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1

Project Description

The Binary Asteroid in-Situ Explorer (BASiX) mission will consist of a spacecraft sent to orbit an asteroid
and deploy spherical CubeSat-sized modular probes to the surface to gather data about the composition of the
asteroid’s surface as motivated by the NASA Discovery program. These probes will be limited to one of two
functions: the "blast pod" will explode after all the probes have settled on the surface to generate a seismic
pulse, and the GeoPods deployed to the surface will collect the seismic vibration data in-situ and transmit
this data back to the spacecraft, which will relay the data back to Earth. The BASiX mission will provide a
new method of characterizing the asteroid’s surface using a distributed set of GeoPods presenting challenges
in the design of a CubeSat-sized probe that must survive impact on an asteroid and then communicate
with the BASiX satellite. The Telemetric Interplanetary Regolith Explorer for Seismic Investigation of
Asteroid Surfaces (TIRESIAS) student project group will design, build, and validate a terrestrial GeoPod
data acquisition module in support of the BASiX mission. The TIRESIAS student-constructed probe will
provide for acquisition and communication of accelerometer data and housekeeping telemetry, structural
support and integration within the spherical constraints of the GeoPod storage space, and electrical power
for the GeoPod system. Demonstration of the operational terrestrial GeoPod in the laboratory will aid in
the path to construction of GeoPods from flight hardware, which will allow for the realization of the BASiX
asteroid exploration mission.
The uniqueness of the BASiX system is that it will be the first of its kind to utilize the creation of craters,
coupled with physical sensors on the asteroid surface to determine the fundamental mechanical and strength
properties of the asteroid 5 . Not only will the visual behavior of the crater creation provide valuable information, but also the perturbations and shock waves through the surface will set BASiX apart from previous
asteroid missions. Through its physical measurements by way of accelerometers, which measure infinitesimal
accelerations to determine perturbations; the geomorphology, dynamics, and composition of the near earth
asteroid can be found. 5

Figure 1: System Concept of Operations
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Currently in development by Ball Aerospace, the BASiX mission is approaching TRL 4 5 , including the
avionics, impact damping system, structure, and detonation device. Technology readiness level 4 constitutes
that the component/subsystem has been validated in a laboratory environment 12 . The design of the communication system is still in its preliminary stages and requires further development, which will be the primary
focus of this project. Along with the communication system, an internal structure to hold the integrated
system including the batteries, power distribution, avionics, communication, and seismic accelerometer subsystems will be considered. A test simulating the shock of landing on an asteroid surface shall be conducted
using low-cost and simple parts to increase the TRL of the probe design to level 4. The objective of the
power subsystem and batteries is to supply and regulate enough power to operate the other subsystems. At
the highest level of success, a fully independent and integrated GeoPod will be delivered to the customer,
successfully passing structural and communication testing.

Figure 2: Functional Block Diagram
Figure 2 outlines the design focus of this project. A prototype GeoPod will be developed that shall communicate with a simulated BASiX spacecraft. The power and communications systems shall be designed
to transmit the data of the accelerometer with similar resolution and range of the instrument to be used
on the Ball spacecraft. The accelerometer data shall be stored onboard the GeoPod until commanded by
the BASiX spacecraft, at which point it will be transmitted to the BASiX spacecraft. In the actual BASiX
mission there will be five GeoPods used for seismic measurements of the asteroid, but this project will only
focus on building a single prototype. The prototype shall be designed within the size and mass requirements
of the GeoPod given by Ball. The GeoPod subsystems shall have a mass of less than 5000 grams and fit
within a volume of less than 3000 cm3 . Because of this, there are mechanical concerns with the design of
the structure in order to fit within the GeoPod requirements and also to be able to survive the impact of
the asteroid at a speed of 25 cm/s.
The testing concept illustrated in Figure 3 will consist of one accelerometer placed inside a sandbox. It will
be connected to the GeoPod’s communication system. The accelerometer will also be directly connected to
a computer in order to view the raw data to determine if the receiver gets all the same information. The
accelerometer, communication system, and the simulated mother satellite (most likely another computer
connected to a receiver) will be activated. A weight will be dropped into the sand box and the response
will be recorded by the accelerometer. The data will be transmitted through the communication system
and received by the mother satellite. Once all the data is transmitted, it will be compared to determine
characteristics of the system such as the range and bit error rate.

4

Figure 3: Testing Concept of Operations
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Design Requirements

The TIRESIAS project consists of designing several components to go onboard the sensor pod of the BASiX
mission. The primary focus of the design will lie in the power system, sensor interfacing, internal structural
support, and communication system. The requirements of the mission flow down from several main elements.
These main elements can be placed in several categories. The first topic is the pod’s power system. This
power system must provide power to several onboard devices and must be tailored to this specific mission.
The second element of the design is the internal structural integrity of the sensor pod. This topic will focus
on how each component is mounted within the pod to ensure a safe delivery to the asteroid surface. The
final element that will be addressed is the communication system. This communication system consists of
the electronics required to interface between various components, as well as the creation of software that
allows for the appropriate data handling to occur.
The requirements tables in the Design Requirements section follow a specific format. The requirements
were separated into various categories to allow for the flow down to be clearly seen. The highest category
of requirements is the Mission Requirements (MSN) section. These are requirements that help define the
overall goals of the BASiX mission. All other requirements come from inspecting the mission requirements.
The following requirement section is System Requirements (SYS). System requirements relate to the highlevel goals of the GeoPod system that will be designed. The requirements are more specific, allowing for the
various subsystems to be identified and addressed. The first subsystem requirements shown are the Power
System Requirements (PWR). The power system requirements flow from the system level requirements
and relate directly to the success of the power system. The following subsystem is the Communication
Requirements (COM). These specifications help define the success of the communication system design and
the challenges associated with it. The final requirements section is the Mechanical Requirements (MCH).
Mechanical requirements relate to the physical structure of the pod and how components are mounted within
it.
Each table has four columns and numerous rows. Each row of the table is a different requirement, while
each column describes properties of that requirement. The first column, "Requirement", identifies the
requirement section and number. The section relates to the topic of the requirement, while the number
assists in identifying the requirement in question. The following column is the "Description". This defines
what must be met in order to fulfill the requirement. The "Parent Requirement" column indicates where the
requirement came from. In the mission requirements, the descriptions come from the customer’s objective.
In all other areas however, the requirements flow down from other requirements. The final column is the
"Verification" column. In order to verify that the requirement is completed, the basic steps outlined in the
"Verification" column will be performed. This can include testing, modeling, or looking at specifications for
various components and designs.

5

Requirement

Mission Requirements
Description
Parent
Requirement

MSN.1

The GeoPod shall survive a 25 cm/s impact
with the asteroid surface.

Customer

MSN.2

The GeoPod shall accept commands sent
from the spacecraft

Customer

MSN.3

The GeoPod shall transmit science data and
housekeeping information

Customer

MSN.4

The GeoPod shall be able to survive in a
space environment for 18 months [TBR]

Customer

MSN.5

The GeoPod shall have a mass less than 5kg
[TBR].

Customer

MSN.6

The GeoPod shall have a volume less than
3000 cm3 [TBR].

Customer

MSN.7

All critical components in the GeoPod will
have a path to flight.

Customer

Verification
Test: A drop test will be
conducted to replicate the
speed of impact on a
representative asteroid
surface.
Test: A transmitter will send
commands to the GeoPod,
and the response to these
commands will be assessed.
Test: A receiver will collect
information transmitted
from the GeoPod. This
information will be assessed.
Inspection: Research on
critical components will be
done to ensure a path to
flight is possible.
Inspection: The path to
flight will be inspected with
GeoPod subsystems to
ensure that mass
requirements can be met.
Inspection: The path to
flight will be inspected with
GeoPod subsystems to
ensure that volume
requirements can be met.
Inspection: A list of space
grade counterparts for the
critical project elements will
be made.

The mission requirements specify the goals of the BASiX mission and the fundamental requirements to the
TIRESIAS project. The first requirement, MSN.1, is a crucial specification for the structural integrity of the
GeoPod. The speed of impact is derived from the size of the asteroid and the orbit of the BASiX satellite. The
approximate flight time of the BASiX mission is 18 months. The designed system should have equivalent spacegrade components that can withstand the space environment for the entire flight. All critical components used in the
TIRESIAS project (ie. radio, batteries, structure, power board) shall have space-grade equivalents. The last mission
requirement, MSN.7, ensures that the design is transferable to a space-worthy vessel.

Requirement

System Requirements
Description
Parent
Requirement

SYS.1

The internal components of the GeoPod shall
be secured within the outer shell. The
components and structure will withstand the
impact, static, and launch loadings.

MSN.1

SYS.2

Antenna will survive impact with the surface.

MSN.1

SYS.3

The GeoPod shall store up to 25 commands
[TBR]. These commands are triggered by
the spacecraft.

MSN.2

SYS.4

A command will be able to be received
during the data transmission process.

MSN.2

SYS.5

Transmission of data from GeoPod will
occur when the spacecraft is available for
downlink.

MSN.2
MSN.3

SYS.6

GeoPod is able to withstand space radiation
over the course of the mission[TBR].

MSN.4

SYS.7

The GeoPod power system shall be able to
survive in a space environment for 18
months [TBR].

MSN.4

SYS.8

The internal structure shall not exceed a mass
of 1kg [TBR].

MSN.5

SYS.9

The batteries shall not exceed a mass of 3kg
[TBR].

MSN.5

SYS.10

The electronics shall not exceed a mass of
1kg [TBR].

MSN.5

SYS.11

The Electronic devices shall fit within a
10x10x10 cm3 cube [TBR] .

MSN.6

Verification
Inspection, Modeling, &
Testing: Research will be
conducted to find
appropriate flight ready
hardware dimensions and
mass. Representative objects
will be tested in the shell.
Inspection, Modeling, &
Testing: A drop test with
representative antenna
materials will be performed.
Test: A simulated spacecraft
will be used to trigger a
stored command on the
GeoPod.
Test: A command will be
sent while the GeoPod is
transmitting data.
Test: Commands for data
control will be used to send
data to a receiver from the
GeoPod.
Inspection: Research will be
done on radiation hardened
materials, ensuring a path to
flight is possible.
Inspection: Research will be
done on degradation of
batteries and voltage loads
during different phases of
flight.
Inspection: The path to
flight will be inspected with
GeoPod subsystems to
ensure that internal
structural mass requirements
can be met.
Inspection: The path to
flight will be inspected with
GeoPod subsystems to
ensure that battery mass
requirements can be met.
Inspection: The path to
flight will be inspected with
GeoPod subsystems to
ensure that electronics mass
requirements can be met.
Inspection, Model, Test: All
electronics shall stack
together to fit within the
internal structure.

SYS.12

Power subsystem shall provide power to all
other subsystems of the GeoPod.

MSN.2
MSN.3
MSN.4

SYS.13

Testing of the RF transceiver is possible. All
radio licenses required for testing are
acquired and any equipment necessary for
characterizing the transmission is obtained.

MSN.7

Inspection and Test: Power
system shall integrate with
components, and provide
adequate power to fully
function electronics.
Inspection: Check for
availability for appropriate
testing equipment and
components. All licensing
can be obtained.

The systems requirements indicate the top-level goals for the GeoPod system. The impact with the asteroid surface,
addressed in requirements SYS.1 and SYS.2, define driving mechanical requirements. In order to successfully land
on the surface, all components inside the GeoPod must be mounted to an internal structure. The antenna must be
protected on impact, as this is the most vulnerable component when touching down on the surface of the asteroid.
The GeoPod must respond to commands, even when transmitting the data (SYS.3 & SYS.4). This allows the
spacecraft to have control over the GeoPod's functions whenever it is in view of the GeoPod. The mass requirement
of each component is derived from common densities of materials. The electronic devices must fit within a specified
volume (SYS.11) to allow for the internal structure to have adequate support. The volume choice comes from the
size of a standard 1U size of a cubesat. This size is small enough to fit within the shell of the GeoPod. This limits
the choice of electronic components and drives the size requirements for various electronic design choices. The
ability to test the RF transceiver is critical to the success of the TIRESIAS project. Testing of transceivers can be
involved and requires specific equipment and labs. The availability of these facilities and equipment is imperative
to the success of the validation portion of the TIRESIAS project.

Requirement

Power Subsystem Requirements
Description
Parent
Requirement

PWR.1

The power subsystem must accept an input
voltage range of 10 to 36V [TBR].

SYS.12

PWR.2

The power subsystem shall output voltages of
3.3 to 5V to separate channels.

SYS.12

PWR.3

The power subsystem shall regulate power to
+/- 1% [TBR] of desired voltage output.

SYS.12

PRW.4

The power subsystem shall have under and
over voltage protection.

SYS.12

PWR.5

The power subsystem shall have over-current
protection.

SYS.12

PWR.6

The power subsystem shall have OFF and
ON function for separate channels.

SYS.12
SYS.4

PWR.7

Characterize the thermal output of the
electronics used in the power system.
Estimate efficiency of components based on
heat emission.

SYS.7

PWR.8

Battery failure is addressed through
redundant power distribution system. Power
source can be altered during flight.

SYS.7

PWR.9

Batteries shall hold adequate charge
throughout the entire duration of the mission.

SYS.7

Verification
Inspection and Test: Using
an input voltage within the
specified range, verify that
the power system performs
necessary functions.
Inspection and Test:
Measure the output voltage
from the different rails of
the power system.
Inspection and Test: Record
output data from the power
system rails. Quantify the
error in the voltage reading.
Inspection and Test: Check
power protection by
inputting voltages that are
both above and below the
designed thresholds.
Inspection and Test: Input a
current greater than the
designed maximum and
assess the response.
Inspection and Test: Turn
various components off and
on by command.
Model, Inspection, Test:
Record the temperature of
the components used in the
power system during
standard operation.
Model and Test: Change the
battery source for various
components onboard and
characterize the
functionality of each
component.
Inspection: Path to flight is
available for chosen
batteries.

The power subsystem requirements specify the need of both the power source, in this case batteries, and the power
board. The power system is required to accept a range of input voltages (PWR.1) and output a clean DC signal at
required voltage levels (PWR.2 & PWR.3). Monitoring of both the inputs and outputs of the power system is
important to verify correct operation. Several safety measures will be put in place to ensure proper usage of the
power board (PWR.4 & PWR.5). Another safety feature implemented will address single points of failure. Some
redundancy will be introduced into the power system to allow for various scenarios to be addressed. The system
will able to alter the source of power for a given component during flight. This addresses the concern of battery
failure during mission operations.

Requirement

Communication Subsystem Requirements
Description
Parent
Requirement

COM.1

The communication subsystem shall utilize a
microprocessor to handle scientific and
housekeeping data.

SYS.4
SYS.5

COM.2

The communication subsystem shall transmit
data a distance of 10 km [TBR].

SYS.5

COM.3

The communication subsystem shall have a
bit error rate which does not exceed 1×10-6
[TBR] for receiving and transmitting

SYS.5

COM.4

The communication subsystem shall transmit
at 2.4GHz (S-band) [TBR].

SYS.5
SYS.13

COM.5

The communication subsystem shall have
enough memory to store 300 minutes of data
for landing and 15 minutes of data for
seismic activity at 500 Hz at 32 kbps [TBR].

SYS.5

COM.6

All Science data must be transmitted to the
spacecraft over a 10-day span with 20-minute
contacts every 2.26 hours.

SYS.5

COM.7

The communication system shall transmit
data between 1-100 kbps [TBR].

SYS.5

COM.8

The radio will not exceed an operational
power draw of 10 W [TBR].

SYS.12

COM.9

The thermal output of the communication
system shall be measured and characterized.

SYS.7

Verification
Inspection and Test: Verify
capabilities of the
microprocessor unit. Check
for adequate processing
power for this application.
Inspection: The path to
flight is available for the
radio to transmit the
required distance.
Inspection and Test: A
physical line to the test data
will be compared with the
transmitted line.
Inspection: Verify that the
correct radio frequency is
utilized.
Inspection and Test: Choose
memory based on size
requirements. Load this
much sample data into
memory.
Inspection and Test: The
data rate must be adequate
to transfer the required
amount of data in the time
window available.
Inspection and Test:
Transmit sample data and
measure the data transfer
rate.
Inspection and Test: The
power draw of the radio will
be recorded during standard
transmission operation.
Model, Inspection, Test:
Record the temperature of
the components used in the
communication system
during standard operation.

Communication requirements determine the radio and data handling specifications required for the GeoPod. A
microprocessor will be used to handle the data because it allows for size and mass requirements to be met while
performing the necessary tasks for data handling (COM.1). The bit error rate must lie below the specified value to
ensure that the data is transferred accurately (COM.3). The seismic data requires low bit error rate in order to be
interpreted to its full extent. An s-band antenna and radio shall be used on the GeoPod because of the lowered
restrictions on the 2.4 GHz band (COM.4)13. This band can be used without a license, allowing for the testing of the
TIRESIAS project to occur (SYS.13). Data is stored onboard the spacecraft when the spacecraft is not in view.
Typical seismic activity expected has a maximum frequency of approximately 50 Hz. With a sampling rate of 10
times this maximum, 500 Hz was derived (COM.5). A three-axis accelerometer requires approximately 64 bits per

sample when including a time stamp. This results in a data sampling rate of 32 kbps (COM.5). Several phases of
the GeoPod deployment must be recorded on the accelerometer. The deployment, landing, settling, and seismic
phases of the mission must be monitored and stored into memory. The total time of these phases was approximated
to be 300 minutes4. The orbit of the BASiX satellite coupled with the power limitations of the GeoPod results in the
transmission time window requirement (COM.6 and COM.8)8. The viewing window of 20 minutes is calculated
from the orbit of the satellite, and the 10 day span is a result of basic power capacity estimations. Both of these
limitations (view window and power capacity) along with the memory storage size result in a specific data rate
(COM.7). The 65 kbps data rate is the required rate for the complete science data transfer to occur in one 24 hour
day. The thermal output of the communication system will be characterized to calculate the efficiency of the
components used (COM.9). This will develop a more thorough understanding of the system and its relationship
with power usage.

Requirement

Mechanical Subsystem Requirements
Description
Parent
Requirement

MCH.1

The electronic components attached to the
structural subsystem will remain intact and
fully functional after a 650 G [TBR] impact
shock load.

SYS.1

MCH.2

The structural subsystem will be designed
withstand a 20 G [TBR] launch load.

SYS.1

MCH.3

The structural subsystem shall have access to
the electronics and batteries for
exchangeability, maintenance, and testing.

SYS.13

MCH.4

The internal structure interfaces with the
existing GeoPod shell.

SYS.1
SYS.11

MCH.5

Characterize the thermal response of the
internal structure design. Ensure that the
thermal expansion does not compromise the
structure of the GeoPod.

SYS.7

Verification
Model and Test: Perform a
drop test on a representative
asteroid surface that
replicates the shock load.
Measure the impact on the
structure
Model and Inspection: Use
FEM to ensure that the
worst-case direction is able
to withstand the launch load.
Model and Test: Measure
the amount of time required
for the exchange of batteries
and electronics from the
GeoPod.
Model and Test: Attach the
internal structure to the outer
shell.
Model, Inspection, Test:
Measure stress from thermal
loads.

The mechanical subsystem indicates the goals of the internal structure of the GeoPod. The first driver of this
internal structure is the protection of electronic components from the impact with the asteroid surface (MCH.1). All
the components mounted to the inside of the GeoPod must be fully functional after impact to allow for proper usage
of the spacecraft. Although the testing of a launch load is out of the scope of the TIRESIAS project, it is important
to address the basic problems associated with launching a vehicle into space. The structure will be designed and
modeled with a launch load in mind, but the verification will only be done with a computer simulation (MCH.2).
The accessibility of the batteries is an important consideration with the GeoPod. The batteries must be added during
the prelaunch sequence, implying that access to the battery storage area of the structure must be considered in the
design (MCH.3). The outer shell of the GeoPod probe is available and will be used when designing the internal
structure of the probe. The structure designed must work with the pre-existing shell to allow for the design to be
integrated with previous work (MCH.4). Stress due to thermal expansion is always a concern when putting a
structure into a harsh environment. This stress will be characterized through the modeling and testing of the internal
structure design.

3

Key Design Options Considered

The design options considered to meet the requirements of the TIRESIAS team are captured in Figure 4.
The selection process for each system solution can be found within the corresponding sections.

Figure 4: Trade studies flow diagram.

3.1

Communications System

In order to meet the scientific objective of the BASiX mission, seismic data collected by the accelerometer
on board the GeoPod needs to be successfully transmitted to the spacecraft. Therefore, the communications
system is a critical aspect of the GeoPod design. The mission requires that accelerometer data is recorded
during the deployment, descent, landing and settling of the GeoPod in addition to seismic data collected
after the explosive probe detonation. That data is stored in mass memory until the spacecraft can contact
the probe and command it to playback the data. The BASiX spacecraft is expected to contact it for a
duration of 20 minutes every 2.26 hours starting 10 hours after detonation until the end of the powered
surface operational lifetime (TBR). The spacecraft is in orbit around the asteroid at a range of 0.1-10 km
from the GeoPod.
3.1.1

Command and Data Handling

The command and data handling will provide for the sampling of experimental data, the temporary storage
of the data, and transferring the data to the communication system. The expected sampling rate for the
accelerometer data is around 32 kbps at a minimum of 500 Hz. In addition, the total time of data sampling
will be around 315 minutes with 300 minutes for the deployment, descent, landing, and settling of the
probe, and 15 minutes of seismic data collection on the surface. Therefore, the total amount of recorded
experimental data will be around 75.6 MB. In addition, 288 hours of telemetry at 100 bps will be stored onboard. This corresponds to around 12.9 MB. The data storage timestamp is calculated later in the document
to equal 3.78 MB. This means the total data storage must be greater than 92.28 MB to ensure no data loss.
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The three available options for storing this data are using a flash memory device, a hard disk drive, or
random-access memory (RAM). RAM is potentially the fastest option for transferring the data; however,
the data stored by RAM is lost when there is no electrical power. This would mean all of the experimental
data stored on the GeoPod would be lost if the RAM lost power. Therefore, RAM is not a viable option.
Both flash memory and hard disk drives do not have this problem. Most hard disk drives fall into two
categories (2.5 inch and 3.5 inch drives). A 2.5 inch hard drive actually has the physical dimensions of
2.7x0.37x3.96 inches. There are physically smaller hard drives available, however they are less commonly
used. On the other hand, flash memory is available in all physical sizes such as micro SD cards that measure
only 0.59x0.43x0.039 inches. One micro SD card could easily store all the experimental data (75.6 MB) and
more. Hard disk drives also use rotating disks. Flash memory is more shock resistant, because it does not
incorporate any moving parts. This is important because the probe will undergo mechanical stress during
the launch from Earth, deployment from the BASiX satellite, and the collision with the asteroid. Hard
drives also have greater latencies when data is accessed. In addition, flash memory uses less power, generates
less heat, and has less mass. Therefore, flash memory seems to be the best option for this project. Flash
memory is comprised of two categories. There is NAND flash and NOR flash which are defined based on the
structure of their logic gates. NAND flash is currently used by the most of the small memory devices, such
as SD cards. Generally, NAND memory is faster, cheaper, and smaller than NOR memory. NAND flash
memory is a better choice for this project, because of its increased availability, speed, cost, and size.
The GeoPod will be outside of the Earth’s atmosphere for 18 months before it reaches its asteroid destination.
There is a high probability that bit flips due to radiation could modify the flight software. Spaceflight ready
memory components are generally radiation hardened to solve this issue. These components are more
expensive than normal memory components. Another option is to save three separate copies of the flight
software. Periodically, the three separate versions of the flight software are compared. If one of the copies is
different than the others, it is overwritten with the flight software from the other saved copies. This ensures
the copy of flight software that was modified by a bit flip does not affect the overall system. This process
must be completed periodically to ensure that only one copy of flight software is modified by radiation. If
two copies of the flight software are modified, it is impossible to verify which copy is the correct version. This
process will increase the complexity of the mission much more that using radiation hardened components,
because the flight software will have to be checked multiple times during the multi-year flight to the asteroid.
In addition, this periodic process will use some of the GeoPod’s battery power before it is even deployed.
The experimental data should be uploaded to the mother satellite within 10 days. This means there is a
low chance that this data will be corrupted due to bit flips. However, it would not be a bad idea to utilize
radiation hardened data storage for the experimental data as well.
A communication link will not always exist between the GeoPod and the mother satellite, because the
mother satellite will be orbiting the asteroid. Therefore, a buffer will be required to temporarily store the
experimental data before it can be transmitted to the mother satellite. One option is simply a mass memory
that would be recorded to until full at which point it will either stop recording or begin overwritting older
data. In order to transmit the data, the spacecraft would have to select which locations in memory it
wants to playback. The required commanding would increase the complexity of the communications system.
Another option is a priority queue such as a first-in first-out queue or a last-in first-out stack. These would
be beneficial, because they allow the input and output rates to be nonequivalent. There will be times
when data is being sampled (input rate is a constant), but the data is not being transmitted to the mother
satellite (output rate is equal to zero). There will also be times after all the data has been collected (input
rate is equal to zero) when the data is still being transmitted to the mother satellite (output rate is equal
to a constant). Clearly, the input and output rates are not equal in these scenarios. The problem with a
first-in first-out implementation is that it sends the most recent data first, which means older data has the
potential to be overwritten before it is transmitted if the size of the buffer does not meet recording needs.
Furthermore, both queue options do not rely on a playback pointer, which could be desirable if an error
occurs during transmission and retransmission of previously played back data is required. A circular buffer
resolves this issue. A circular buffer includes both a playback and record pointer as captured in Figure 5.
The record pointer keeps track of the location in increasing memory that the data is being recorded to.
The playback pointer points to the location in memory to begin playback and increases in memory until
the desired end of playback. When a transmission of data fails, the playback pointer could be changed such
that it references the location in memory of the data that was not successfully transmitted. The data could
then be retransmitted until it was received without any errors. The problem with the circular buffer is
that the size must be determined before it is implemented. This does not cause a problem for the GeoPod,
because the amount of data to be stored will be known prior to the mission. Furthermore, once a circular
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buffer becomes full, it begins overwriting the oldest data, which will have already been transmitted to the
spacecraft. Another problem that arises in a circular buffer is when the playback and record pointers point
to the same location in memory causing the buffer to appear empty. This can solved by tracking the amount
of data recorded. A circular buffer will be the best option for the GeoPod’s C&DH.

Figure 5: Depiction of a circular buffer.
The requirements specify that the accelerometer data will be recorded at a rate of around 500Hz. This
corresponds to 0.002 seconds between measurements. A clock with a resolution less than 0.002 seconds is
required to correctly store the data. Therefore, a crystal oscillator clock with a resolution of about 0.1
milliseconds should be sufficient for this project. The time should be known within 0.5 milliseconds and
maintain a 5 millisecond resolution with the spacecraft clock so that it can be properly converted to the
true time value. Because the frequecy at which the accelerometer data samples is known, the time stamp
on the data only requires a 1 second resolution for a range of 10 days. A 1 second resolution time stamp
will produce 8.64 × 105 samples over a duration of 10 days. A time value stored as a 35 bit unsigned integer
would provide the 0.1 millisecond resolution and range to record the necessary time stamps. Therefore, 3.78
MB would be required to store all of the timestamps for the telemetry. This should not cause any issues with
the memory system already discussed. In order to use a 35 bit integer to record the data, the time stamps
will be saved as the increment from a starting value of zero. This means the spacecraft time equivalent to
the GeoPod start time of zero will need to be known.
The telemetry being transferred from the GeoPod to the BASiX satellite must also be packetized for error
checking. The data will be split into multiple frames of known size. The frame size could either be constant or
change over time. Changing the frame size during each transmission can improve the speed of data transfer,
but it could also increase the complexity of the system. Regardless of the frame size, each frame must contain
a header. Each header must include a checksum value. The checksum provides information on the contents
of the packet and can be used to verify that no data was lost. There are a number of ways to calculate the
checksum, however none of them provide any big improvements over another method. In addition to the
checksum, the header should include a unique frame identification number as a way of organizing the data.
The header must also include a unique identification sequence corresponding to the probe that is transferring
the data. This makes sure the spacecraft is not confusing data from multiple GeoPods. Lastly, each of the
frames will have to begin with a sync code. This is so the spacecraft knows it is receiving a transmission
from a GeoPod. Other information might be required in the header, but the header should be designed to
include only the minimum necessary information.
3.1.2

RF System

The Radio Frequency (RF) system on board the GeoPod should be capable of receiving commands and
transmitting telemetry and scientific data to the BASiX spacecraft. The components involved are captured
Figure 6.
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Figure 6: Communications system diagram.
The antenna will be external to the GeoPod and cannot be hindered by the unknown orientation at which the
probe lands. Although it would be possible to use internal antennas of other types if the external structure
were made of a carbon composite or other non-conducting material, the cost and difficulty of machining
spherical shells from composite shells has been assumed to be prohibitive in this design route. Thus, the
antenna must have an omnidirectional, low-gain transmission. Furthermore, due to power concerns and the
desire to remain the in the realm of COTS (Commercial Off The Shelf) architecture, the frequency should
remain within the Ultra High Frequency (UHF) radio band. The main disadvantage of the UHF band is
that it does not allow for a high data rate. However, based on the determined data collection, a downlink
and uplink rate on the order of 1-100 kbps should prove sufficient. Because the characteristic length of
the antenna design should be almost one-half the transmitting wavelength as described by Equation 1, the
resonant frequency should be at the higher end of the spectrum within the S-band. The Industrial, Scientific,
and Medical (ISM) band ranging from 2.4-2.4835 GHz was chosen due to its accessibility for amateur scientific
purposes. This frequecy results in a characteristic length of 6.25cm, which is less than the anticipated radius
of the probe.
L=

c
2f

(1)

Three possible spacecraft antennas where considered due to their prominence on intersatellite linked systems
and cubesat missions: monopole, dipole, and patch. 9 A list of their tradeoffs as they relate to the mission
specifications are given in Table 1.

Type
Monopole

Dipole

Patch

Table 1: Pros and cons of antenna options. 13
Pros
Cons
-Power efficient
-Limited visibility
-Simple and widely used
-No gain
-Wide bandwidth
-Deployment mechanically and electrically complex
-Large size at UHF
-Two poles ensures omnidirectional vis- -Deployment mechanically and electriibility
cally complex
-Power efficient
-Large size at UHF
-Simple and widely used
-Low gain and wide bandwidth
-Inexpensive to design and fabricate
-Poor cross polarization purity
-Mounted on smooth surface
-Higher input impedance
-Electrically small properties relative to -Unreasonable gain and beamwidth at
frequency
low frequencies
-Omnidirectional external arrangement
-Low profile and weight
-Highly customizable
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Because the reciever must always be listening with a 100% duty cycle, the transciever must be power efficient.
To limit complexity, the transciever will be half-duplex. This means that once the BASiX satellite reaches
the end of transmission of its commanding, the GeoPod will resume playback for a determined amount of
time and then will pause playback to listen for additional commands.

3.2

Power System

For the power system of the GeoPod three different power architectures were considered that could potentially
satisfy the requirements of the mission. These three designs are based on the battery architecture of the
system; however, the overall design of the power system for the TIRESIAS project comes from the design of
the battery. The batteries for this project are designed to fit the unique mission of the GeoPod. The battery
system must be designed to be stable for the 18 month long cruise as well as the operation taking science
and transmitting back to the spacecraft. The power system must be designed to meet the requirements of
each of these phases of the mission. The following are the considered design options for the GeoPod power
system.
3.2.1

Modular Battery Design

A modular battery design consists of different sets of batteries for each subsystem on the GeoPod. Each set
of batteries would be specifically designed for the necessary voltage and power that each subsystem required
over the course of the mission.
In this design the connection between the batteries and the subsystems would be initially triggered by a
hardware switch. When the GeoPod separated from the BASiX spacecraft all subsystems would be turned
on. At this time the accelerometer would be engaged to measure the loads during the deployment of the
probe and the communications subsystem would need to be active in order to receive commands from the
spacecraft. These switches would also be able to be controlled via command from the spacecraft in case of
the need for a subsystem to be turned off or reset.

Figure 7: Modular battery design diagram.
3.2.2

Central Battery Design

In a central battery design, all of the subsystems would be powered off of a single set of batteries. The power
from the battery would be conditioned and distributed through the power electronics board which would
require some type of voltage conversion for each subsystem on board the GeoPod. The battery would have
to be designed in order to accommodate the combined power requirements of all of the subsystems onboard
the GeoPod.
In this design the connection from the battery to the power distribution board would be flipped as the
GeoPod was deployed from the BASiX spacecraft by a physical link between the spacecraft and the GeoPod.
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This would engage the subsystems of the GeoPod for accelerometer measurement during the deployment of
the GeoPod and engage the communications subsystem for the ability to receive commands. In addition,
subsystems can be turned on and off via command to flip a switch on the power board. This would allow
for system resets and disengaging the accelerometer after it had taken the necessary science data.

Figure 8: Central battery design diagram.
3.2.3

Hybrid Battery Design

In a hybrid battery design a single set of batteries would be used to power the avionics and communications
subsystem. A separate set of batteries would be used to power the accelerometer since the requirements
for the time the accelerometer has to be powered are much different from that of other subsystems. The
accelerometer only needs to be on for the launch, descent, landing and seismology experiment. Therefore, a
battery could be designed to fit the accelerometer for only that period of time.
In this design, a hardware switch would be flipped as the GeoPod was deployed from the spacecraft. From
that point the accelerometer would be commanded on and off when desired via command from the spacecraft.

Figure 9: Hybrid battery design diagram.

3.3

Internal Structural Design Configuration

Due to the change in the design of many components as well as the removal of explosives from the GeoPod,
the internal structure must be redesigned. The new internal structure must still affix to the external spherical
structure and additional mate with the BASiX spacecraft. Furthermore the structure must hold in place all
major subsystems and their components. The geophone may require additional structure to directly attach
to the inner wall of the shell of the GeoPod.
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There are four major design ideas being considered. Each concept has the ability to hold all electronic boards
and necessary batteries to power the GeoPod. Additionally accommodations for a variable location of the
GeoPhone have been made to allow for affixing to the shell wall or internal structure along with the boards
and batteries.
3.3.1

Suspended Rectangular Prism

The first idea considered applies springs to suspend a center rectangular payload. These springs would
be attached to a rectangular prism located in the center of the GeoPod. The springs would be used in a
damping application to partially absorb launch loads and reduce shock. This would help to protect the
internal structure and electronics from malfunction.
The central structure of the GeoPod would consist of all printed wire boards used in each of the subsystems
as well as the batteries and radio. A center rectangular prism would be hollow with an open end to insert
batteries into the core of the shape. Batteries would be packaged into a rectangular prism to fit into the
sphere and the metal casing which affixed to the batteries would be made slightly larger. The circuit boards
required for the power, avionics, and communications boards would be contained along each surface of the
internal metal prism. The boards would attach by metal pylon extending from the metallic plane and
attaching through each printed circuit board.
The BASiX spacecraft adapter could then be fashioned along the outside of the sphere to ensure a compatible
mate with the spacecraft. Additionally along the wall of the sphere, the geophone could attach and still
retrieve scientific data with minimal interference from damping material.
Table 2 lists the advantages and disadvantages to the spring suspended apparatus.

Figure 10: Suspended rectangular prism model.

Table 2: Pros and cons of a suspended rectangular prism.
Pros
Cons
-Damps vibrations on subsystem
-Difficult to attach springs to shell
-Decreases shock on core of subsystems
-Removing shell cover for accessibility
-More adaptable to thermal expansion
-Wasted space between shell and core
-Geophone completely independent against -Moving parts create design problem of avoidshell wall
ing collision with geophone
3.3.2

Central Pylon Mating

The next structure under consideration is a static structure without damping springs. This structure would
involve 4 pylons spanning the diameter of the sphere offset from the center axis. These pylons would attach
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to circular plates along the span of the diameter. Each pylon would be individually affixed to the external
sphere and readily removable for hemispheric bisection. Additionally the pylons would offset enough to allow
for placement of a geophone and BASiX spacecraft mating device to be applied along the ends.
Several circular plates attached to the pylons would contain all of the printed circuit boards, batteries,
and communications equipment required for the mission. Two circular disks can be used to attach and
encapsulate several printed wire boards between the surfaces. Additionally the batteries can be arranged to
either surround the boards or separately affix to a disk. The pylons used in attaching the circular disks can
also be used for attaching the boards or mounting equipment for the batteries.
As with each system advantages to this configurations are weighed against disadvantages in Table 3.

Figure 11: Central pylon mating model.

Table 3: Pros and cons
Pros
-Sturdy
-Simple
-No moving parts
-Ideal shape for attaching electronics boards
-Minimal system complexity
3.3.3

of central pylon mating.
Cons
-Have to drill holes in boards for attachment
-More difficult to easily distribute batteries
-No vibration damping for the boards
-Weight
-Thermal expansion complexities

Pyramid Affixed Plate

Another solution to the internal structure design problem involves 4 braces attached from the BASiX adapter
cone converging towards the center. These braces will attach to a center plate as described above to levitate
the subsystems above the mounting adapter and only impede space on one side of the ball. An additional
plate will not be used opposite the pyramid mounting brackets and will provide a solution attached only to
one half of the sphere. This allows for easy removal of one hemisphere for quick access to the components
and batteries. This will be a more complex design problem as it is only affixed to one half of the sphere
causing bending moments under loading.
Each printed circuit board will be attached by pylons to the plate. These would be stacked on top of
each other creating a center cube of circuit boards. The batteries would then be affixed around the center
boards in a ring configuration and attached separately to the plate. This would help to minimize weight by
minimizing structure used internally.
This configuration also allows the geophone to be mounted onto the side of the pod directly. This will allow
for reduced damping and noise from additional attachment points. One half of the sphere will then ideally
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not be attached to any additional structure except for the other half of the sphere. In this regard it will act
as more of a cover and impact protector for the internal components.
Table 4 lists advantages and disadvantages to the pyramid fixed plate.

Figure 12: Pyramid Affixed Plate model.

Table 4: Pros and cons
Pros
-Less connection on outside of shell
-Creates protective place for geophone, independent of main core structure
-Makes full use of space
-Lowest weight option
-One hemisphere of GeoPod independent of all
structures and subsystems
3.3.4

of pyramid affixed plate.
Cons
-Less stable with a single contact point at core
-Difficult battery arrangement to surround
subsystem printed wire boards
-Thermal expansion complexities
-Less Redundancy to failure

Index Frame Core

This final configuration under consideration is a rectangular prism which is statically attached to the sides
of the sphere. This configuration has a hollow aluminum outer shell of a rectangular prism affixed internally
to the sphere. Mounting pylons would extend from each corner of the rectangular prism and attach opposite
the core to the sphere wall. This would allow for 8 attachment points to the outside of the ball although
only 4 attachment points would need to be undone for access to the internal subsystems.
Akin to the suspended rectangular prism, the central core would have printed circuit boards ringing around
the outside of the prism. These boards would be attached by pylons and parallel to the surface of the prism.
Additionally the batteries could be attached in core configuration as a single battery pack unit. This would
allow for easy access and removal of all batteries from the spacecraft. These batteries would be encased in
the center of the core.
The geophone would have room in this configuration to affix flush with the GeoPod external wall. The
BASiX adapter would then have mounting room at the bottom of the GeoPod. Although more complex in
mounting the core it would provide minimal altercation with the mounting adapter and geophone.
Table 5 lists advantages and disadvantages to the index frame core.
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Figure 13: Index frame core model.

Table 5: Pros and cons of index frame core.
Pros
Cons
-Sturdy
-Weight
-Easy attachment to shell
-Concentrated battery heat at core center
-Convenient shell separation
-Thermal expansion complexities
-Simple board attachment
-Multiple attachments to shell
-Convenient removal and installation of bat- -Difficult manufacturing for core frame
teries

4
4.1

Trade Study Process and Results
RF System

A trade study was perfomed on possible antenna configurations as captured in Table 6. The scores were
determined on a scale of 1-5 where 1 represents a poor adherence to the mission objective and 5 a desirable
adherence. The metrics were determined as follows:
Omnidirectional (40%) - Omnidirectional visibility is crucial considering that the GeoPod will land in
an undetermined orientation. Therefore, the antenna must maintain functionality regardless of its landing
configuration. This is a significant shortcoming of a monopole antenna, because if the probe lands on the
side with the antenna pointing in the nadir direction, the antenna will render useless. The only solution
would be to have several monopole antennas deployed around the probe body. The dipole antenna provides
greater coverage, but there is still the possibility of landing on the side on which the antenna would deploy.
The patch antenna, however, could be positioned on the surface of the pod in a way that would ensure
visibility.
Complexity (20%) - Introducing complexity into the system on the scale of the GeoPod can have a significant impact on its feasibility. This is especially pertinent with regards to the deployment system required
for the monopole and dipole antennas. Although these deployment systems are continually demonstrated
on smaller spacecraft missions, the mechanism would need to be compatable with the probe seperation and
landing. A possible method involves passing current through a nichrome wire to melt the nylon that ties
down the antenna, which could occur after landing. Such a process, however, would introduce undesirable
complexity. A patch antenna would not have to be deployed, however, eliminating the associated risk.
Power Efficiency (15%) - Because the GeoPod will be powered strictly off batteries with no ability to
charge, power efficiency is of particular concern. The RF system has to be able to maintain a minimum power
state when not in use, as well as a reasonable power usage when an activity is being performed. All antenna
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options had comparable power efficiency in that they are all essentially passive. However, deployment could
require a significant power input as is the case for monopole and dipole antennas.
Customization (10%) - In order to remain within the realm of COTS products, it is important to find
existing architecture to meet system needs. The prominence of monopole and dipole antennas makes them
very accessible. Patch antennas may not be as prominent, but are becoming increasingly more popular as the
technology evolves. Furthermore, patch antennas are highly customizable and relatively easy to manufacture.
Varying geometries can be used to motify properties such as polarization, beamwidth, and impedance. 13
Profile (10%) - The size of the GeoPod requires low profile components. Monopole and dipole antennas,
although designed for smaller missions, would take up valuable space in combination with their deployment
mechanisms. Patch antennas offer a very low volume and weight alternative that can be conformably mounted
on to the curved surface. 13 The only obstruction would be the external damping system of the probe.
Cost (5%) - The price of the antenna relates to its accessibility and fabrication costs. As previously
discussed, monopole and dipole antennas are prominent and therefore cost effective. Furthermore, patch
antennas are becoming increasingly more inexpensive to fabricate.
Table 6: Antenna trade study.
Metric
Weight Monopole Dipole
Omnidirectional
40%
1
3
Complexity
20%
1
1
Power Efficiency
15%
3
3
Customization
10%
3
3
Profile
10%
2
2
Cost
5%
4
4
Weighted Score

4.2

100%

1.75

2.55

Patch
5
5
4
5
4
3
4.65

Power System

A trade study was perfomed on possible power architectures as captured in Table 7. The scores were
determined on a scale of 1-10 where 1 represents a poor adherence to the objectives of the TIRESIAS team
and 10 a desirable adherence. The metrics were determined based on as follows:
Efficiency (20%) - It is important to have an efficient system due to the fact that GeoPod will need to
survive for long amounts of time with functional communications and avionics. Therefore it is important to
have an efficient system since it will also drive down the mass and volume cost if less energy is required.
The idea of the multiple battery design was conceived after analyzing the methods of power distribution of a
single battery system. Elements of the power system used for voltage conversion can introduce noise into the
system. In addition the efficiency of different voltage converters would have an effect on the performance of
the power system. Voltage conversion using linear regulators can indeed yield a quiet power system; however,
linear regulators are not very efficient which would be a detriment to the power system 7 . Because a large
constraint of this project is getting the necessary power for the GeoPod transmitter and other subsystems for
an extended period of time is a major concern, efficiency becomes a critical part of the design of this project.
A more efficient option for voltage conversion is using swithcing dc-dc converters. These are very popular in
cubesat subsystems 7 . There is a sacrifice though; switching dc-dc converters introduce more noise into the
power system. This could prove detrimental to a sensitive instrument such as the geophone. In any power
distribution system, it is good practice to decouple each device operating from direct battery power by using
separate voltage regulators or a low-impedance driven ground circuit involving an op-amp 3 . This decoupling
is intrinsic to the distributed multiple-battery design but can be incorporated into a central single-battery
design without creating insurmountable complexity.
The efficient use of all available energy is crucial to extending the mission lifetime. A single central battery
set will discharge uniformly despite load fluctuations and inaccuracy in characterizing expected loads, while
the modular system raises the possibility of depleting one crucial set of batteries before the others and
drastically reducing the duration of the mission.
Because of the problems that are associated with voltage conversion a more efficient, quieter power system
can be designed by using separate batteries for different systems. There will still need to be power regulation
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and conditioning. For these reasons the multiple battery system was rated with high efficiency where the
single battery system was rated with lower efficiency although some efficiency can still be made up by the
use of well-designed voltage converters and decoupling devices to isolate the different loads on the batteries.
In a hybrid system, decoupling the voltage for the avionics and the power board would still be an issue.
However, the portion of the system that requires the cleanest signal would be the science instrument. Therefore, the more efficient voltage conversion can be used for the avionics and communications subsystem and
a clean signal from a single battery source for the accelerometer.
Reliability (20%) - Reliability is a major concern of this project for two primary reasons. The first is that
the power system needs to survive through the cruise phase of the mission which may be up to 18 months.
During this time it is possible for the batteries to deteriorate and not having a functioning power system
would mean that the necessary science could not be taken. The other reason is that the power system must
be rigorous enough to survive the landing impact on the asteroid.
An additional benefit of using a more modular design of the power system is that different types of batteries
may be used for different subsystems. A common trade off in batteries is the ability of a battery to output
high current for high power subsystems though the battery will degrade more quickly and may not be as
reliable. For the GeoPod the communications subsystem will have to output large amounts of power relative
to the other subsystems for short periods of time when transmitting to the mothership. Because of this, it is
necessary to have a high current output battery for use of the communications subsystem. A lithium sulfur
dioxide battery could be a potential candidate for use in the communications system. The lithium sulfur
dioxide batteries can operate at higher current capacities, but are not the most reliable batteries 8 and may
not be suitable for long term use. These batteries also have heritage, lithium sulfur dioxide batteries were
used on the Cassini Huygens probe as well as the Galileo Probe where high power was required for a short
amount of time on a one time use probe 11 2 . The avionics of the GeoPod will have smaller power requirements
and will be on for the entirety of the mission. Therefore, a battery with a lower current output and a higher
reliability would be more advantageous. A lithium iodine battery could be an ideal choice for this system due
to their high reliability. In addition, they have a very low self-discharge rate which would be advantageous
due to the long cruise time of the BASiX mission where the GeoPods will be inactive. However, the lithium
iodine batteries are only suitable for low current 8 which would still be useful in powering the avionics. These
two battery options are by no means final design options for the system, but merely demonstrative examples
of the pros and cons of different types of batteries. In a single battery distribution a compromise would
have to be made, but with a modular battery design each subsystem can have the ideal battery with the
necessary capability. Therefore the reliability of the system as a whole can be increased and the modular
battery design was given a higher reliability.
Similarly a hybrid design is a midpoint between these two systems. Higher reliability can be obtained with
a hybrid system; however, there will still be trade-offs using a single battery pack for the communications
and avionics system.
Complexity (20%) - The complexity of the design is a large factor in the design of the power system. This
is partly due to the limited time for design and construction of the GeoPod subsystems. It is also due to lack
of experience with power systems that the TIRESIAS team has. Although the electronics team members
are willing to learn and design power systems it is a concern to find a simple design that can be feasible to
fully expand the design and construct the system. A simple power system will also help when it comes to
integrating with the other subsystem components on the spacecraft.
As well as having benefits in the operations of the GeoPod, there can be additional benefits to the design
team. The members of the TIRESIAS team have limited design experience with power distribution systems.
The electronics team is putting forth the effort in learning the design of power systems. However, by using
a modular battery system some of the complexities of voltage conversion and distribution may be avoided.
Time to design and build is a large issue in this project and simplifications of the complexity of the problem
will yield a more refined design within the senior design class.
However, there is some added complexity in the modular design due to having to characterize different
types of batteries. The functionalities of batteries change in different thermal environments; therefore the
structural arrangement of a modular battery system can be a difficult design task.
The hybrid battery design will be an even more complex design problem. The design complexity of the
hybrid system incorporates the design issues of both the centralized battery system and the modular battery
system.
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Mass (15%) - Mass is an important factor in any space system. It will drive the cost of launch and fuel
onboard any spacecraft which can be costly. Therefore, it is an ongoing process to try and keep mass down.
In this scope of this project it is required that the mass of the GeoPod subsystems be under 5 kilogram.
Because of this mass restriction, it has been given a significant weight in the trade study. Although the
power regulation electronics will likely not be much mass the batteries will be a significant portion of the
weight of the GeoPod.
Volume (15%) - Similarly to the mass, there is a requirement on the volume in which the subsystems need
to fit. The volume of the GeoPod is 3000 cm3 . Despite the volume requirement for the final project, the
volume of the functional TIRESIAS project is less constrained than other requirements because the other
subsystems of the spacecraft will not take up large amounts of space within the GeoPod. Therefore, the
power system has a lot of room to work with in order to integrate the power system inside the GeoPod.
Although the modular design of the power system has many potential benefits there are also drawbacks to any
design choice. To increase the safety and reliability of the probe additional battery cells may be required in
order to compensate for any degradation in the battery which may cause cell failures. In order to compensate
for a failed cell the batteries would need to be designed with additional cells. For a modular design this
means that each battery shall have extra cells. This is because the loss of a cell in any battery could be a
failure of that critical subsystem. Essentially having multiple batteries means that there are multiple single
points of failure that must be compensated for. This additional need for redundancy increases the weight,
cost, and volume of the system. On the other hand in a single battery system additional cells would only
need to be added to the single main battery decreasing the total need for additional cells. In this case the
hybrid battery system becomes a compromise between these two systems, landing in between for both weight
and volume.
Cost (15%) - The costs of the components used in the power system are a concern since there is a limited
budget to work with. However, the power system is not the primary concern for the cost of this program.
This is true because the power system will be designed and constructed by the TIRESIAS team. This will
be cheaper than buying a commercial off the shelf cubesat power system which can cost thousands of dollars.
In addition, because the project will be tested in a laboratory environment there is not a need to buy flight
rated parts for the design of the power system. For this project there needs to be a path in order to achieve
a flight rated power system; however, the actual construction of this system is not within the scope of this
project.
Because of the need for different types of batteries this will increase the cost of the modular system. However,
this cost can also be offset by the fact that the single battery requires the use of decoupling devices in order
to achieve its functionality. Therefore, the multiple battery system is expected to cost more. In addition,
a hybrid battery system has an increased design complexity and requires the voltage conversion of the
centralized battery system and the cost associated with using multiple batteries. Therefore the hybrid
battery system would be the most expensive of the three options considered.
Table 7: Battery trade study.
Metric
Weight Centralized Modular
Efficiency
20%
5
8
Design Complexity
20%
6
5
Reliability
15%
7
8
Volume
15%
7
6
Mass
15%
7
6
Cost
15%
6
3
Weighted Score

4.3

100%

6.25

6.05

Hybrid
7
3
7
6
7
3
5.1

Internal Structural Design Configuration

The internal structure trade study was completed to determine the internal configuration of the Geopod
with eight key design drivers in mind. These design drivers were based upon mission requirements and
include battery accessibility, design complexity, ease of manufacturing, subsystem integration, maintenance,
durability, mass, and cost.
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Subsystem Integration (20%) - The main purpose of the internal structure is to ensure proper mounting
of all hardware components within the Geopod. Therefore, the ability of the internal structure to mount
and integrate all of the subsystems into the structure is of utmost importance.
Mass (20%) - The internal structure will account for up to 25% of the Geopod’s weight, due to its relative
size compared to the other subsystems. Therefore minimizing mass of the internal structure is an integral
aspect of this design because of its impact on the overall system weight. Moreover, any additional weight
added to a launched payload will add cost to the overall system, thus minimizing mass should be a significant
objective of the system.
Ease of Manufacturing (15%) - The ability to manufacture the internal structure builds off of the design
complexity, but is more applicable to this project due to the machine shop, software, and material resources.
Due to the scope of this class, project ease of manufacturing holds a significant contribution.
Battery Accessibility (15%) - To maintain proper conditioning on the power system to ensure theoretical
performance is achieved, the batteries need to be easily accessible in the final internal configuration. This
will allow for the capability to install the batteries as late as possible in the pre-launch sequence. Because
of the Geopod’s heavy reliance on the power system, this is a highly weighted parameter.
Design Complexity (10%) - With the resources and time of this project, design complexity must lie
within these constraints to keep a project on the Geopod’s scale feasible. Too much complexity might prove
to be costly due to the time necessary to design and manufacture this type of internal structure. Since the
skill set on this team is broad, design complexity should not be as significant of a design driver.
Durability (10%) - Between the Earth based launch, the projectile shot at the NEA, and the asteroid
impact, the Geopod will encounter significant loads, vibrations, and shocks. Durability thus becomes an
important aspect in designing an internal structure that will protect all internal subsystems. While, these
are important in flight-ready hardware, the scope of this project will not encounter these types of testing
at its stage of design. Instead, the focus should be on whether the internal structure can provide a path to
flight in the context of this project. Because of this, the weighted score has been decreased, whereas it would
be much higher if a flight ready Geopod was being designed.
Cost (5%) - Barring purchasing advanced aerospace materials to manufacture the internal structure, the
cost of the structure should be relatively low when it comes to material. Additionally, with the available
machine shop, external manufacturing and labor should not be required. Due to these facts, the cost will
not be a significant design driver in the scope of this project.
Maintenance (5%) - The ability to maintain all the subsystems is a vital part to any reusable system,
fortunately because of the Geopod’s single use, long-term maintenance on hardware is not required. The only
possible maintenance would be found in the pre-launch preparation, with the main maintenance occurring
with the batteries, which have their own weighted score for accessibility.

Metric
Subsystem Integration
Mass
Ease of Manufacturing
Battery Accessibility
Design Complexity
Durability
Cost
Maintenance
Weighted Score

Table 8: Internal configuration trade study.
Suspended
Central Pylon
Weight Rectangular Prism
Mating
20%
8
5
20%
5
7
15%
4
7
15%
7
4
10%
2
7
10%
6
8
5%
5
7
5%
3
7
100%

5.45

6.25
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Pyramid
Affixed Plate
5
7
7
6
8
6
6
7

Index Frame
Core
9
6
5
7
5
9
5
7

6.4

6.8

5
5.1
5.1.1

Selection of Baseline Design
RF System
Antenna Configuration

The lack of attitude control in the GeoPods necessitates an isotropic gain pattern for both the receive and
the transmit modes of communication. Microstrip patch antennas provide a relatively easily manufactured,
electrically small, and efficient alternative to larger and more mechanically and electrically complex antennas.
Variations in geometry can be used to modify properties such as polarization, beamwidth, and impedance.
Furthemore, patch antennas can be configured into an array system that can be designed to better control
beam patterns as well as gain.
The patch antenna attributes are captured in Figure 14. Of the possible substrates, the RT/Duroid 5880
high frequency laminate with a relative permtitivity (dielectric constant r ) of 2.2 and thickness of 0.02×f =
2.5mm was chosen. The practical width and length can be calculated by the transmission line method 13
using Equations 2 and 3 with the desired frequency of 2.4GHz. The results suggest a minimum width of
4.94cm, length of 4.08cm, and input impedance of 144Ω. Because the ratio of W/L is between 1 and 1.5,
cross polarization is avoided.

ef f
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h
=
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2f
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c
L= √
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Figure 14: Microstrip patch antenna.
In the case of a typical patch antenna mounted on a flat plane grounding plate, the gain pattern is approximately hemispherical, with a 3-dB beamwidth of 69.1o an 18-dB attenuation in the direction opposite to the
maximum gain, as shown in Figure 15. The 3-dB beamwidth of a typical patch antenna only covers 8.8% of
the sphere of radiation.
Because the orientation of the antenna is unknown, linear polarization is not adequate. Therefore, a righthand circular polarization will be employed. In a circular polarized antenna, the electric field varies in two
orthogonal planes with a 90o phase difference.
Due to the hemispherical nature of the gain pattern, a polar configuration of antennas has been proposed
in an attempt to achieve isotropic radiation of communication signals, with two patch antennas mounted
on opposite sides of the GeoPod external structure as shown in Figure 16(a). This isotropic gain pattern
architecture has heritage in the Hawaii Space Grant CubeSat program, and redundant antennas were also
employed in the design of the CU CubeSat Hermes. The patch antennas can be arranged externally in such
a way that there is 95% 4π-steradian radiative coverage as captured in Figure 16. 5 The exact properties that
successfully validate this arrangment is beyond the current comprehension of the TIRESIAS team.
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Figure 15: Typical gain pattern of microstrip patch antenna. 10

(a) Patch antenna configuration.

(b) Radiation pattern.

Figure 16
5.1.2

Antenna Protection

The asteroid impact at 25 cm/s (TBR) requires scratch protection for the antennas, as scratches have great
potential for interfering with the fidelity of the antennas. The collision with the regolith may approximate
a short fall onto sharp gravel, which brings the possibility of antenna scratches. Three design solutions have
been proposed to fulfill this requirement: protective coatings, protective nonconductive casing anchored to
the external structure, and extension of the existing foam damping system over the surfaces of the antennas.
The simplest solution by far is to simply lay the damping foam over the antennas, but this aspect of the
project was designed by a previous CU senior design team, and the effects of the foam on antenna gain have
not been characterized. On the other hand, several protective coatings have been demonstrated as protection
for UHF patch antennas, including silicon spray and polyethylene films ? . However, these coatings can show
frequency dependence, and have only been characterized in the UHF range. Barring demonstration of
unhindered communication with foam-covered antennas, the simplest solution is then the construction of
a low-profile enclosure from hard plastic or other non-conductive material to protect the antennas without
significantly interfering with the gain pattern.
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5.2

Power System

For the final design selection a modular battery system was chosen. Although the modular battery system
scored slightly lower in the trade study it was determined that the modular system fits the requirements of
the TIRESIAS project and allows for more flexibility in the design of the power subsystem. The unique traits
of having a modular power system are ideal for the project. Because the requirements for each subsystem
are unique, a modular design approach allows for an ideal battery to be matched to each system onboard
the spacecraft.
In the modular design a high output battery can be used to match the power of the communications in order
to provide sufficiently high output to return the signal to the spacecraft. In addition, scientific measurements
require a stable power source in order to output a stable signal. Therefore, a battery with a stable voltage
output can be used for the power of the scientific instrument. For the avionics and sensors of the GeoPod a
third battery set can be used in order to output efficient power for the duration of the mission of the GeoPod.
For the path to the PDR, more in-depth sections of the power subsystem design such as the voltage conversion
will need to be explored. There is a tradeoff between using a linear low drop out (LDO) dc-dc voltage
converter and a switching dc-dc converted utilizing a synchronous rectifier. The LDO circuit utilizes a
resistive voltage drop to regulate the voltage. It is very simple and supplies a quiet voltage, but the efficiency
is lower for higher voltage conversions. The switching dc-dc converter is a more complex circuit; energy is
stored and discharged in an inductor. With the switching dc-dc converter, the efficiency is much higher
as it increases with larger voltage conversions, however the regulated signal can be noisy compared to the
LDO. Although the noise level from the switching dc-dc converter can become large, the impact of using
a synchronous rectifier can reduce the noise level substantially ? . There are plenty of non-trivial design
options such as the dc-dc converter associated with the power system that will need to be evaluated while
moving towards the PDR.
The modular design scored lower in the trade study primarily due to concerns with the design complexity
and cost of the modular system. The design complexity will be a challenge for the TIRESIAS team; however,
the team is willing to learn the necessary skills for the detailed design of the power system. In addition,
the team has many resources including the aerospace electronics shop and students at Space Grant who
have also helped in the design of power distribution systems on cubesats. Using these resources a functional
design can be created for the modular design of the GeoPod power system. The cost of the design is also
a concern with the selection of more specialized batteries. However, the power system has been given the
biggest mass and volume budget and compromises can be found by using cheaper batteries with lower energy
density since there is room to work with inside the structure.

5.3

Internal Structural Design Configuration

Subsystem Integration - As mentioned earlier, both the central pylon mating and pyramid affixed plate
would require a "stacking" method of the hardware, these designs in turn will require additional design
solutions in order to attach the subsystems together. These methods might include adding additional pylons
to the main structure in both cases. Therefore, these subsystem’s attachment complexity make it less ideal
from an integration standpoint. The suspended rectangular prism and index frame core would allow multiple
mounting holes in a convenient square shape. Additional supports could be added as well to this design.
Because of these design’s straight-forward and ideal mounting characteristics and all their options, they are
considered the better than the other two designs for system integration.
Mass - Sizing and volume are important aspects to consider when assigning weighted scores to the different
designs. In the case of the central pylon mating and pyramid affixed plate, the required material is less
than constructing an entire frame within the Geopod, as it is in the other two designs. Therefore, these two
designs earned a higher score on minimizing mass, although all components and more importantly materials
in the case of mass, have not yet been determined.
Ease of Manufacturing - The highest score in this category went to the pylon mating and pyramid affixed
plate because both require only simple geometric shapes to be cut or extruded out of metal. Whereas the
index frame core and suspended rectangular prism would require a complex process of assembling the internal
prism and support legs (or springs). Perhaps the best option would be to assemble four 2-dimensional sides
together to form the prism, but nonetheless it would require a more complex manufacturing process than
the other two designs.
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Battery Accessibility - In the case of the suspended rectangular prism and indexed frame core, the
batteries can surround the internal structure or be placed in as a single entity into the rectangular prism or
surrounding it. This would make both designs comparably easy to access the batteries. The central pylon
mating, or pyramid affixed plate designs would require the boards or batteries to be permanently "stacked"
in a way to which they might be under multiple boards for thermal design considerations. Thus, these
designs would prove to be more difficult to access the batteries with the possibility of removing additional
subsystems.
Design Complexity - The central pylon mating is simply four pylons to which multiple boards can be affixed
to, making it the highest score in this category. The pyramid affixed plate, suspended rectangular prism, and
index frame core all require complex analysis and design between determining the mounting of subsystems,
designing the internal structure itself, and decreasing weight through material removal. Therefore, all three
of the aforementioned designs led to lower scores in this category.
Durability - Both designs that incorporate the index frames allow for multiple mounting holes and surfaces,
providing more structural integrity to the subsystem core, which in turn provides more durability. The
pyramid affixed plate, seems less durable because of its four legs connecting at single point on the base of
the plate. There is no redundancy in that design, and therefore it is less durable if damaged.
Cost - The suspended prism and index frame should lie in the same realm for cost because of their similarities
in material amount and manufacturing complexity. Whereas the pyramid affixed plate and pylons require
less material and expensive manufacturing equipment. With the pylons being such a stripped down design,
it earns the highest score in this category.
Maintenance - With the exception of the suspended prism, all designs have comparable maintenance
requirements. The reasoning behind the increased difficulty of maintaining the suspended prism is the fact
that it has moving parts (springs) that could seize if not treated properly. Due to this fact the spring
structure earned the lowest score out of all of the designs in the maintenance category.
Based upon the results of the trade study matrix and the evaluation of the feasibility within the scope of this
project, the internal structure design that will be chosen is the index frame core. It proves most advantageous
in subsystem integration, the primary goal of the internal structure. Additionally, due to its open design,
the frame facilitates quick removal and maintenance of the batteries and other subsystems up until launch.
Although, the extra complexity and manufacturing difficulty is present, these traits do not outweigh the
advantageous previously mentioned.
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