 
determine the final velocity from the cold gas 
thruster.  
 
Impact Accelerometer  
An impact accelerometer is useful in the 
determination of surface characteristics of the 
asteroid. From the descent accelerometer, the 
theoretical depth of impact is determined. The 
variation from this depth aids in the 
determination of surface characteristics such 
as composition and cohesion.  
 
Vibration Sensitive Accelerometer 
A highly sensitive accelerometer is used to 
measure the vibrations from nearby probe 
impacts. The sensor is located in the forebody 
in order to record the maximum effect of the 
ground displacement. The ADXL 213 is a 
compact, low power dual-axis device that is 
highly sensitive to both static and dynamic 
accelerations. Its high sensitivity allows it to 
be able to measure small vibrations created 
from impacting probes nearby. This data is 
very useful in the determination of the 
internal structure of the asteroid which is 
important especially if future mitigation that 
involves impacting, drilling, or surface 
operations are needed. 
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As indicated earlier by Table E.1-2, the 
Pharos concept places paramount importance 
on the determination of Apophis’ state vector 
via regular ranging communications with 
Earth.  However, the time between ranging 
communications provides an exceptional 
opportunity to use on-board science 
instruments to study characteristics of 
Apophis for scientific and, ultimately, 
deflection mission design purposes. 
 
Long-Term Operational Modes 
Pharos utilizes hover proximity operations 
modes at 1000 m and 500 m radii from the 
mass center of Apophis.  Hovering is 
baselined over orbiting in part due to 
uncertainty in the mass and mass distribution 
of Apophis.  Additionally, a hover baseline 
results in a conservative propellant estimate 
and protects for the option of achieving slow 
orbits (45-hour orbits at 1000 m distance or 
15-hour orbits at 500 m distance) with 
minimal (less than 0.10 m/s) RCS � V 
requirements.   
 
All on-board instruments are operable from 
both hover modes.  Spacecraft pointing during 
the operation of specific instruments is given 
in Table E.2-4. 
 
Table E.2-4.  Pharos' pointing requirements 
fall well within the capabilities of standard 
attitude control systems. 

"�����
���� &�	��	���)�*�	��
����3����4�

9�:1	 ��� 	

21+	 ����	

2'�	 ����	

�+1	 ��� 	

��?	 	

 
The schedule for transition between modes is 
shown in Figure E.2-2. After subsystem 
checkouts at Apophis, Pharos begins nominal 
MSI, NLR, NIS, and MAG operations at a 
distance of 1000 m.  This phase of proximity 

operations lasts for two and a half months and 
allows for complete optical and mineralogical 
mapping of half the surface. Promising BUOI 
impact sites are identified in the 1000 m 
phase and are examined in greater detail in 
the 500 m phase. Pharos launches its four 
BUOIs to these sites over a period of two 
weeks.  The probes remain operational for 
approximately one month.  One month after 
the beginning of the 500 m phase, Pharos 
enters a discretionary phase during which 
1000 m is the preferred hover distance with 
the 500 m hover radius used for real-time 
decisions on science investigations which 
could benefit from closer-range views. 
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Figure E.2-2.  The timing of the baseline 
science mission allows for flexibility as 
Apophis' unknowns are characterized. 
 
Daily and Weekly Activities 
Typical daily activities consist of the 
operation of each instrument as specified in 
Figure E.2-2.  Pharos is capable of 
conducting three total mappings of Apophis 
during its lifetime.  Other scientific results are 
defined in Table E.2-1.  Weekly downlink and 
command uplink periods last for three hours, 
during which orbit determination is also 
achieved.  With the DSN capable of 
determining the range and range-rate to 1 m 
and 1 mm/s, weekly tracking of the spacecraft 
is passed on to the Pharos science team. 
Current orbit determination strategy 
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encompasses pseudo-measurements and 
random noise in predicting the future best 
estimated trajectory of Apophis.  The 
covariance in the state is propagated forward 
in weekly intervals as the state of the asteroid 
changes.  The best estimated trajectory is 
updated weekly by the Pharos science team 
as subsequent tracking is performed. 
 
Scientific investigations at Apophis also allow 
for improved orbit determination in terms of 
the Yarkovsky Effect.  Utilizing this 
knowledge, Apophis’ state noise and 
covariance are reduced.  The propagation of 
the reduced state noise alters the best 
estimated trajectory of the asteroid.  By the 

end of 2016, the improved trajectory estimate 
increases confidence in the 2029 passage 
 
The only planned critical events after arrival 
at Apophis are BUOI probe launches and an 
End-of-Life (EOL) disposal landing on 
Apophis.  For each BUOI launch, continuous 
DSN coverage begins one hour prior to probe 
launch and ends one hour after impact.  For 
EOL disposal, continuous DSN coverage 
begins two hours prior to hover mode 
deactivation and ends three hours following 
landing.  Impact sites are determined by 
ground operators based on MSI and NLR 
mappings of Apophis. 

 

 
Figure E.2-3. A typical week of scientific investigation at Apophis requires only a three hour 
downlink with the DSN while still providing precise orbit determination. 
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To synthesize design requirements into a 
viable design, BLASST utilizes a rigorous 
systems engineering downselection process 
to ensure maximum mission importance 
for a minimum mission cost. 
 
The BLASST downselection method is 
summarized in Figure F.1-1.  The process 
begins with the definition of objectives and 
ends at the initiation of detailed design and 
subsystem trades.  Thus, the process starts 
with a global picture of the concept design 
space and intelligently narrows possibilities to 
the space surrounding a single point design.  
Key aspects are summarized below. 
 

Prioritization Matrices.  Objective 
prioritization is divided into program and 
mission levels.  The program level contains 
overriding programmatic objectives such as 
cost, risk, and schedule, while the mission 
level contains mission-specific objectives 
(e.g., science).  An Analytical Hierarchy 
Process (AHP) is used for prioritization. 
 
I2O Maps.  Next, four candidate 
architectures are defined:  An orbiter with 
and end-of-life disposal landing option, a 
lander only, an orbiter only, and a separate 
orbiter and lander.  For each candidate 
architecture, a Payload Instrument-to-
Objectives (I2O) map is created.  The I2O 
map is modeled in the form of a Quality 
Function Deployment (QFD), but differs in 
that it maps mission-level objectives to the 
ability of candidate payloads to fulfill each 
objective.  The bottom row of the I2O map 
indicates how important a given payload is 
to the defined mission.  Candidate payloads 
for Pharos include typical remote sensing 
and surface investigation instruments plus 
architectural options such as distributed 
probes and sample return systems.   

Cost and Importance Estimation.  Potential 
payloads from the I2O matrices are next 
assorted into thousands of cases for each of 
the candidate architectures (10,000 cases per 
candidate architecture are used for the 
Pharos evaluation).  For each individual 
case, which has a unique payload 
combination, mission importance is 
estimated as the sum of individual payloads’ 
importances.  Cost is estimated using a 
variety of first-order estimation tools, 
including a historical mass model, � V 
estimates, launch vehicle database, and cost 
estimation models. 
 
Pareto Plot and Final Downselection.  
After cost and importance estimates are 
complete, results are plotted in the 
importance vs. cost objective space to 
observe the trade via a Pareto front (see 
Figure F.1-2).  Several points are chosen 
along the front for further evaluation in the 
original program-level prioritization matrix 
and AHP.  The results of this final AHP 
determine the final concept. 

 
A distinguishing feature of this process is its 
inclusion of an automated evaluation of the 
cost and mission importance of thousands of 
possible payload choices.  The Pareto front 
shows that the final design is on the frontier 
of achievable mission importance-to-cost 
ratios.  A program-level AHP prioritization 
matrix evaluation follows selection to ensure 
consideration of non-cost and non-science 
factors.  
 
The original cost and mass estimates from the 
process are quite accurate.  Initial Pharos 
estimates yield a vehicle loaded mass of 706 
kg and program cost of $410 million (FY07 
dollars).  The selected architecture is an 
orbiter with an end-of-life disposal landing 
option, with the inclusion of four main 
instruments and four probes. 
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Figure F.1-1.  BLASST’s downselection method allowed a comprehensive first-order evaluation 

of the Pharos trade space for simultaneous selection of objectives and architecture. 
 
 
 

 
Figure F.1-2.  The selected Pharos design 
(the yellow star) falls squarely on the mission 
importance vs. cost Pareto front.  
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Cost-based constraints produce mission 
profile requirements for which spacecraft 
mass and program cost are significantly 
reduced.  These constraints are the main 
drivers of the launch window and mission 
timeline. 
 
Trade studies indicate that spacecraft mass 
and ultimately program cost are lowest when 
the relative speed upon arrival at Apophis is 
reduced, and not when it is possible to launch 
with the lowest C3.  From the results of these 
studies flow the requirements that the 
injection C3 shall not exceed 25 km2/s2 and 
that the � V required to completely stop at 
Apophis shall not exceed 1000 m/s.  
 
A � V budget for the main propulsion system 
is calculated in Table F.2-1 using data from 
the cruise and rendezvous mission phases 
which are shown in Figure F.2-1.  Details on 
these individual phases are discussed in the 
following subsections. 
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Table F.2-1. The small � V budget is a result 
of the 20 day launch window. 
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The launch phase of the mission profile 
occurs in a 20 day launch window during 
which the relative arrival velocity at Apophis 
is reduced, allowing for a lower spacecraft 
mass and program cost.  The time of flight 
associated with this launch window is 
between 233 and 309 days. 
 
The relevant information concerning the 
launch phase of Project Pharos is listed in 

Table F.2-2.  The target launch date is at the 
beginning of the launch window, on April 15, 
2013, and the corresponding target arrival 
date is on January 10, 2014. 
 
Table F.2-2. A high injection C3 is necessary 
to obtain the lowest possible arrival � V at 
Apophis. 
2������������ !$�3$� 	%	3$3$� 	

���	
��������� ��$�$� 	%	 $�!$�!	

"�+���	����?�3�
 <>� <4� ���!�	%	�3���	

���	
���1'�3�
>�4� ��*�	%	����	

 
The Delta II 7925H is the chosen launch 
vehicle for Pharos because it is equipped to 
provide the needed C3 for a direct injection 
into a hyperbolic, Earth-escape trajectory and 
costs less than the next best choice, the Atlas 
V launch vehicle. 

 
Figure F.2-1. The Pharos mission encompasses six major operational phases to accomplish its 
science and orbit determination goals before the end of 2016. 
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Seven days after leaving Earth’s gravitational 
influence, the spacecraft performs the first of 
four Trajectory Correction Maneuvers 
(TCMs), which requires 20 m/s of � V.  This 
number was calculated by a 78,000-case 
Monte Carlo simulation using the injection 
� V tolerance as the uncertainty.  Results of 
the Monte Carlo simulation are shown in 
Table F.2-3. 
 
Table F.2-3. Margin added to a 3� -
confidence estimate ensures that TCM-1 is 
adequate to keep Pharos on target. 
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The remaining TCMs are based on historical 
TCM profiles of asteroid missions.  Details of 
the entire TCM budget are shown in Table 
F.2-4 and a detailed TCM schedule is shown 
in Figure F.2-2. 
 
Table F.2-4. BLASST’s estimate of the TCM 
� V allows a high-accuracy approach to 
Pharos at a small cost. 
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The braking schedule of Pharos consists of 
three � V burns to remove the 690 - 1000 m/s 
of relative Apophis arrival velocity.  Cowell’s 
method is used to propagate the trajectory 
between each � V starting at a range of 150 
km from Apophis and ending 1 km from 
Apophis.  The second burn removes all but 
the final 1% of the velocity, and the third burn 
removes the residual velocity upon arrival at 
the 1000 m hover radius.  Details of the 

braking schedule are shown in Table F.2-5 
and Figure F.2-3. 
 

 
 
Figure F.2-2.  Four TCMs place Pharos on 
an accurate approach to Apophis. 
 
Table F.2-5. A slow arrival allows Pharos to 
come to a near stop in just under half an hour 
before it drifts to its operational distance. 
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The uncertainty of the mass estimate of 
Apophis varies by a factor of three, which is 
the reason for the long freefall period before 
Pharos is brought to a complete stop in the 
vicinity of 1000 m.  If the � V schedule took 
place when Pharos was closer to Apophis, 
Pharos would risk collision with Apophis 
instead of hovering near its surface.  Pharos’ 
stopping range will vary due to the 
uncertainty in Apophis’ mass as see in Table 
F.2-6.  
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Figure F.2-3. The timing of the � V burns 
allows for controlled and accurate placement 
of the Pharos spacecraft. 
 
Table F.2-6. The uncertainty of the mass 
estimate of Apophis has very little effect on 
the post-braking hover distance of Pharos. 
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A SIMULINK model of Pharos’ hover modes 
was run to determine the rate of fuel 
consumption at each of the hover radii.  The 
final � V for maintenance was attained by 
budgeting for spending 100 weeks of the 
discretionary phase at the 500 m radius.  A 
margin of 20 weeks is added in to account for 
uncertainty in the estimation of Apophis’ 
mass.  The results of the SIMULINK analysis 
are shown  in Table F.2-7. In this model, the 
mass of Apophis is assumed to be 2.1×1010 
kg.  The effect of uncertainty of Apophis’ 
mass would change the fuel consumption rate 
by almost a factor of three, affecting the 
amount of time Pharos would be able to spend 

at the 500 m radius during the discretionary 
phase. 
 
Table F.2-7. The low mass of Apophis makes 
it possible to complete the 1000 m and 500 m 
Phases for less than 4 kg of fuel. 
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Based on conservative Apophis gravity and 
solar perturbation estimates, Pharos requires 
460 m/s of � V to maintain its distance from 
Apophis over its lifetime. 
 
As a disposal strategy, Pharos descends to the 
surface of Apophis rather than remaining 
adrift.  Any fuel remaining in the RCS will be 
burned to slow the decent.  The dates during 
which these phases occur are shown in Table 
F.2-8. 
 
Table F.2-8. The short duration of the 1000 
m and 500 m phases allows for a long 
discretionary phase. 
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Gravity tractor effects on Apophis’ orbit due 
to the hovering nature of Pharos are assumed 
negligible for all proximity operations 
analyses because the thrust vector from 
Pharos’ main propulsion system is directed 
towards the center of Apophis and has a low 
likelihood of creating a large net momentum 
change in any one direction (as opposed to if 
thrust were vectored around the asteroid). 
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Pharos’ use of the DSN’s 34 m dish ensures 
communication downlinks, uplinks, and 
data flow to PDS, scientists, and engineers 
on Earth.  A low-gain antenna (LGA) is 
also used on Pharos for communication 
with the BUOIs. 
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Pharos utilizes NASA’s DSN in its 
communication with the Earth. The 
communications package sends and receives 
science and command data via the 34 m DSN 
dish.  At a maximum distance of 1.86 AU, 
Pharos requires a 4-hour track once a week 
for the 146-week mission duration.  At the 
specified distance, a maximum lag time of 16 
minutes is expected to transmit collected data 
to the DSN facility to be later processed by 
the Pharos science team. 
 
Pharos Orbiter Downlink 
The selected downlink Ka-band frequency of 
32 GHz provides for a low power requirement 
of 47.6 W into the high gain antenna (HGA).  
The 1.46 m HGA transmits data at a rate of 10 
kbps with a 10.6 dB Signal/Noise (S/N) ratio 
and a bit error rate (BER) of 10-5.  The HGA 
is mounted on a two-degree-of-freedom 
gimbaled platform to allow for continuous 
contact with Earth when necessary. 
 
For redundancy and reliability, a fanbeam 
medium gain antenna operating on the 32 
GHz Ka-band is included as a backup should 
communication with the HGA be disrupted.  
The auxiliary antenna requires 92.7 W of 
power to transmit 81.9 bps to the DSN, with a 
10.2 dB S/N ratio and a BER of 10-5.  There 
are also two additional low gain 
hemispherical antennas that can be used as 
backups.  
 

Data collected by the payload is stored until 
transfer to the DSN.  Data rates for each of 
the instruments were given in Figure E.2-3.  
For each weekly period of data transfer to the 
DSN, a total of four hours is required to 
transmit 13.5 MB of data at 10 kbps. 
 
BOUI Downlink 
The four BOUIs sent to the surface of 
Apophis monitor descent acceleration during 
their trips to the surface.  The probes also 
monitor impact vibrations caused by the 
remaining probes as they impact the surface 
of Apophis.  Data collected by the probes is 
transmitted via an LGA on a UHF frequency 
of 400 MHz.  A transmission rate of 8 kbps is 
more than sufficient to forward acceleration 
data to the orbiter.  The size of the probe data 
is insignificant in comparison to the other data 
sent to the DSN by the orbiter. 
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In the uplink phase of communication with 
the spacecraft, tracking data is sent via the 
DSN.  Tracking is necessary in the design of 
the Pharos mission in that by 2016, enough 
Apophis state knowledge must be obtained to 
determine the trajectory of the asteroid. 
 
The spacecraft’s position and velocity via 
range and the Doppler shift measurements are 
determined by the DSN.  Over the 146 week 
orbit determination phase of the mission, the 
Apophis state vector is measured weekly 
through telemetry tracking, allowing for 
reduction in the uncertainty by using a 
Kalman filter.  The predictions ultimately 
determine the passage of the asteroid in the 
2029 B-plane and its future trajectories. 
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At times of importance, the communications 
profile is upgraded from weekly contact to 
near constant contact.  Such important 
occurrences include launch, trajectory 
correction maneuvers, arrival at Apophis, and 
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BUOI deployment.  The communication is 
still accomplished via the DSN Ka-band 
frequency throughout the critical mission 
events. 
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Pharos’ utilization of momentum wheels 
and the AutoNav guidance and navigation 
system provide a prime foundation for 
achieving all mission objectives. 
 
��C���  ����	�	���

Disturbance perturbations felt at Apophis 
have a minimal effect on Pharos’ stability, 
and are well-handled by the use of four 
momentum wheels. With help from the 12 
Reaction Control System (RCS) thrusters and 
four momentum wheels, stability of the 
spacecraft within the pointing requirements 
shown in Table E.2-4 is easily maintained. 
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The challenge set before Pharos is to 
rendezvous with an asteroid with uncertain 
characteristics. To meet this challenge, 
Pharos employs the use of star trackers, sun 
sensors, optical cameras, and the AutoNav 
system for navigation. The AutoNav system 
continuously monitors the trajectory of the 
spacecraft to make necessary course 
corrections and ensure a precise rendezvous 
with the asteroid.  
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Pharos’ design and implementation using 
innovative science instruments gives a new 
edge in acquiring detailed information on 
Apophis. The spacecraft uses an efficient 
dual-mode bipropellant propulsion system 
and a state-of-the-art navigation system.   
 
Pharos is three-axis stabilized and uses 
nitrogen tetroxide/hydrazine (N2O4/N2H4) 
bipropellant for the two main engines, and 
monopropellant hydrazine (N2H4) for the 12 

RCS thrusters. Guidance is achieved using the 
recently developed AutoNav system, which 
uses star trackers, sun sensors, optical 
cameras, and thrusters to determine suitable 
attitude characteristics. Power is generated 
using UltraFlex 175 solar arrays that are more 
efficient than standard arrays, allowing a mass 
benefit. The craft utilizes a high-gain Ka-band 
parabolic antenna with feed array for 
communications.  
 
The spacecraft’s payload is comprised of 
eight science instruments. The fixed onboard 
science instruments consist of a Multispectral 
Imager (MSI), a Laser Rangefinder (NLR), a 
Magnetometer (MAG), and an Infrared-
Spectrometer (NIS). Four BUOI probes based 
from the DS2 probe configuration onboard 
the spacecraft are jettisoned from the 
spacecraft during proximity operations. The 
spacecraft makes use of an MSI for imaging 
and asteroid mapping. The 9.5kg MSI has a 
daily power usage of 8.3 W. The NLR 
optimal power consumption is 16.5 W, with a 
peak operating power of 20.7 W. The onboard 
1.5 kg MAG aids in measuring interplanetary 
magnetic fields in route to the asteroid and to 
determine the magnetic field at Apophis. The 
onboard NIS has a total mass of 15.2 kg, and 
a power allocation of 4.3 W for the 
spectrometer itself and 10.8 W for the 
spectrometer’s supporting instrument cluster. 
The spacecraft carries 4 BUOI probes that 
require no maintenance power while onboard 
 
The spacecraft will utilize a dual mode 
nitrogen tetroxide/hydrazine (N2O4/N2H4) 
bipropellant for the 2 main engines, and 
monopropellant hydrazine (N2H4) for the 12 
RCS thrusters. This allows for a low mass, 
cantered, two engine redundant system. The 
complexity of the complete propulsion system 
reduces since both main engine and RCS 
thrusters make use of the same 
monopropellant hydrazine propellant and 
pressurant tanks. Xenon ion engines were 
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considered as propulsion for this spacecraft, 
but use of this option reveals that this system 
raises the loaded mass of the spacecraft by 
15%, even with optimistic � V and power 
consumption assumptions. Trade studies also 
show the ion propulsion system increases the 
power consumption from the requirement of 5 
W to 600 W. The propulsion system tank 
configuration consists of 2 fuel tanks, 4 
helium-pressurant tanks, and 2 oxidizer tanks. 
Each main engine has a thrust value of 445 N, 
and an engine Isp of 330 s. With the use of 2 
main engines, the total main engine thrust is 
890 N, giving the system a reasonable thrust-
to-weight ratio of 0.14. Twelve RCS thrusters 
with a thrust of 29 N are used on the craft for 
attitude adjustments and stationkeeping. 
Trade studies performed for various 
propulsion systems show that this 
configuration decreased the overall mass of 
the spacecraft. Taking advantage of the fact 
that the main engine and the RCS thrusters 
make use of the same propellant also reduces 
design complexity and number of fuel tanks 
for the propulsion system. The stored mass in 
the fuel tank is 162.8 kg.  
 
The communication network for this 
spacecraft relies on NASA’s 32 GHz Ka-band 
Deep Space Network (DSN). To accomplish 
this, the spacecraft makes use of a 1.3 m , 8 
kg parabolic main antenna with a 
magnetometer relay  located on the feed 
array. The backup antenna is a low gain, quad 
helix antenna with a diameter of 0.1 m and an 
antenna efficiency of 60%.  
 
Stabilization for is achieved via use of a 3-
axis stabilization system. Navigation is 
achieved by using star sensors and sun 
sensors to map trajectories, with extra sensors 
for redundancy. The ADCS is also comprised 
of a state-of-the-art navigation system known 
as AutoNav. The AutoNav system makes use 
not only of the senors, star trackers, and 

momentum wheels, but the synchronization of 
cameras and thrusters to steer. 
 
Power is supplied to the spacecraft using a 
newly developed deployable solar array 
system, known as UltraFlex 175, capable of 
producing large amounts of power while also 
reducing spacecraft mass. UltraFlex 175 
provides 696 W of power and only has a total 
mass of 4.5 kg, saving almost 60 kg of loaded 
spacecraft mass with respect to other solar 
array options. Using UltraFlex 175, the solar 
array area is reduced compared to using 
traditional GaAs solar arrays. The spacecraft 
makes use of two primary and two secondary 
NiH2 batteries. Using NiH2 batteries reduces 
the spacecraft’s loaded mass by 50 kg with 
respect to NiCd batteries.  NiH2 batteries were 
shown to give a higher depth of discharge 
than NiCd. During trade studies, RTG-based 
power systems were considered but were not 
a good choice since these systems add about 
200 kg to the loaded mass of the spacecraft. 
Another drawback is that these RTG-based 
power systems are costly to implement since 
they are nuclear systems. The efficiency of 
UltraFlex 175 allows the solar arrays sizing to 
be 50% larger than needed, allowing for a 
large power redundancy, while still supplying 
a reduced spacecraft loaded mass benefit. 
 
The dual active and passive thermal system 
for the spacecraft utilizes a combination of 
Multilayer insulation (MLI) blankets, heat 
pipes, heaters, and electronics to control the 
active systems. The low-emittance films and 
low-conductivity layers protect the two 
propellant tanks, propellant lines, and other 
sensitive equipment.  
 
The launch adapter chosen is the Boeing 
3712A. The adapter is configured to be used 
onboard a Delta II 7925H launch vehicle and 
contributes 45.4 kg to the boosted mass. 
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Table F.6-1.  Even with generous contingency assumptions for mass and power, Pharos has a 27% boosted mass launch margin. 
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Figure F.6-1.  Computer-aided design tools provided a means for BLASST to verify feasibility of Pharos from a configurational 
standpoint.  Shown here are sample external, internal, launch configuration, and dimensioned views.
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The Pharos mission and spacecraft design 
team has integrated redundancy and 
reliability analysis and design decisions to 
ensure the greatest probability of mission 
success at a reasonable cost to NASA.  
Analyses include a Functional Hazard 
Assessment (FHA) of mission phases, 
reliability block diagrams (RBDs) to represent 
redundancies associated with the achievement 
of mission objectives, and trade studies to 
assess subsystem redundancy options. 
 
The FHA shown in Table F.7-1 identifies 
major failure modes at different stages of the 
Pharos mission.  A classification of 
“Catastrophic” is used to indicate a scenario 
leading to the destruction or loss of a 
functional vehicle.  The term “Major” is used 
to describe a scenario resulting in at least a 
partial loss of mission, and “Minor” entails 
functional degradation of spacecraft or 
mission performance.  “No Capability Effect” 
designates a scenario resulting in zero or 
negligible performance degradation.   
 
This FHA leads the design team to several 
subsystem design decisions to ensure mission 
success.  Highlights include: 

�  Inclusion of two main engines, each 
canted slightly to thrust through the 
vehicle center of mass and each capable of 
a fully-loaded thrust-to-weight of 0.07. 

�  Use of simple and reliable hypergolic 
propellants (N2O4 and N2H4), including 
common RCS and main fuels. 

�  Use of 50% redundant solar arrays, given 
the consequences of a solar array power 
failure.  UltraFlex 175’s advanced array 
technology allows a 63% array mass 
reduction, even with 50% redundancy. 

�  Inclusion of a small navigation camera 
within ADCS to allow redundancy for 
visual ranging to Apophis during 
approach and insertion phases. 

�  Inclusion of an auxiliary low and 
medium-gain antennas to allow 
emergency commanding in the event of a 
temporary main antenna failure.  Data 
rates are sufficient to maintain a minimum 
level of science from the NLR, NIS, 
MAG, and BUOIs in the event of a main 
antenna failure early in the mission. 

�  Coverage to ensure near-real-time support 
during critical mission events. 

 
Additionally, RBDs were constructed to track 
redundancy in the performance of objectives 
in Table D.2-1.  Key observations include: 

�  No single instrument failure will cause the 
loss of all eight mission objectives. 

�  No objective will completely fail as a 
result of a single instrument failure. 

�  Goals related to impactor probe 
performance are especially robust to 
failure since four probes are carried 
aboard Pharos.  The greatest concern for 
the probes, impact survival, is mitigated 
by the ability of probes to control � V 
imparted by the main thruster if previous 
launches fail. 

�  Given a functioning communications 
system, complete failure of state vector 
determination (Priority #1) will occur only 
if the NLR, MSI, BUOI probes, and 
navigation camera fail. 

�  Complete failure of the re-radiation 
dynamics objective will only occur if the 
BUOI probes, NLR, MSI, NIS, and 
navigation camera fail. 
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Table F.7-1.  This Functional Hazard Assessment (FHA) of the Pharos mission identifies the 
reliability considerations which factored into key vehicle and mission design decisions. 
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The use of heritage instruments allows for 
minimum testing while retaining maximum 
reliability. Since all instruments have been 
previously flown in similar conditions, they 
all possess high TRL levels (7). In addition, 
all instruments flew on the same flight and are 
designed to work together to create the most 
accurate results possible. This synergy 
increases the reliability and value of the data.  
 
The only changed factors within our system 
are the spacecraft itself and the asteroid. 
Testing must occur to determine the 
suitability of the current configuration. The 
NIS is already calibrated to find pyroxene and 
olivine, suspected to be the primary 
components of Apophis. Testing will need to 
ensure accuracy for these and other minerals. 
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Several cost estimating tools are used in 
Pharos.  Major costing is done in three stages: 
initial estimation, validation, and refinement.  
Costing of the spacecraft and mission 
operations is done with WeLCCM98.  
Developed by Georgia Institute of 
Technology’s Space Systems Design Lab, it 
estimates the life cycle cost for NASA 
Discovery type missions.  This provides the 
majority of costs.  The spacecraft costs are 
verified using parametric techniques outlined 
in Space Mission Analysis and Design based 
off historical small satellite data.  Mission 
operations cost data is verified using Johnson 
Space Center’s Mission Operations Cost 
Model which is based on historical NASA 
data.  Cost spreading is done by using either 
beta curves or averaging the FY07 cost over 
the time span. 
 

The documentation provided in NASA’s 
Mission Operations and Communications 
Services is used to determine the cost of using 
the DSN based off hours of usage.  These 
hours are derived from data rates and 
communication subsystem sizing. 
 

Phase C/D
49%

Phase E
16%

Launch
23%
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12%
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Phase B

Phase C/D
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Launch

 
Figure G.1-1. Costs are greatest during Phase 
C/D. 
 
Instruments are sized using the 
Spacecraft/Vehicle Level Cost Model 
(SVLCM).  SVLCM provides rough-order-of-
magnitude cost estimation of development 
and production costs.  The BUOIs utilize the 
production aspect of SVLCM and the 
historical analog cost of development of the 
Mars Microprobes they are based on. 
 
The costs seen in each phase and launch of 
Pharos are seen in Figure G.2-1.  During each 
phase, the budget reserve is 30%. 
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Pharos is a low cost mission well under the 
assumed $500 million (FY07) commitment 
limit.   The total mission cost is $429.5 
million (FY07).  This includes a 30% reserve 
of $75.7 million (FY07).  The cost is spread 
through the nine year mission timeline as seen 
in Figure G.2-1.  The full cost breakdowns are 
seen in Table G.2-1 and Table G.2-2. 
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Figure G.2-1. By utilizing rollover available from previous years, Pharos manages to stay on 
budget while going over the allotted cost cap. 
 
 
 
Table G.2-1.  The Pharos program phase summary illustrates the spread of cost through each 
phase of development.  Note that the NASA phase nomenclature (Phases A-E) is used. 
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Table G.2-2.  Detailed cost breakdowns were developed by BLASST to verify the financial feasibility of Pharos. 
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While BLASST Space Systems classifies 
Pharos as a low-risk mission, its design and 
implementation plan includes several risk-
mitigating programmatic and management 
features.  Pharos is designed with generous 
margins and contingencies on schedule, cost, 
power, and mass.  Substantial use of heritage 
instruments from previous exploration 
missions reduces the already-small likelihood 
that these margins will be breached. 
 
Additionally, BLASST will designate a safety 
and mission assurance (S&MA) manager and 
an S&MA team upon entrance into Phase B to 
oversee risk management through end of life.  
This team coordinates closely with the NASA 
Headquarters Office of Safety and Mission 
Assurance (OSMA) to ensure adherence to 
standard NASA risk guidelines.  A 
Probabilistic Risk Assessment (PRA) for this 
mission is not required. 
 
.���  ���-���	�����#��	

Pharos is completed with generous margins as 
seen in Figure H.2-1.  The critical path in red 
follows the mission definition through a 
portion of preliminary design.  Development 
of the BUOIs begins in Phase B because they 
require over two years of development time 
and are a key factor in Pharos.  The schedule 
is flexible by allowing margins along all 
paths.  These margins depend on the overall 
time spent on each item.  The critical schedule 
margin amounts to almost one year. 
 
The phase lengths are determined based off 
notional program requirements and historical 
models where applicable.  Step-1 proposals 
are due by April 25, 2007.  The Phase A 
Concept Study Report is due in October 2008.  
Phase C/D lasts no longer then 52 weeks.  

There are no limits on Phase B or E.  
December 31, 2016 is the date of mission 
completion. 
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BLASST Space Systems is an undergraduate 
team from Georgia Institute of Technology in 
Atlanta, Georgia.  This is a student led group 
under the guidance of two faculty members, 
Dr. Robert Braun and Dr. Joseph Saleh.  The 
point of contact for BLASST is Jonathan 
Sharma.  Any winning prize money is to be 
split equally among the six team members. 
 
The team representing BLASST Space 
Systems is in Figure H.3-1.  The 
responsibilities of each member are as 
follows: 
�  The Project Manager, Jonathan Sharma 

(jonathan.sharam@gatech.edu, 770-286-
2818), heads the organizational and 
presentation aspects of the team and acts 
as the functional team leader. 

�  The Lead Systems Engineer, Jarret 
Lafleur (jarret.m.lafleur@gatech.edu, 401-
474-1879), is primarily responsible for 
ensuring a systematic and comprehensive 
downselection process and for managing 
programmatic margins and integrating 
individual mass, power, and volume 
models into master vehicle models. 

�  The Lead Spacecraft Systems Engineer, 
Kreston Barron (gth780r@mail.gatech. 
edu, 229-402-1625), is responsible for 
subsystem design of individual subsystem 
mass, power, and volume models. 

�  The Lead Mission Systems Engineer, 
Jonathan Townley (gth629i@mail. 
gatech.edu, 770-715-2670), leads the 
implementation of orbital mission design, 
mission timelines, launch vehicle trades, 
and operations plan development. 

�  The Orbit Determination Payload 
Specialist, Nilesh Shah (gtnileshshah@ 
gmail.com, 678-429-9883), is responsible 
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for the investigation of Apophis orbital 
determination requirements and 
implementation. 

�  The Science Payload Specialist, Jillian 
Apa (gtg784q@mail.gatech.edu, 732-598-
1036), is responsible for the development 
of the requirements and implementation 
plan for the investigation of Apophis in 
terms of scientific objectives. 

 
 

Figure H.3-1. BLASST Space Systems 
consists of highly qualified individuals in 
their respective fields. 
 
 

Figure H.2-1. The BUOI probes involve the majority of the critical path (red) allotting for a high 
level of development in that area. 
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AAR ATLO Readiness Review 
ADCS Attitude Determination and 

Control System 
AHP Analytical Hierarchy Process  
AI Artificial Intelligence 
AMC Advanced Microcontroller 
ATLO Assembly, Test and Launch 

Operations 
AU Astronomical Unit 
  
BER Bit Error Rate 
bps bits per second 
BUOI Ballistic Unit and 
 Operational Impactor 
  
C Celsius 
C&DH Command and Data Handling 
CD Compact Disc 
CDR Critical Design Review 
  
DS2 Deep Space 2 
DSN Deep Space Network 
DSS Distributed Sensor System 
  
Eb Energy-per-bit 
EOL End of Life 
  
FHA Functional Hazard Assessment 
FHA Functional Hazard Assessment  
FY Fiscal Year 
  
GaAs Gallium Arsenide 
GDS Ground Data System  
GE Germanium  
GHz Gigahertz 
Gt Transmit Antenna Gain 
  
HBCU Historically Black Colleges and 

Universities 
HGA High-Gain Antenna  
  
I20 Instrument-to-Objectives  
ICR Initial Confirmation Review 

InGaAs Indium-Gallium Arsenide  
Isp Specific Impulse 
  
JPL Jet Propulsion Laboratory 
JSC Johnson Space Center 
  
Ka-Band Kurtz-above band 
kb kilobits 
kbps kilobits per second 
  
LaLr Atmospheric and Rain Loss  
LGA Low-Gain Antenna  
Li-SOCl2 Lithium thionyl-chloride 
L l Line Loss  
Lp Pointing Loss  
Ls Free Space Path Loss  
LV Launch Vehicle 
  
MAG Magnetometer 
MB Megabits 
MLI Multilayer insulation 
MMRTG Multi-Mission Radioisotope 

thermoelectric Generator 
MOS Margin of Safety  
MRR Mission Readiness Review 
MSI Multi-Spectral Imager 
  
N2H4 Hydrazine 
N2O4 Nitrogen Tetroxide 
NASA National Aeronautics and Space 

Administration 
Nd-YAG Neodymium–Yttrium–

Aluminum–Garnet  
NEAR Near Earth Asteroid Rendezvous  
NiCd  Nickel Cadmium 
NiH2  Nickel Hydrogen 
NIS NEAR Infrared Spectrometer 
NLR NEAR Laser Rangefinder 
No  Noise-density 
  
Ops Operations 
ORR Operations Readiness Review 
OSMA Office of Safety and Mission 

Assurance 
  
PDR Product Design Review 
PI Principal Investigator 
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PRA Probabilistic Risk Assessment 
  
QFD Quality Function Deployment  
  
RBD Reliability Block Diagram 
RCS Reentry Control System  
RTG Radioisotope Thermoelectric 

Generator 
  
S&MA Safety and Mission Assurance 
S/C Spacecraft 
SMAD Space Mission Analysis and 

Design 
SSE Solar System Exploration 
SVLCM Spacecraft/Vehicle Level Cost 

Model  
  
TCM Trajectory Correction  
 Maneuver 
TCS Thermal Control System 
TMC Total Mission Cost  
TRK Tracking Data Type 
  
UHF Ultra High Frequency 
  
WeLCC Web-Based Life Cycle Cost 

Model 
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