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Height: 5.7 m 
Mass: 2800 kg 
Power: 3.1 kW 
Cost: $650M

Height: 0.3 m 
Mass: 4 kg 
Power: 7.1 W 
Cost: $65k Pocketqubes and 

Chip-scale Satellites
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Small Satellites Support Innovation
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Pocketqubes and 
Chip-scale Satellites

Little Innovation in CONOPS



Satellites Orbiting Earth
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SpaceX Starlink
OneWeb WorldVu
Amazon Kuiper
DARPA Blackjack
Boeing Constellation
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CONOPS Must Change



Downlinking Data Does Not Scale
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Downlinking Data Does Not Scale
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Downlinking Data Does Not Scale
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Enterprise [1]

Bitrate 200 Mbps

TX Duration <10 min.

Data Down 15 GB/pass

[1] Dove High Speed Downlink System



Downlinking Data Does Not Scale
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Enterprise [1] COTS [2]

Bitrate 200 Mbps <120 Mbps

TX Duration <10 min. 7-8 min.

Data Down 15 GB/pass 5.3 GB/pass

[2] cote Simulator: https://github.com/cmuabstract/cote
[1] Dove High Speed Downlink System



Downlinking Data Does Not Scale
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Enterprise [1] COTS [2] Near Future

Bitrate 200 Mbps <120 Mbps 1 Gbps?

TX Duration <10 min. 7-8 min. 10 min.

Data Down 15 GB/pass 5.3 GB/pass 75 GB/pass

[2] cote Simulator: https://github.com/cmuabstract/cote
[1] Dove High Speed Downlink System



Downlinking Data Does Not Scale
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Enterprise [1] COTS [2] Near Future Mega 
Constellation

Bitrate 200 Mbps <120 Mbps 1 Gbps? No Change

TX Duration <10 min. 7-8 min. 10 min. ↓(contention)

Data Down 15 GB/pass 5.3 GB/pass 75 GB/pass Less per sat.

[2] cote Simulator: https://github.com/cmuabstract/cote
[1] Dove High Speed Downlink System



Reducing Reliance on Bent Pipes
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Command and Control

Sensor Data

Terrestrial 
Processing



Edge Computing: A Scalable Alternative
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Computing 
at the Edge



Edge Computing: A Scalable Alternative
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Computing 
at the Edge

Existing Systems
Communication

Guidance, 
Navigation, 
& Control

Sensors

Edge Computing in Space
e.g. Embedded Compute Module
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Computational Nanosatellites
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Machine Learning in Space

High (Worse) GSDLow (Good) GSD
0.30 m/px 3 to 6 m/px

Orbital Edge Computing: Machine Inference in Space 
(CAL’19; B Denby, B Lucia)

Machine Learning Bridges the Gap

Data Quality:



Computational Nanosatellites
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Computational Nanosatellite Pipelines

Orbital Edge Computing: Nanosatellite Constellations as a 
New Class of Computer System (ASPLOS’20; B Denby, B Lucia)

Distributing Computation across Devices

Machine Learning in Space

High (Worse) GSDLow (Good) GSD
0.30 m/px 3 to 6 m/px

Orbital Edge Computing: Machine Inference in Space 
(CAL’19; B Denby, B Lucia)

Machine Learning Bridges the Gap

Data Quality:



Computational Nanosatellites
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Computational Nanosatellite Pipelines

Orbital Edge Computing: Nanosatellite Constellations as a 
New Class of Computer System (ASPLOS’20; B Denby, B Lucia)

Distributing Computation across Devices

Machine Learning in Space

High (Worse) GSDLow (Good) GSD
0.30 m/px 3 to 6 m/px

Orbital Edge Computing: Machine Inference in Space 
(CAL’19; B Denby, B Lucia)

Machine Learning Bridges the Gap

Data Quality:

Emerging Challenges for Computational Nanosatellites

Computational Nanosatellite Constellations: Opportunities and Challenges 
(GetMobile’21; B Lucia, B Denby, Z Manchester, H Desai, E Ruppel, A Colin)



Tartan Artibeus: Evaluation in Space
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5 cm



Tartan Artibeus: Evaluation in Space

Computational Payload

cote

https://github.com/cmuabstract/tartan-artibeus-hw22

Energy System

Tartan Artibeus: A Batteryless, Computational Satellite Research Platform 
 (SmallSat’22; B Denby, E Ruppel, V Singh, S Che, C Taylor, F Zaidi, S Kumar, Z Manchester, B Lucia)

Command and Control

Capybara Pocketqube C&DH

Radio Communication

OpenLST Pocketqube Radio
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Components of Space Simulation
Orbital Mechanics
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Orbital Mechanics

25



Orbital Mechanics

• SGP4: Simplified General 
Perturbations 4

• Input: Date, Time, and Satellite 

TLE (two-line element set)

• Output: Three-dimensional 

satellite position

• Benefits: Calculate the position of 

any publically-deployed satellite

• Drawbacks: Limitied utility for 

modeling the position of 
prospective satellites
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SGP4 Implementation in cote
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SGP4 Input: TLE (Two-line element set)
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TLEs for all satellites are posted ~daily for download



Components of Space Simulation
Orbital Mechanics Communication
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Satellite Communications
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Communication Modeling
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Communication Modeling

30

Maximum communication bit rate:

Rmax: channel bits/sec

B: channel bandwidth

C: received signal power

N: received noise power
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Maximum communication bit rate:

Rmax: channel bits/sec

B: channel bandwidth
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N: received noise power

Received signal power C:

P: transmitted power

Ll: TX to ANT line loss factor

Gt: transmitter gain

λ: channel center freq. wavelength

S: separation vector magnitude

La: atmosphere loss factor

Gr: receiver gain



Communication Modeling

30

Maximum communication bit rate:

Rmax: channel bits/sec

B: channel bandwidth

C: received signal power

N: received noise power

Received signal power C:

P: transmitted power

Ll: TX to ANT line loss factor

Gt: transmitter gain

λ: channel center freq. wavelength

S: separation vector magnitude

La: atmosphere loss factor

Gr: receiver gain

Received noise power N:

k: Boltzmann constant

Ts: receiver system noise temperature

B: channel bandwidth



Communication Modeling
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Maximum communication bit rate:

Rmax: channel bits/sec

B: channel bandwidth

C: received signal power

N: received noise power

Received signal power C:

P: transmitted power

Ll: TX to ANT line loss factor

Gt: transmitter gain

λ: channel center freq. wavelength

S: separation vector magnitude

La: atmosphere loss factor

Gr: receiver gain

Received noise power N:

k: Boltzmann constant

Ts: receiver system noise temperature

B: channel bandwidth

Receiver system noise temperature Ts:

Tant: RX antenna and environment factors

Lr: ANT to RX line loss

T0: 290 K

Tr: receiver noise temperature



Components of Space Simulation
Orbital Mechanics Communication

Energy and Power
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Satellite Energy Systems
Energy Source

Irradiance 
LEO: 1366 W/m2
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Satellite Energy Systems
Energy Source

Irradiance 
LEO: 1366 W/m2

Energy Harvester

Surface Area 
Efficiency
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Satellite Energy Systems
Energy StorageEnergy Source

Irradiance 
LEO: 1366 W/m2

Energy Harvester

Surface Area 
Efficiency

Energy Consumers
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Energy Modeling
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Energy Modeling
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Energy Modeling
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Energy harvester:

Solar cell



Energy Modeling
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Energy harvester:

Solar cell

Energy storage:

Energy buffer with

Equivalent series resistance
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Energy harvester:

Solar cell

Energy storage:

Energy buffer with

Equivalent series resistance

Energy consumers:
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Energy harvester:
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Energy storage:

Energy buffer with
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Energy consumers:
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Solar Array:

IV Curve

Isc
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E: incident irradiance W/m2

A: solar array surface area

e: solar array efficiency

Voc: open circuit voltage

Isc: short circuit current
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Energy harvester:

Solar cell

Energy storage:

Energy buffer with
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IV Curve
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E: incident irradiance W/m2
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Isc: short circuit current
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q(t): buffer charge

C: buffer capacitance

Is: solar array current

RESR: capacitor ESR

PMODE: peripheral power draw



Energy Modeling
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Energy harvester:

Solar cell

Energy storage:

Energy buffer with

Equivalent series resistance

Energy consumers:

Variable resistor

Solar Array:

IV Curve

Isc

Voc

E: incident irradiance W/m2

A: solar array surface area

e: solar array efficiency

Voc: open circuit voltage

Isc: short circuit current

Node Voltage v(t):

q(t): buffer charge

C: buffer capacitance

Is: solar array current

RESR: capacitor ESR

PMODE: peripheral power draw

Energy consumers:



Components of Space Simulation
Orbital Mechanics Communication

Energy and Power Satellite Subsystems
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Camera Peripheral Modeling
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Imager State Machine

OFF
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READOUT

IMAGING

voltage >= 5.0
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while readoutTime>readoutDuration && 
          readoutFifo.size()>0 
    pop readoutFifo, push readyImages, 
    readoutTime -= readoutDuration

while imagingTime>imagingDuration && 
          imagingFifo.size()>0 
    pop imagingFifo, push readoutFifo, 
    imagingTime -= imagingDuration



Computing Peripheral Modeling
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Processor State Machine
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while detectTime>detectDuration && 
          claimedJobs.size()>0 
    claimedJobs.front().completeTask(), 
    readoutTime -= readoutDuration



Other Space Simulation Components
Date and Time Coordinate Frames
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Other Space Simulation Components
Date and Time Coordinate Frames

• ECI: Earth-centered inertial

• (x,y,z) 3D coordinate frame

• Usefule for representing satellite 

locations

• LLH: Latitude, longitude, and 

height above the ellipsoid

• Useful for placing ground 

stations

• SEZ: South, East, and z-direction

• Useful for ground station views 

of satellites above the horizon
37
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The cote Workflow
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The cote Workflow

Orbital Mechanics 
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The cote Workflow

Orbital Mechanics 
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Example Satellite Config. File
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Example Satellite Config. File
Satellite Epoch
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Example Satellite Config. File
Satellite Epoch

Satellite TLE
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Example Comms. Config. Files
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Example Comms. Config. Files
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Example Comms. Config. Files
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Example Comms. Config. Files

41



Example Energy Config. Files
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Example Energy Config. Files
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Example Energy Config. Files
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Example Subsystem Config. Files
Three-state ADACS State Machine
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44

Imager peripheral:

Example Subsystem Config. Files
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Processor peripheral

running object

detection workload:

Example Subsystem Config. Files



The cote Workflow

Orbital Mechanics 
Configuration

Satellite Configuration: 
• Energy System 
• Onboard Processing 
• Other Peripherals

Communications 
Configuration

Scenario 
Simulation

Observation Dates and Times

Event Traces

Simulator Inputs Simulator Outputs

Satellite Activity Traces
Communication Logs
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Example Output Log File
Log Date and Time Satellite ECI Position
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Open Source Development
https://github.com/CMUAbstract/cote

49



Available Example Programs
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Available Example Programs
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Example Program: “Generate ECIs”
Input Configuration Files Output Log Files
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Example Program: “Generate ECIs”
Input Configuration Files Output Log Files

Time Step: 1 minute
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Example Program: “Generate ECIs”
Input Configuration Files Output Log Files
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Example Program: “Generate ECIs”
Input Configuration Files Output Log Files

Time Step: 1 minute

Step Count: 1440 (one day)

Simulation Start Date and Time

Satellite TLE

Satellite ECI x-position 
(Once per minute) 

Satellite ECI y-position 
(Once per minute) 

Satellite ECI z-position 
(Once per minute) 

51



Available Example Programs
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Available Example Programs
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Available Example Programs

52



Available Example Programs
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Available Example Programs
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Example Program: “Crosslink L.O.S.”
Input Configuration Files Output Log Files
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Example Program: “Crosslink L.O.S.”
Input Configuration Files Output Log Files

Time Step: 1 minute

Step Count: 49 (half orbit)

Simulation Start Date and Time

Many Satellite TLEs
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Example Program: “Crosslink L.O.S.”
Input Configuration Files Output Log Files

Time Step: 1 minute

Step Count: 49 (half orbit)

Simulation Start Date and Time

Many Satellite TLEs

Per-satellite link 
destination

Per-satellite link 
distance 

Per-satellite ECI positions 
(x, y, and z) 
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Available Example Programs
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Available Example Programs
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Open Source Development
https://github.com/CMUAbstract/cote
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Space Environment
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