
A Case Study in Femtosatellite Communications

Alex Akins

Final Project for ECE 8902: Satellite System Design

Course Instructor: Professor Greg Durgin

7/27/18



Motivation

While every satellite mission begins with a different idea, all of them share a common con-

straint: cost. As the mass of the satellite increases with more instruments and larger struc-

tures, the cost of ferrying the mission from Earth to Low Earth Orbit (LEO) increases. Cost

also increases with semimajor axis of the operating orbit. While private companies such as

SpaceX strive to reduce launch expenses, the fact remains that it costs multiple thousands of

dollars per kilogram to insert satellites into orbit. For certain mission profiles, small, lighter

satellites may be an appealing option. There are a number of mass-based classifications for

small satellites (Table 1)

Table 1: Satellite Mass Classification

Designation Max. Mass
Smallsat 500 kg
Microsat 100 kg
Nanosat 10 kg
Picosat 1 kg

Femtosat 100 g

The most popular small satellite standard is the modular CubeSat, the brainchild of

researchers at California Polytechnic State University. The unit (or ’U’) of a Cubesat is a 10

cm cube. Small satellites can be assembled in different shapes using this base unit; popular

sizes include 3U and 6U structures. Advances in technology among a variety of disciplines

have enabled a broad range of scientific and surveillance payloads that can be housed in

these Cubesats, hence their popularity in the satellite community.

As the size requirements of satellite payloads continue to decrease, a new challenge be-

comes evident. How small can a functional satellite be? This challenge is embodied in

the Femtosatellite (or Femtosat) class of small satellites. With net mass ranging anywhere

from 10 to 100 grams, femtosatellites are only large enough to accommodate highly inte-

grated systems and are limited in operating power. Several research groups have advanced

femtosatellite concepts. The first femtosatellite to reach orbit was the Pocket-PUCP mis-

sion developed by engineers at the Pontificia Universidad Catòlico del Peru1. The 97 gram

Pocket-PUCP satellite carried a temperature sensor and a 10 mW transmitter operating at

437.2 MHz, enabling transmission of sensor data back to the PUCP-SAT-1 Cubesat moth-

1Freese, K. (2018). A Small Box That‘s a Big Deal: How Latin American Countries Are Using CubeSATs
and Why it Matters — Small Wars Journal. [online] Smallwarsjournal.com.
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Figure 1: The KickSat mission concept: ‘Sprites’ are deployed from a mothership

ership2. The KickSat project, developed by Zachary Manchester for his Ph.D. at Cornell

University and funded through launch via Kickstarter, has likely received the most publicity

of any femtosatellite platform. As shown in Figure 1, a Cubesat mothership would be used

to deploy and communicate with hundreds of small ‘sprites’ or chip-based femtosatellites.

Although the KickSat mothership reached orbit, a timer failure prevented the deployment

of the sprites, and the project was a failure. The followup mission, KickSat-2, has yet to be

launched. The Suncube femtosatellite standard, developed by researchers at Arizona State

University, represents a further miniaturization of the Cubesat concept, employing ‘F’ units

of 3 cm cubes3. No missions have yet to fly employing the Suncube standard.

In addition to research interest, femtosatellite concepts have also captured the interest

of public. Breakthrough Initiatives, funded by private investor Yuri Milner, initiated the

Breakthrough Starshot project. The goal of Starshot is to send 1000 ‘StarChips’ (heavily

inspired by the KickSat sprite) to Alpha Centauri to search for habitable planets. The

small StarChips would be accelerated by firing photons from beam-steerable high-power

laser arrays at attached solar sails and would reach a peak velocity of one-fifth the speed of

light. Working with Manchester and German space company OHB systems, Breakthrough

Initiatives attached several sprites to the outside of the Venta-1 and Max Valier nanosatel-

lites4. Although none of the sprites separated from the surfaces of the satellites, beacons

transmitted by at least one sprite were received at ground stations in California and New

York.

2J. A. Heraud et al. “RT-20, the 20 meter diameter radio telescope in Lima, Peru”
3SunCube FemtoSat Design Specifications (SFDS)
4Billings, L. (2018). Reaching for the Stars, Breakthrough Sends Smallest-Ever Satellites into Orbit. [on-

line] Scientific American. Available at: https://www.scientificamerican.com/article/reaching-for-the-stars-
breakthrough-sends-smallest-ever-satellites-into-orbit/ [Accessed 16 Jul. 2018].
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A Case Study Mission

From these limited successes, it is clear that femtosatellite mission concepts are at the very

least feasible for distributed sensing. However, there are many hurdles remaining between

the current trial stages of development and a fully-functioning femtosat fleet. This report

will investigate the limits of femtosatellite platform via a case study design. The focus of

this report will be specification of the communications architecture that could enable such

a design, with little emphasis on the mission payload, attitude control systems, or other

satellite subsystems.

Problem Statement

Company A wants to test ten of their small form factor optical cameras in LEO, but has

a shoestring budget (<$100k). Each 12-megapixel camera captures images with 24 bits of

information per pixel, and Company A wants at least 100 images when the camera is facing

towards the Earth’s surface. The resulting images can be compressed using the Portable

Network Graphics (PNG) lossless format. Design a femtosatellite system that can accomplish

this objective.

High Level Design

In order to accomplish this objective, a fleet of 10 femtosatellites will be deployed from a

3U Cubesat mothership in an inclined LEO at 300 km. The estimated operational lifetime

of a satellite system in LEO at 300 km is roughly one month, which is plenty of time

to demonstrate the optical payload5. This orbit also minimizes free-space path loss for

data downlink and exposure to radiation from the inner Van Allen belt. Following the

operational lifetime, the mothership and the femtosat chips will de-orbit and disintegrate in

the atmosphere.

Launch, Orbit, and Deployment

The low mass and mean orbital altitude associated with a 3U CubeSat in LEO ensures that

this mission can be delivered to orbit by a low capacity launch vehicle. As an example, a

SpaceX Falcon 9 rocket is capable of bringing a 22,800 kg payload to LEO, far exceeding

what is needed for this mission6. Since this is a payload demonstration mission, the only

constrain on choice of orbit is the proximity of the ground station used for telemetry and

5King-Hele, D. G. “Satellite Orbits in an Atmosphere: Theory and Applications”
6www.spacex.com/about/capabilities
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data transfer. Use of global networks of ground stations, such as the NASA Near Earth

Network, removes this constraint by providing communications capabilities to most orbital

geometries. Given this flexibility, the mission can launch on a Falcon 9 from Cape Canaveral

and enter a low-inclination orbit. For the Kicksat platform, the sprites were to be deployed

from the mothership using a spring-loaded pusher, and a nichrome burn wire system. Since

the reason for deployment failure was malfunction of the timing system, it can be assumed

that this system for deployment is feasible. The space between chips, however, will need to

be increased due to the relatively large thickness of the optical payload. Once the femtosats

are deployed, nominal operations can begin.

Femtosat Design, Operations, and Communications Capabilities

For the hardware design of the femtosats, small off-the-shelf components can be used to

command the imaging payload and coordinate data storage and communications. In order

to function properly, the femtosats need integrated payload, data processing, power, and

communications subsystems. Unlike other small satellites, attitude control systems would

be very difficult to implement due to the limited size of the femtosat. Although the femtosats

will likely inherit the pointing of the mothership during deployment, unforseen circumstances

could easily alter the pointing. To ensure function, the femtosats must be designed to

function without control over pointing. One important detail here relates to the imaging

payload. Company A has specifically requested demonstration images of the Earth, which

would require specific pointing of the femtosats. This can be ensured in two ways. To begin

with, the deployment process will be coordinated such that the deployed femtosats will be

pointing towards the Earth’s surface. If for some reason the deployed femtosat enters a spin,

an inertial measurement unit can be equipped to properly time image capture when the

femtosat is pointing towards the Earth. For this purpose, a 3-axis accelerometer must be

included in the final design. The sections below break down the femtosat design requirements,

and additional information is presented in tables and figures in Appendix A.

Power

Power can be provided to the satellite through an integrated solar panel assembly feeding

small Lithium Ion batteries. The approximate area of solar panels required to generate a

specified output power is governed by Equation 1 which relies on efficiency η (maximum of

30%) and the solar flux constant Fo (1367 W/m2)7.

7Larson, W. and Wertz, J., “Space Mission Analysis and Design”
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A =
P

ηFo

(1)

Figure 2 shows the theoretical power yield given the solar panel coverage area
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Figure 2: Output power for given solar cell coverage area

For this design, a femtosat size similar to that of Kicksat (16 cm2 or 4x4 cm) will be

used. However, solar cells will be placed on both sides of the femtosat, whereas Kicksat only

attached electronics and solar cells to one side. This means that 1.5 16 cm2 faces will be

covered with solar panels. This also enables the femtosat to take images of Earth with the

optical sensor pointed away from the sun. If the full solar panel face is illuminated, Equation

1 gives 656 mW of operating power, and 328 mW are provided for half panel illumination.

For a circular, low-latitude LEO at 300 km, the orbital period can be calculated from Kepler’s

Third Law, restated below8.

T 2 =
4π2a3

GME

(2)

This gives an orbital period of roughly one hour and thirty minutes and power generation

of at most 492 mWh per orbit. This power will charge the Lithium Ion batteries, which can

8Pratt, T. et al., ”Satellite Communications”
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provide power to the system during imaging operations. The deployed femtosats will either

act in imaging mode or in telemetry mode. During imaging mode, the satellite will attempt

to take images of the Earth’s surface and transfer data to the mothership. During telemetry

mode, the satellite will transmit housekeeping information regarding available power and

attitude. The distance to the mothership can be probed through measurement of the received

signal intensity. In order to efficiently allocate power, the data rates and transmission power

can be reduced by the system microcontroller. For low power operations, all systems can be

placed in sleep mode, broadcasting minimal telemetry.

Electronics and Communications Structures

The main flight processor for each femtosat is an ATMegaS128 Microcontroller, a variation

of which is used in the popular Arduino prototyping board. Each planar dimension of

the microcontroller is 1.6 cm, mass is 4.8g, and nominal active power consumption a low

temperatures is estimated to be 16.5 mW for a 3V power supply9. Power from the solar

panels and the Lithium Ion batteries are regulated to 3V by an LD1117 voltage regulator.

Both the power requirements imposed by the solar panels and the availability of off-the-

shelf transceivers limits communications to S-Band (due to the popularity of cellular service,

WiFi, and nearby bands). The 5-millimeter square Atmel AT86RF233 chip contains a 2.4

GHz transceiver capable of +4 dBm output power (2.5 mW) and a data rate of up to 2000

kBaud with nominal power consumption of 41.5 mW. Currently, no commercial X-Band

transmitters exist which meet the form factor requirements. However, researchers have

developed X-Band enabled transceiver platforms for radar applications with nominal power

consumption of 333 mW10. Higher output power can be achieved at the cost of a slower data

rate by lowering the transmission frequency to the UHF band designated for small satellites.

(437 MHz).

The AT86RF233 transceiver chip is used to drive a wire dipole at a center frequency near 2.4

GHz. The half-wavelength dipole structure would consist of flexible wires with a total length

of 6.25 cm to give a near isotropic gain pattern. This eliminates the need for controlled

pointing of the femtosats during operations. The dipole structures would be fastened to

the main body during launch, and during deployment, the wires would unfurl beyond the

satellite.

Prior to transmission, captured images need to be stored on two external flash memory

chips such as the Microchip SST39VF3201B with 32 Mb capacity, power consumption of

90 mW, and dimensions of 1.8 cm. Additionally, an Analog Devices ADXL362 three-axis

9ATMegaS128 Microcontroller Datasheet
10Yu, J. et al., ”A Single-Chip X-Band Chirp Radar MMIC with Stretch Processing”
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accelerometer needs to be included with the femtosat to determine when the camera is

pointing towards the Earth for image capture.

Another significant obstacle to development is the fact that the specified accelerometer,

flash memory, and transceiver are not radiation hardened and represent points of critical

failure for each femtosat. Although currently available radiation-hardened equivalents do

not meet the size requirements for the specified femtosats, integrated radiation hardening

of all electronics is conceivable through a custom design. The resulting mass of a radiation

hardening solution would also need to remain within the imposed mass tolerances (<100 g).

Figure 5 in Appendix A shows a possible layout of the aforementioned components on the

satellite face. Figure 6 shows the rear of the satellite with full solar panel coverage.

Mothership Design

The 3U Mothership CubeSat design for the mission has four primary objectives as summa-

rized in Table 2 in priority order.

Table 2: Mothership Objectives

Objective 1 Successfully deploy femtosat payload
Objective 2 Receive imaging data from femtosat payload
Objective 3 Downlink imaging data to ground station
Objective 4 Exchange operational information with ground station

These objectives place explicit and implicit limitations on the design of the mothership.

The first objective requires that 1U of the 3U structure must be dedicated to storing and

deploying the femtosat payload. Additionally, at least one external face of this unit must be

able to extend to deploy the femtosats. This limits all additional hardware to the interior

of the remaining 2 units and the exterior of the satellite. 3 axis attitude control for the

mothership can be accomplished via small form factor magnetorque elements that use the

Earth’s magnetic field to control spacecraft orientation. Power for the CubeSat mothership

can be generated by covering all exterior surfaces that are unused by other subsystems with

small solar panel units. Since there is a substantial heritage of CubeSats operating in LEO,

the subsystem requirements for the mothership will not be made explicit here. Instead, more

attention will be paid to the data communications process.

There exist many documented examples of functional communications systems for LEO

CubeSats. A majority of ground station links take advantage of UHF, S, and X-Bands. For

UHF and lower frequency systems, deployable half-wavelength dipoles are a common design
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selection, providing adequate gain for omnidirectional transmission and reception of mission

critical instructions and housekeeping information. Higher bandwidth systems rely on S-

Band or X-Band for data downlink, and most antennas for these bands are more directional

(patch, horn, dish, etc.). The mothership CubeSat for this mission will use a dual-band

system. Deployable UHF dipoles will be used for telemetry systems and for mission critical

communications prior to deployment of the femtosatellites. The redundancy of this system

mitigates the risk of damage to transmission structures or hardware operating at higher

frequencies.

Due to the high data volume generated by the optical payloads, all data captured by the

femtosat chips will be relayed to the 3U mothership CubeSat for downlink to the ground.

For the deployment stage, two 0.5U panel doors will open to allow the femtosats to eject.

Attached to these doors is an array of 4 S-Band patch antennas. These patch antennas

will have individual gains of 8.3 dBi and half-power beamwidths of 71 degrees, providing

coverage to all deployed femtosats11. These antennas and will be driven by 4 W transmitters

and beam-steered to target individual femtosats. This array of antennas can also be used to

downlink images to ground stations.

Imaging Operations and Data Transmission

Once the femtosats have deployed, imaging operations begin. When the accelerometer on

each satellite indicates that the cameras are facing towards the Earth, a picture will be taken,

compressed to a nominal size of 6 MB, and stored in RAM until the femtosat receives the

transmission command from the mothership. The mothership CubeSat initiates information

transfer by transmitting a TDM-type beacon with a synchronization bit and subsequent

status bytes that provide instructions to all femtosats. While most femtosats receive a null

sequence, one femtosat will receive a prompt to exchange information. This prompt will

query for either telemetry data or a full image downlink. The receiving femtosat will then

retransmit the status bit three times and initiate the proper information transfer. The

mothership will listen for the retransmission of the status byte and used information from

the received signal at all patch antennas to set beamforming weights, increasing the gain in

the direction of the soon-to-be-transmitting femtosat. This beamforming increases the gain

of the receiving antenna by N = 4 for each of the patch antennas. It is important to note

here that the femtosat transceiver is equipped to transmit and receive at multiple 2 MHz

channels within the 2405-2480 MHz band. This implies that the time multiplexing strategy

could be replaced with a frequency multiplexing strategy. While this would allow for multiple

11These specifications are taken from an S-Band antenna developed by Endurosat
(https://www.endurosat.com/products/cubesat-s-band-patch-antenna/)
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data links to occur between satellites, the patch antenna array gain would suffer due to the

inability to optimally steer the reception beam. Additionally, the channel bandwidth can be

reduced from 2 MHz to 500 kHz to allow for more simultaneous channels at a lower data

rate.

The power received on either end of the link can be calculated using the Friis transmission

equation. It is important to note that for inter-satellite communication, the only appreciable

loss results from free-space path loss and errors in pointing of the mothership CubeSat (which

are assumed to be minimal).

Pr =
PtGtGr

(4πR/λ)2
(3)

This equation can be used to determine the Carrier-to-Noise ratio according to Equation

4.
C

N
=

Pr

kTsBn

(4)

The transceiver used on the femtosats allows for transmission in 16 channels with band-

widths of 2 MHz. The noise figure for the mothership S-Band receiver is 2 dB, while the

noise figure for the femtosat receiver is higher at 6 dB. The noise temperature of the receiving

system can be calculated with knowledge of the reference temperature of measurement (25

C).

Ts = To (NF − 1) (5)

Figure 3 shows the received power at both the femtosat for the transmission request

signal and at the mothership for the data downlink signal. Figure 4 shows the corresponding

Carrier-to-Noise ratio for the aforementioned specifications for a femtosat distance of up to

10 kilometers away from the mothership. For the range of distances covered, the Carrier-to-

Noise ratio exceeds 10 dB.

For imaging downlink, the femtosat would transmit image data using offset quadrature

phase shift keying. The bit error rate for OQPSK can be assumed to be identical to QPSK12,

and is given in Equation 6. The bit error rate was calculated at a maximum of 0.0001 percent

chance of a bit error for an inter-satellite distance greater than 1 km.

PeQPSK = Q

[√
C

N

]
=

1√
2π

∫ ∞

C
N

e
λ2

2 dλ (6)

12Simon, M. K., “On the bit-error probability of differentially encoded QPSK and offset QPSK in the
presence of carrier synchronization”
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Figure 3: Received power for intersatellite communications as a function of distance
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Figure 4: Carrier-to-Noise ratio for intersatellite communications as a function of distance
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The highest data rate enabled by the femtosat transceiver is 2Mb/s, enabling rapid

image downlink. The mothership CubeSat, unfettered by the femtosat limitations, can store

a higher volume of images until in range of a ground station. S-Band channels are limited

to 5 MHz bandwidth for ground communications, and the nominal G/T for the ground

system antenna is 23 dB/K13. Assuming that atmospheric attenuation is negligible for S-

Band Channels (2e-2 dB), Equation 4 can be used to determine a nominal Carrier-to-Noise

ratio of 55 dB. The Shannon channel capacity equation is given in Equation 7, and it can be

used to calculate a maximum capacity H of 91.9 Mb/s. However, the Near Earth Network

ground station limits data downlink to a maximum of 20 Mb/s for an S-Band link utilizing

OQPSK modulation.

H = Blog2

(
1 +

C

N

)
(7)

Conclusions

This preliminary analysis reveals that distributed networks of femtosatellites can downlink

substantial volumes of imaging data via a CubeSat mothership with sufficient link margin.

However, many logistical issues remain that were either not addressed or cursorily addressed

in this report.

The biggest problem with the design of this specific mission is the amount of power that

can be provided to the femtosat. The 492 mWh figure given above assumes a 30% effi-

cient solar cell pointed directly at the sun for the duration of the orbit. This is not feasible

without attitude control of the femtosats. The front-mounted solar panel will be able to

capture energy reflected from the Earth, but with a mean albedo of 0.3 in the visible, this

will not contribute heavily to the satellite capabilities. The attitude control problem will

also manifest itself in link degradation when the plane of the patch antenna is perpendicular

to the dipole length axis. Improper pointing will also limit the ability of the femtosat to

capture images. Femtosat deployment is complicated by the use of solar panels on both

sides of the substrate, and wire dipole deployment may also be more difficult than alluded to

previously. Finally, battery charging circuits and additional passive circuit elements required

to complement the specified electronics will require space on the substrate that is currently

unaccounted for.

It is very possible that these problems can be solved in the near future. Further integration

and the use of system-on-chip hardware will increase the area available for solar panels.

Increases in solar panel efficiency will also increase the amount of useable power for future

13Near Earth Network User Guide
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operations. While no solution exists for attitude control elements, half-wavelength dipoles

provide the near-omnidirectional coverage needed to maintain links with the CubeSat moth-

ership. Additional half wavelength wire dipoles could be added at the corners to increase cov-

erage. While downlink of images requires a mothership CubeSat, advancement in transceiver

and ground system technology may enable direct-to-Earth downlink of larger files. While we

may be far away from a practical implementation of the Breakthrough Starshot concept, we

may very well see distributed networks of femtosatellites in orbit soon.
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Appendix A Femtosat Design Specifications

Table 3: Specifications for Electronics

Component Area (mm2) Power Consumption (mW ) Mass (g)
ATMegaS128 Microcontroller 256 16.5 4.8

ADXL362 Accelerometer 9.75 3.6e-3 0.018
AT86RF233 Transceiver 25 36 2.0

32 Mbit Flash RAM 48 135 6.0
LD1117 Voltage Regulator 31 15 0.1

Camera 400 100 10

Figure 5: Front facing view of the femtosat with camera, processor, and peripheral electronics
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Figure 6: Rear facing view of the femtosat with full solar panel coverage
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