rﬁl

/BT"\
\I{EC//

International Journal of

Electrical and Computer System Design

ISSN: 2582-8134 www.ijecsd.com

Comprehensive Review on Revolutionizing Earth Observation from the Stratosphere

using Balloon Satellites

Arul Raj Kumaravel*', Narmatha Deenadayalan?, Arockia Jayadhas?, Joseph Sengol*, Netsory Ntenganija®

1345 St.Joseph University in Tanzania, Mbezi, Dar Es Salaam, Tanzania, pkarulraj@yahoo.co.uk

2Einstein College of Engineering, Tirunelveli, Tamilnadu, India, niranjnarmi@gmail.com

Abstract: Balloon satellites, or high-altitude balloons, have gained significant attention as a promising platform for
scientific and technological missions. These balloons, operating in the near-space region, offer a cost-effective and
versatile alternative to traditional satellite-based approaches for Earth observation. This review article aims to delve
into the development, applications, and future potential of balloon satellites in advancing our knowledge of the Earth
and contributing to various scientific disciplines. The utilization of balloon satellites presents unique advantages that
make them an attractive option for scientific research. Unlike traditional satellites, balloons are relatively inexpensive
to build, launch, and operate, allowing for more frequent missions and increased accessibility. Balloon satellites can
be equipped with a wide array of scientific instruments, including cameras, sensors, and spectrometers, enabling
diverse Earth observation capabilities. The applications of balloon satellites span multiple scientific fields. In Earth
science, these platforms have facilitated high-resolution imaging of the planet's surface, monitoring of atmospheric
conditions, and studying climate change phenomena. Balloon satellites have also been instrumental in advancing
astrophysics and astronomy by carrying telescopes to near-space altitudes, reducing atmospheric interference and
providing clearer views of celestial objects. Balloon satellites have emerged as a valuable platform for scientific
exploration and Earth observation. Their cost-effectiveness, versatility, and potential for ground-breaking discoveries
make them an exciting area of research. By continuing to advance balloon satellite technology and exploring new
applications, we can enhance our understanding of the Earth and make significant contributions to various scientific

disciplines.
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1. Introduction

Satellite-based Earth  observation  has
significantly contributed to the advancement of our
knowledge about our planet. It has served as a crucial
tool in monitoring and studying various aspects of the
Earth's surface, atmosphere, and climate. Through this
technology, we have gained valuable insights into the
dynamics of our planet, allowing us to better
comprehend and address environmental changes and
challenges. However, these satellite systems often
come with high costs, limited spatial resolution, and long
development cycles. In recent years, balloon satellites
have emerged as a compelling alternative platform for
Earth observation, offering unique advantages. These
high-altitude balloons, also known as near-space
balloons, provide cost-effective solutions, rapid
deployment, and increased flexibility compared to their
satellite counterparts. By harnessing the power of the
stratosphere, balloon satellites open up new avenues for
scientific exploration, revolutionizing Earth observation
in ways that were previously unimaginable.

2. Development of Balloon Satellite

2.1 Technological advancements enabling balloon
satellite missions

Balloon satellites are a type of satellite that is
inflated with gas after being placed into orbit. They are
often used by flat-Earthers as a way to deny the
existence of traditional orbiting satellites. However, this
argument is a fallacy of proof by example. Balloon
satellites come in two forms: regular orbiting satellites
that are inflated with gas once in orbit, and high altitude
balloons that provide services typically offered by
orbiting satellites. While some balloon satellites have
experienced crashes, their existence does not negate
the presence of traditional satellites. Both types serve
distinct purposes, and using the existence of one to deny
the other is a flawed line of reasoning. Comparatively, it
is akin to using the existence of trucks to prove that
buses do not exist [1].

Geostationary Balloon Satellites (GBS) are proposed
high-altitude balloons designed to float in the mid-
stratosphere, approximately 60,000 to 70,000 feet
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above sea level. Their purpose is to act as atmospheric
satellites, remaining stationary above a specific point on
Earth's surface. The GBS would utilize a propulsion
system to maintain its position, taking advantage of the
low air density and reduced wind speeds at that altitude.
These balloons would be powered by solar panels,
offering the potential to provide broadband Internet
access over a large area. By employing laser broadband
technology, the GBS can establish a network connection
and deliver extensive coverage, benefiting from its wider
line of sight over the Earth's curvature and unobstructed
Fresnel zone [2].

Balloons offer several advantages for planetary
exploration, as they can be lightweight, cost-effective,
and provide extensive coverage. Their elevated
perspective allows for detailed examination of wide
areas, surpassing the capabilities of orbiting satellites.
While lacking precise directional control, this is often not
a hindrance in exploratory missions where specific
locations are not targeted. In a notable example, the
Russian probes Vega 1 and Vega 2 deployed aerobats
into Venus' atmosphere, with the second balloon
transmitting signals for nearly two Earth days.
Additionally, balloons like the Echo satellite, though not
traditional balloons, are large deployable structures
launched via rockets [3].

For over two centuries, balloons have played a
crucial role in scientific research. In 1950, the
introduction of natural shape balloons with integral load
tapes brought about a revolutionary change in
ballooning. Over the past 50 years, this design has
undergone  continuous  improvements,  enabling
scientific balloon flights, including extended missions in
Antarctica. Currently, NASA is actively working on
developing the next generation super-pressure balloon,
designed to facilitate extended missions above 99.5% of
Earth's atmosphere at any latitude. The Astro2010
Decadal Survey report strongly advocates for the
development of super-pressure balloons, recognizing
their potential for ultra-long-duration flights at constant
altitudes lasting approximately 100 days. This significant
progress represents a notable advancement in the field
of scientific ballooning [4].

The High Energy Focusing Telescope (HEFT) is
a balloon-borne scientific experiment dedicated to
studying astrophysical sources in the hard X-ray/soft

gamma-ray range. Its primary objectives include
conducting imaging and spectroscopy of young
supernova remnants, observing obscured Active

Galactic Nuclei, and studying accreting high-magnetic
field pulsars. Over the past four years, the HEFT team
has made significant progress in developing advanced
optics and detectors, resulting in enhanced sensitivity
and imaging capabilities when compared to previous
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satellite missions. This paper presents a comprehensive
overview of the instrument's design and highlights recent
successful demonstrations of the optics and detector
technologies conducted in the laboratory. Ballooning
has played a crucial role in scientific research for over
two centuries, with the introduction of natural shape
balloons in 1950 marking a significant advancement in
the field. Continuous improvements in balloon
technology have enabled long-duration flights, including
those conducted in Antarctica. NASA is presently
working on the development of a super-pressure balloon
designed for extended missions at altitudes above
99.5% of Earth's atmosphere. This aligns with the
Astro2010 Decadal Survey's recommendation for
supporting ultra-long-duration balloon flights at constant
altitudes. [5].

2.2 Key components and design considerations

A novel concept of a stable, ultra long-duration
high-altitude balloon (HAB) platform that can maintain a
stationary position, offering significant advantages over
existing technologies. The proposed platform employs a
lightweight super pressure balloon and utilizes Electro
hydrodynamic  (EHD) thrusters to counteract
stratospheric winds and maintain position. To sustain
the on-board propulsion system, a wireless power
delivery system is suggested, utilizing microwave
energy transmitted from a ground-based generator and
directed with an antenna array. A rectifying antenna on
the balloon converts the received waves into direct
current for on-board use. The paper outlines the mission
architecture, energy requirements, and safety
considerations, providing a foundation for further
research and development in this area [6].

High altitude balloon (HAB) missions serve as
valuable teaching tools for spacecraft and satellite
design concepts. However, HAB missions have unique
characteristics that require a well-defined design
process. Using unaltered satellite designs for HAB
payloads or vice versa is not recommended. The
presented HAB mission design process aligns with
established space mission design processes, allowing
for an easy transition. Its simplicity, owing to the smaller
scale of HAB missions, also makes it ideal for teaching
space mission analysis and design to students [7].

A comprehensive overview of system-level
considerations in high-contrast imaging coronagraph
discusses the impact of target properties on imaging
requirements like resolution, band pass, and contrast. A
comparison is made between observing platforms,
including ground-based, balloon-based, rocket-based,
and satellite-based approaches, highlighting their
respective advantages and disadvantages. Various
methods of starlight suppression are examined, and
their spatial and chromatic response performance
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metrics are compared. It also covers wave front control
components and techniques for wave front sensing [8].

3. Applications of Balloon Satellites
3.1 Earth Observation and Remote Sensing

Earth observation, or remote sensing, involves
collecting data about the Earth's surface and
atmosphere using remote sensing platforms like
satellites. Computer vision techniques are increasingly
used to analyze satellite imagery and extract valuable
information. However, the high costs associated with
space-based missions have led to the adoption of
stratospheric balloons as a cost-effective alternative for
data collection at high altitudes. This article presents a
workflow for implementing a deep learning-based image
classification system specifically designed for analyzing
stratospheric balloon imagery. The system aims to
assess image quality and contribute to science
communication and aerospace projects [9].

In a low-cost verification experiment simulating
low Earth orbit missions, two small and lightweight
camera systems were flown above 97% of Earth's
atmosphere. The cameras proved useful for vegetation
and soil analysis, employing the Normalized Difference
Vegetation Index (NDVI) as a performance metric.
Ground calibration testing and high-altitude balloon
flights demonstrated consistent NDVI results and data
capture similar to space conditions. While post-
processing corrections were necessary, the hobbyist
cameras showcased scientific utility and potential for
citizen science applications in the near-space
environment [10].

Satellite technology is widely used for remote
sensing and earth observation, providing vital
information on land-use patterns, crops, forests,
minerals, water, and more. However, limitations in
satellite imagery availability and resolution in certain
regions have spurred interest in localized remote
sensing methods. This review focuses on tropospheric-
stratospheric balloons as a cost-effective means of
acquiring remotely sensed data and analyzing it. With
the increasing trend of connected sensor grids and a
highly interconnected world, balloon platforms have
gained attention, offering a new approach to
atmospheric detection [11].

Remote sensing plays a crucial role in providing
up-to-date data for various industries. While traditional
space agencies and new-space companies focus on
data provision and processing, the utilization of
stratospheric balloons as a data acquisition method
remains underutilized. The UPRA Project aims to
develop a reliable high-altitude balloon platform for
university research groups, demonstrating cost-effective
multispectral remote sensing capabilities. The project
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involves a payload train consisting of a parachute
system, avionics module, backup GPS tracker, radar
reflector, control camera, and the UPRACAM remote
sensing module. The developed balloon-borne
multispectral camera shows potential for future
integration into small satellite missions, enabling diverse
applications such as flood protection, agriculture, and
vegetation assessment [12].

3.2 Atmospheric research

A novel method for measuring winds,
temperature, and humidity in the tropics is presented,
utilizing high-altitude super pressure balloons and a
communications satellite for data relay. The approach
involves a large balloon carrying load dropsondes,
released upon command from a synchronous satellite.
These sondes telemeter navigation  signals,
temperature, and humidity data to the mother balloon,
acting as a data relay terminal to a synchronous satellite,
which transmits the data to a ground station. The
National Center for Atmospheric Research sponsors this
project, supported by the National Science Foundation
[13].

The successful flights covered vast distances,
completing 16 global circumnavigations, and facilitated
connections with researchers, ham radio operators,
STEM groups, and students worldwide. The balloons
provided valuable velocity telemetry across diverse
weather regimes, including the Himalayas, Pacific
Ocean, and Arctic Circle. The study highlights the
accuracy of HYSPLIT-calculated trajectories using
numerical weather prediction (NWP) data, assessed
based on parcel velocity, trajectory forecast duration,
and NWP model spatial resolution [14].

A tethered Dballoon equipped with a
sophisticated platform was employed to investigate the
altitude distribution of crucial atmospheric properties
relevant to the global electric circuit (GEC). The study
also examined the volumetric activity of radon and the
concentration of aerosol particles. The altitude
soundings covered approximately 0.5 km of the lowest
atmosphere, allowing for a thorough analysis of
electrical properties in the atmospheric boundary layer
(ABL) with both spatial and temporal dimensions.
Notably, long-lived space charge layers were
discovered, and the rate of charge change in different
atmospheric columns was estimated. The charge
density of small ions was found to range from -20 pC
m= to 30 pC m3, with the highest values typically near
the earth's surface. During the day, the study observed
a decline in electric field vertical profiles, particularly in
the lower 100 m, a pattern that was also evident in radon
and aerosol particle concentration profiles. In fair-
weather conditions, estimates of columnar electrical
resistance, electric potential, and electromotive force
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highlighted the substantial contribution of the ABL to the
GEC, an essential consideration for future research
endeavors. [15].

The smart balloons, developed by the National
Oceanic and Atmospheric Administration Air Resources
Laboratory in collaboration with the University of Hawaii,
have demonstrated successful field deployments, such
as crossing the Atlantic Ocean with a miniature ozone
sensor. Through such experiments, significant progress
has been made in understanding the relationships
between marine boundary layer evolution and aerosol
and gaseous constituents in different air masses.
Innovations in design and technology have expanded
the smart balloon's applications in atmospheric
research, including the potential for observations near
the ocean surface in hurricanes and typhoons, which
were previously impossible with research aircraft [16].

3.3 Space Research

The last decade has witnessed a growing trend
in using smaller satellites (0-100kg) for Earth
observation and scientific missions, with a notable
increase in small satellite launches, driven in part by
companies like Planet Labs. However, the limited
availability of dedicated launches for small satellites has
been a challenge, often restricting their launch dates and
orbit selection. In response, zero2infinity has developed
the "bloostar" small satellite launch vehicle, designed to
deploy a 75kg payload into a 600km sun-synchronous
orbit from a high-altitude helium balloon at 20km. By
launching above the densest part of the atmosphere,
bloostar reduces aerodynamic drag, eliminates the need
for an aerodynamic fairing around the payload, and
allows for the launch of lightweight, high-volume
satellites with larger diameter mirrors, offering new
possibilities for Earth observation telescopes and other
small satellites. The novel shape of the launch vehicle,
resembling concentric tori, offers various advantages,
and ongoing research focuses on optimizing the control
system to adapt to this unique design [17].

The field of experimental X-ray astronomy has
made significant progress since the initial extraterrestrial
X-ray observation in the 1960s. Various detection
techniques have been developed and employed on
missions using sounding rockets, scientific balloons, and
satellites. Multiple space agencies worldwide have been
actively involved in these experiments. Recent
advancements in technology and instrument
miniaturization have led to a growing trend of using light-
weight payloads, such as cubesats and nanosats, for X-
ray astronomy missions. Additionally, specially designed
light-weight payloads have been deployed on
meteorological balloons for specific X-ray observations,
including developments in the Indian context [18].
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The development of FUJIN-2, a balloon-borne
telescope designed for high-quality and continuous
optical observation of planets, surpassing existing
methods. Prototypes for domestic flight tests have been
successfully developed, and the project now advances
towards creating a flight system for long-duration
missions around the North Pole. The article outlines the
science mission overview and advantages, introduces
the new flight system, and reports the results of the
performance evaluation ground test, which influenced
the design of the flight system [19].

An inflatable balloon de-orbiting system
specifically designed for nano-satellites includes a
laminated aluminum film balloon, gas supply, and
electronics to inflate the balloon upon signal reception
from the satellite at the end of its life. The small, low-
cost, and power-efficient nature of this system makes it
ideal for university education satellites, addressing
concerns of weight, size, and cost. Ground experiments,
including vacuum deployment and thermal cycle tests,
have validated the system's viability and potential to
mitigate space debris concerns in future satellite
missions [20].

3.4 Communication and Connectivity

The potential benefits of Federated Satellite
Systems, which enable in-orbit sharing of space assets
to enhance mission sustainability and reliability. It
presents an experimental demonstration using two
stratospheric balloons connected to a ground station
through Commercial Off-The-Shelf Software Defined
Radios (SDRs). Despite an anomaly leading to the early
loss of directional link from the ground station to one
balloon, the federated approach allowed the other
balloon to act as a relay, extending the useful lifetime of
the affected system. The results showcase the value of
the federated approach in space systems design and set
the stage for future space asset tests [21].

The  Tethered  balloon as a new
telecommunication technology to address the limitations
of terrestrial and satellite systems in meeting high
capacity demands. The Tethered balloon offers a large
coverage area with line of sight, reducing the need for
numerous base stations in terrestrial systems and
minimizing transmission delay compared to satellites.
The study examines Tethered balloon technology for
mobile communication, highlighting the relationship
between path loss, coverage area, and balloon height
using the Hata propagation model [22].

The use of a tethered balloon network
architecture in public safety and emergency
communications, highlighting its potential for improving
response to natural disasters and terrorist acts. The
technology offers a unique solution to deliver broadband
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services in areas where traditional communication
infrastructure is disrupted. Results indicate high
performance in providing broadband communication
services with Quality of Service, significantly enhancing
the work of rescue and relief teams in critical situations
[23].

Project Loon aims to provide internet
connectivity to remote areas through a network of high-
altitude balloons in the stratosphere. These balloons
navigate using wind layers and utilize free-space optical
communications for inter-balloon crosslinks. The
stratospheric link's advantages include being above
weather events and weaker atmospheric turbulence
compared to ground level. Early-phase experimental
inter-balloon links at 20 km altitude demonstrated full
duplex 130 Mbps throughput over 100 km distances
during several-day flights, showcasing the feasibility and
potential of this innovative approach to bridging the
digital divide [24].

4. Challenges and Limitations

High altitude platforms (HAPS), also known as
Pseudo-satellites, are self-sustaining air vehicles that
utilize stratospheric winds and solar energy for long-term
operations. They offer applications in communications,
Earth observation, positioning, and more. Stratospheric
airplanes have light wing loading, enabling feasibility but
limited payload capacity, while airships have greater
potential for large payloads and hovering capabilities.
This paper reviews the technologies involved in
stratospheric flight and their short-term evolutions,
highlighting the benefits and limitations of each platform
for various applications. The authors envision a near-
future availability of both aerodynamic and aerostatic
HAPS, offering innovative and commercially viable
services [25].

The super-pressure balloon offers a means of
collecting meteorological data globally, spanning
altitudes from 500 mb to 10 mb. The main challenges lie
in ensuring reliable data transmission and accurate
positional information. To address these, an orbiting
satellite can be utilized, serving as a communication link
and facilitating balloon tracking. Integrating the super-
pressure balloon as a satellite to the orbiting satellite
presents a promising opportunity to achieve continuous
and comprehensive global weather data collection [26].

5. Conclusion

Balloon satellites have played a crucial role in
scientific research, offering a range of benefits and
applications. They have provided a platform for sensitive
observations of astrophysical sources, such as young
supernova remnants and obscured Active Galactic
Nuclei, through the use of advanced optics and
detectors. The potential for future advancements in
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balloon satellite technology holds promise for further
interdisciplinary collaborations and discoveries in the
field. To unlock these opportunities, it is vital to continue
investing in research and development, ensuring the
sustained progress of balloon satellite technology and its
contribution to scientific advancements in the years to
come.
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