
0018-9219 © 2018 IEEE. This work is licensed under a Creative Commons Attribution 3.0 License.  
For more information, see http://creativecommons.org/licenses/by/3.0/

Vol. 106, No. 3, March 2018 | Proceedings of the IEEE  339

Digital Object Identifier: 10.1109/JPROC.2018.2805267

control thruster, advanced antennas 
for wireless systems, radar technol-
ogy, advanced energy storage systems, 
robotics and autonomous system 
(RAS) technologies, satellite forma-
tion f lying, onboard processing, 
deployable structures, and science 
applications such as thermospheric 
variations from global navigation sat-
ellite systems (GNSSs) and accelerom-
eter measurements on small satellites.

II .   OV ERV IE W OF THE 
SPECI A L ISSU E

The issue starts with the review paper 
“Modern Small Satellites—Changing 
the Economics of Space” by Sweeting. 
This paper reviews the history of small 
satellite development and then sum-
marizes their present capabilities and 
applications. This is followed by a look 
at the future technology trends that 
small satellites can exploit—both in 
Earth orbit and for exploration of the 
solar system. The paper also includes 
many examples of different types of 
small satellites.

The paper “Space Propulsion 
Technology for Small Spacecraft” by 
Krejci and Lozano discusses the differ-
ent propulsion principles applicable to 
small satellites, and presents a classifi-
cation of available propulsion solu-
tions, including a variety of different 
chemical and EP systems of varying 
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I .   IN TRODUCTION

Small satellite is a disruptive technology in space industries. Traditionally, space 
industries were dominated by satellites which have thousands of kilograms and are 
bulky and expensive. Small satellites denote a new generation of miniaturized satel-
lites which, by taking advantages of modern technologies (e.g., integrated circuits, 
digital signal processing, MEMS, and additive manufacturing), can achieve a signifi-
cant reduction in volume, mass, develop-
ment time, and cost of satellites. During 
recent decades, small satellites, including 
CubeSats, NanoSats, MiniSats, and Micro-
Sats, have undergone rapid developments, 
and are playing an increasingly larger role 
in exploration, technology demonstration, 
scientific research, and education. These 
miniature satellites provide a low-cost 
platform for missions, including planetary 
space exploration, Earth observations, 
fundamental Earth and space science, and 
developing precursor science instruments 
like laser communications and millimeter-
wave communications for intersatellite 
and intrasatellite links, and autonomous 
movement capabilities. They also allow 
educators an inexpensive means to engage 
students in all phases of satellite develop-
ment, operation, and exploitation through 
real-world, hands-on research and devel-
opment experience on rideshare launch opportunities. A number of miniaturized 
satellites can form spaceborne wireless sensor networks in the space, which are also 
going to play an important role in Internet of Space (IoS) of the future.

This special issue covers the most recent developments in small satellites. 
This special issue includes 11 invited papers covering different aspects of small 
satellites, spanning topics from a comprehensive review of small satellite devel-
opment, to advanced technologies such as propulsion technology, attitude 
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complexity and performance. A discus-
sion of the predominant scaling laws 
for miniaturization of different propul-
sion systems is given, identifying the 
limiting factors in miniaturization on 
thruster, and system level is given. 
Based on this, a section discussing the 
propulsion related requirements and 
state-of-the-art technologies for the 
extreme cases of chip and membrane 
satellites, and infinite specific impulse 
missions are discussed.

The paper “Development and Test-
ing of a 3-D-Printed Cold Gas Thruster 
for an Interplanetary CubeSat” by 
Lightsey et al. describes the develop-
ment and testing of a cold gas attitude 
control thruster produced for the Bio-
Sentinel spacecraft, a CubeSat that 
will operate beyond Earth orbit. The 
thruster will reduce the spacecraft 
rotational velocity after deployment, 
and for the remainder of the mission it 
will periodically unload momentum 
from the reaction wheels. The design, 
development, and test campaign for 
the thruster system are presented.

The paper “Advanced Antennas 
for Small Satellites” by Gao et al. pres-
ents a comprehensive review of 
recent development in antennas for 
wireless systems onboard small satel-
lites (MiniSats, MicroSats, NanoSats, 
CubeSats). Antenna is one of the key 
components onboard small satellites 
as its design determines the perfor-
mance of all the wireless systems 
including telemetry, tracking and 
control, high-speed data downlink, 
navigation, intersatellite communica-
tions, intrasatellite communications, 
wireless power transfer, radars and 
sensors, etc. Many recent examples of 
advanced antennas for small satellite 
applications are shown and discussed. 
A conclusion and future development 
in antennas for small satellites are 
given in the end.

The paper “Radar Technologies for 
Earth Remote Sensing from CubeSat 
Platforms” by Peral et al. reviews the 
state of the art and future develop-
ments of CubeSat radar missions for 
Earth remote sensing and the implica-
tions for NASA’s current and future 

Earth Science program. Space-based 
radar observations have transformed 
our understanding of Earth over the 
last several decades. The key enabling 
technologies for RF, digital and anten-
nas are surveyed, as well as the evolu-
tion of the CubeSat avionics, in the 
aspects that mostly impact radar 
development, namely power, volume, 
and attitude control and knowledge 
and precision orbit determination 
(POD). Various radar applications 
that could benefit from low-cost 
CubeSat platforms, such as altimetry, 
sounding, precipitation profiling, scat-
terometry, synthetic aperture radar 
(SAR), and interferometric SAR 
(InSAR) are discussed.

The paper “Energy Storage Tech-
nologies for Small Satellite Applica-
tions” by Chin et al. provides a general 
review of performance capabilities of 
state-of-the-art lithium–ion battery 
technologies. With advances in Cube-
Sat technologies, the power and 
energy demands have also increased 
dramatically, necessitating the need 
for larger deployable solar arrays, 
lower power electronics, efficient 
energy storage systems, and even 
energy transfer/harvesting systems. In 
terms of energ y storage,  more 
advanced battery chemistries with 
higher energy densities and higher 
power capabilities over a wider operat-
ing temperature range are also a fun-
damental need. Other advanced 
energy storage systems for small satel-
lite applications are also discussed.

The paper “Robotics and AI-
Enabled On-Orbit Operations With 
Future Generation of Small Satellites” 
by Nanjangud et al. provides an over-
view of the robotics and autonomous 
system (RAS) technologies that enable 
robotic on-orbit operations (O3) on 
SmallSat platforms. The low cost and 
short lead time of small satellites have 
led to their use in science-based mis-
sions, Earth observation, and inter-
planetary missions. They are also key 
instruments in orchestrating techno-
logical demonstrations for O3 such as 
inspection and spacecraft servicing 
with planned roles in active debris 

removal and on-orbit assembly. Major 
RAS topics such as sensing and percep-
tion; guidance, navigation & control 
(GN&C) microgravity mobility and 
mobile manipulation; and autonomy 
are discussed from the perspective of 
relevant past and planned missions.

The paper “A Survey on Formation 
Control of Small Satellites” by Liu  
and Zhang comprehensively reviews 
the state-of-the-art development in 
formation control of small satellites, 
including satellite formation flying, 
distributed satellite systems, and frac-
tionated satellite formation. Various 
formation control architectures and 
methods of small satellites are intro-
duced. Coordinative control of multi-
ple small satellites is also reviewed, 
covering coordinative control of satel-
lite formation, coordinative attitude 
control of satellite formation, and 
coordinative coupled attitude and 
orbit control of satellite formation.

The paper “Onboard Processing 
With Hybrid and Reconfigurable 
Computing on Small Satellites” by 
George and Wilson surveys the chal-
lenges and opportunities of onboard 
computers for small satellites and 
focuses upon new concepts, methods, 
and technologies that are revolution-
izing their capabilities, in terms of 
two guiding themes: hybrid comput-
ing and reconfigurable computing. 
Due to the increasing demands of 
onboard sensor and autonomous pro-
cessing, one of the principal needs 
and challenges for future spacecraft is 
onboard computing. With new tech-
nologies, such as CHREC Space Pro-
cessor (CSP), it demonstrates how sys-
tem designers can exploit hybrid and 
reconfigurable computing on small 
satellites to harness these advantages 
for a variety of purposes, and it high-
light several recent missions by NASA 
and industry that feature these 
principles and technologies.

The paper “Deployable Techniques 
for Small Satellites” by Miyazaki pro-
vides an overview of the past and cur-
rent research and development of a 
deployable structure for small satel-
lites, and discusses the future of a 
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which contribute to understanding of 
t her mospher ic  v a r ia t ion s  a nd 
improving the current empirical and 
physical models.� 
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Jin et al. presents an overview of past 
and present developments and efforts 
in sensing and modeling thermo-
spheric density and wind variations 
are presented, as well as the future 
challenges and perspectives for GNSS 
and accelerometers on small satel-
lites. Monitoring and understanding 
geophysical processes in the thermo-
sphere is primordial for space phys-
ics, low Earth orbiters, and ground-
based technolog ies.  GNSS a nd 
accelerometers on small satellites can 
sense neutral density and wind varia-
tions with unprecedented accuracy, 

deployable structure for small satel-
lites. A deployable structure serves an 
important function in small satellites 
as their performance is improved 
steadily. Larger deployable solar array 
paddles are expected as the satellite 
requires a larger amount of electric 
power. The synthetic aperture radar 
(SAR) system for small satellites 
requires a deployable antenna. Many 
examples of deployable structures are 
discussed.

The paper “Thermospheric Varia-
tions From GNSS and Accelerometer 
Measurements on Small Satellites” by 
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