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Small satellites, or CubeSats, are envisioned as a promising solution for future satellite communication
networks because of their low costs and short deployment cycle. Currently, CubeSats communicate at
conventionally allocated satellite communication frequencies. However, with the increase in the number
of CubeSats, CubeSat-enabled communication systems, and many new use cases, new spectrum bands
and a more efficient spectrum usage are needed. In this paper, a novel CubeSat design with reconfig-
urable multi-band radios for communication in dynamic frequencies is proposed.The multi-band radio
design is realized by two complementary approaches, namely, an electronics-based and a photonics-based
approach. The multi-band communication covers a wide range from radio frequencies (2-30 GHz), mil-
limeter wave (30-300 GHz), Terahertz band (up to 10 THz), and optical frequencies (with typical bands of
850 nm/350 THz, 1300 nm/230 THz, and 1550 nm/193 THz). A thorough link budget analysis is conducted
to demonstrate the potential of the proposed multi-band architecture for space information networks. Key
parameters in the satellite constellation design are investigated to explore the feasibility of deployment
at different altitudes in the exosphere orbit (500 km and above). A continuous global coverage is demon-
strated to serve the Internet of Space Things, a new paradigm for next generation satellite communication

networks.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The commercial use of space requires the development of reli-
able and economic solutions to serve various applications including
sensing, imaging, navigation and communication, among others.
Such services are currently supported by traditional satellites in
Low Earth Orbits (LEO), Medium Earth Orbits (MEO) and Geosyn-
chronous Equatorial Orbits (GEO). Nevertheless, existing satellites
have several major drawbacks. First, the very high costs associated
with the design, construction, launch and operation of traditional
satellites and satellite networks result in a very high entry barrier
for new operators and vendors. For example, the cost of develop-
ing and deploying the Iridium Next system is expected to exceed
$3 billion [1]. Consequently, the use of satellites has been restricted
to a few major players. In addition, traditional satellites have very
long development cycles, which can range from three years for
commercial ventures to ten or more years for government initia-
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tives [2]. Moreover, traditional satellite programs do not make use
of sequential redundancy [3], i.e,, a new development program is
usually started only after the previous program has been fully de-
ployed, making it difficult to adapt to the rapidly changing market
needs.

Recognizing those deficiencies, the satellite landscape has wit-
nessed the emergence of a new class of miniaturized satellites
known as CubeSats. Originally envisioned for university educa-
tion and research purposes, CubeSats are seen as a promising so-
lution to realize global satellite networks at much lower costs
[4]. In addition, the short timeframe from development to oper-
ation makes CubeSats an efficient deployment option, very differ-
ent from traditional satellite networks. CubeSats have uniform cu-
bic sizes of payload systems denoted as 1U, 2U, etc., where “U”
means a 10 x 10 x 10cm3 cube, and can be used for applications in
numerous research fields including biochemistry, astrophysics, and
telecommunications [5].

Recently, many commercial solution providers have targeted
CubeSats to serve in LEO to provide services including Earth re-
mote sensing, weather forecasting, and machine to machine com-
munication, as shown in Table 1. For instance, Planet Labs has re-
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Table 1
Existing or Planned CubeSats-based Satellite Services [6-13].
Iridium NEXT
Name of CubeSat SensorPoD Dove MarCO Astrocast Fleet KIPP AISTECHSAT
Company/Agency, Country Iridium Planet Labs, US NASA, US ELSE, Fleet, Kepler, Aistech, Spain
Communications, US Switzerland  Australia Canada
Purpose Sensing and Earth imaging Mars IoT and IoT Satellite IoT, M2M,
communication exploration M2M backhaul asset tracking
ISL Capability Only to the host No No Yes n/a n/a n/a
Iridium NEXT satellites
Year of First Launch 2015 2015 2018 2018 2018 2018 2018
Orbit Altitude 780 km 420 and 475 km n/a n/a 580 km n/a n/a
Number of CubeSats in 66 175 2 64 100 140 100
Constellation
Form Factor 4.5U 3U 6U n/a 3U+12U0 3U 6U
Weight 4-5 kg 5.8 kg 14 kg n/a n/a n/a n/a
Frequency Ku-band X-band X-band L-band n/a Ku-band n/a
Self-sustained No Yes Yes Yes Yes Yes Yes

Note: “n/a” means the parameter is not available in published sources.

cently launched a total of 175 CubeSats named “Doves” to support
high-resolution Earth imaging services [8]. CubeSats are also de-
ployed in deep space for missions including interplanetary data
relaying, sensing and monitoring on the Moon, Mars, and several
asteroids, as well as even further in deep space. For example, the
Mars Cube One (MarCO) mission from NASA consists of a pair of
CubeSats aimed at the exploration of Mars. The pair, MarCO-A and
MarCO-B, was successfully launched in May 2018 and planned to
fly by Mars in November 2018 [9]. Even more promising Cube-
Sat missions will be enabled with future advancements in physics,
electronics, and telecommunications.

With the proliferation of CubeSat-enabled applications and,
consequently, the increase in the number CubeSats in different
orbits, there has been an exponential increase in the use of the
space communication frequency spectrum [14]. Communication
between satellites is needed both to enable the exchange of con-
trol and data information between CubeSats as well as to re-
alize a globally connected network with ground infrastructure.
Currently, conventional satellite networks as well as recently-
deployed CubeSat networks rely on the use of specific frequency
sub-bands within the authorized spectrums regulated by the Fed-
eral Communications Commission (FCC) under 47 CFR 97.207 and
regulatory framework of the International Telecommunications
Union (ITU). Traditionally, the use of higher frequency bands has
been discouraged due to their much higher path loss and, thus,
shorter transmission distance between satellites, which would have
required the deployment of denser satellite constellations. Never-
theless, the much lower cost and development timeline of Cube-
Sats open the door to considering higher frequency bands for
communication, including the millimeter wave (mm-wave) (30-
300 GHz) and the Terahertz (THz) bands (0.1-10 THz) as well as
the infra-red and visible spectral bands (200-400 THz). Ultimately,
efficient techniques for spectrum access, management, and sharing
are needed to support the next generation satellite services.

In this paper, we propose a CubeSat design able to support
multi-band wireless communication at microwaves, mm-wave,
THz-band and optical frequencies. Multi-band communication
is needed for CubeSats to meet the throughput requirements
for inter-satellite and ground-to-satellite data-intensive ap-
plications. In our proposed architecture, CubeSats with an
altitude between 500 and 900 km above the Earth can trans-
mit, receive, and store data with high throughput in a global
coverage constellation. This architecture can significantly lever-
age the capabilities of current CubeSat networks, and will be
fundamental for future interplanetary CubeSat networks. We
envision that the CubeSat networks will conceive the “Inter-
net of Space Things (IoST)”, a paradigm-shift architecture to

leverage the cyber-physical system with another degree of free-
dom in the space for global process control and optimization.
The detailed network architecture of the I[oST is elaborated
in [6].

The novelties of our architecture are:

1. Multi-band radios covering wide spectrums at microwaves,
mm-wave, THz band, and optical frequencies to accommodate
high-throughput services. The key enabling device technologies
include (i) hybrid integration of two complementary signal gen-
eration, modulation, detection and demodulation approaches,
namely, an electronics-based approach and a photonics-based
approach, and (ii) enhancement and exploitation of the inter-
mediate products and harmonics generated in the process of
frequency up and down conversion;

2. Foldable multi-band antenna arrays based on new materials
such as graphene, which allow the creation of programmable
antenna architectures with tunable frequency and radiation di-
agram. The frequency and space beamforming capabilities of
such arrays are dynamically exploited to accommodate differ-
ent communication requirements;

3. Deep neural networks-enabled resource allocation strategies for
self-learning and optimization of CubeSat networks to adap-
tively determine the optimal combination of specific frequency
channel, transmit power, antenna gain, modulation and coding
scheme.

The remainder of the paper is organized as follows. After intro-
ducing the existing CubeSat architecture in Section 2, in Section 3,
we describe the multi-band communication technology for the
next generation CubeSats, including innovative transceivers and
antennas. Then, we describe the communication aspects between
CubeSats as well as between CubeSats and ground devices, includ-
ing types of links, physical and link layers solutions, and open re-
search challenges, in Section 4. Key deployment aspects, including
CubeSat constellation planning in light of both sensing coverage
and satellite connectivity, are studied in Section 5, and, finally, we
conclude the paper in Section 6.

2. Current CubeSat architecture

The design of a CubeSat follows standards based on the re-
search collaborations among universities and research labs, which
guarantees the unification among payloads and launchers and op-
timize the capabilities of miniaturized payloads [15]. According
to the specifications set by NASA, CubeSats cannot contain any
propulsion systems, hence they can only be deployed to the tar-
get orbit as secondary payloads via an airborne launch system in a
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Fig. 1. Basic functional components of next-generation CubeSats.

rocket (e.g., Space-X) or from the International Space Station (ISS)
[16]. In both cases, the deployment stage is carried out through a
poly-picosatellite orbital deployer (P-POD) system [17], which cur-
rently supports CubeSats of size up to 3U. In the next sections, we
describe the main components in current CubeSat architectures,
which are summarized in Fig. 1.

2.1. Electrical Power System (EPS)

The EPS serves as the energy source to perform all necessary
sensing, processing, and communication tasks. It includes subsys-
tems to perform energy conversion, power regulation and control,
energy storage, and distribution [18]. The major energy source is
the Sun and, thus, solar panels and high-capacity batteries are uti-
lized to provide highest efficiency even when the CubeSat is not
covered by sunlight. The EPS includes the follow components:

« Batteries: The batteries in existing CubeSats commonly use
lithium polymer cells with a nominal voltage level of 5 V with
high energy densities and a robust protection architecture ac-
cording to the standard. The batteries also provide extra pro-
tection against overcharge, over-discharge, over-current, over-
voltage, and over-temperature.

Solar panels and arrays: State-of-the-art solar panels generally
consists of IlI-V semiconductor-based solar cells (e.g., GaAs)
triple junction solar cells), temperature sensors and Sun sen-
sors. Before the on-orbit deployment, the solar panels are
folded inside the launch vehicle. Once in orbit, the solar panels
are expanded to conduct energy harvesting, temperature sens-
ing, and other tasks.

2.2. Command and Data Handling (C&DH)

The purpose of the C&DH board is to command the subsys-
tems of CubeSats. The subsystems include performing Earth imag-
ing operations, commanding radio to beacon, transmitting data,
receiving commands and data, changing configurations, and com-
manding EPS to power on or off. The C&DH consists of two pro-
cessing units. The processing core of the C&DH interprets control
commands and schedules actions, whereas small form-factor, low
power-consumption micro-controllers are responsible for commu-
nicating with the CubeSat’s other subsystems.

2.3. Attitude Determination and Control System (ADCS)

Another crucial system inside a CubeSat is the ADCS, which
guarantees the stability of payloads, manages the position and
pointing accuracy of antennas, and assists optical control to pro-
vide fine pointing. It contains several sensors, actuators, and mag-
netometers to measure the magnetic field near orbit [19].

2.4. Payloads

There is a plethora of payloads that a CubeSat can incorpo-
rate. The most advanced systems include multi-frequency (infra-
red, visible, ultra-violet) orthophoto cameras which are capable of
capturing imagery at a resolution of 10-15-m ground sample dis-
tance, telescopes that can observe from surrounding satellites to
deep space objects, and a series of sensors for space environment
monitoring such as temperature and gas concentration among oth-
ers. The image sensing capability equipped on CubeSats can reach
a radiometric resolution of 16 bits with a spatial granularity or po-
sitional accuracy of less than 10 m root mean square error.

2.5. Communication system

Currently, CubeSats have limited communication capabilities to
ground infrastructure. The available frequency bands for commu-
nication are the S-band (2-4 GHz), C-band (4-8 GHz), X-band (8-
12 GHz), Ku-band (12-18 GHz), and Ka-band (26.5-40 GHz). These
frequency bands are also being heavily utilized by other satellite
communication and links between space shuttles and the ISS, as
well as terrestrial wireless networks including IEEE 802.11 series,
which can cause severe interference and thus degrade system per-
formance. In the next section, we present the new communication
architecture for our CubeSat design.

3. Our new hardware design for next generation CubeSats

Our new hardware design of next-generation CubeSats incor-
porates innovative multi-frequency transceivers and antenna ar-
rays needed to support high-throughput inter-satellite and ground-
satellite links needed in CubeSat-enabled satellite applications. In
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Fig. 2. Preliminary design of a next-generation 3U CubeSat with solar panels expanded and basic functional components indicated by arrows.

order to meet the requirements of future CubeSat use cases and ac-
commodate necessary subsystems and payloads, we propose new
CubeSat with the dimension of 3U (10cm x 10cm x 34cm) and
a maximum weight of 5 kg, as illustrated in Fig. 2. This new
design allows the antenna arrays to be stowed during launch
and pre-deployment. The details of the proposed multi-frequency
transceivers and antenna arrays are described in Sections 3.1 and
3.2, respectively.

3.1. Multi-frequency transceiver design from RF to THz bands to
optical frequencies

To overcome the spectrum scarcity and capacity limitations
in current satellite networks, we propose the utilization of mul-
tiple frequency bands, from RF to THz, and to optical frequen-
cies, for next-generation CubeSat communication systems. For this,
frequency-agile ultra-broadband reconfigurable systems able to
communicate over the broad electromagnetic (EM) spectrum rang-
ing from hundreds of MHz up to optical frequencies need to be
developed. Between the two ends of the spectrum, the mm-wave
and, especially, the THz-band frequencies provide new opportuni-
ties for high-speed wireless communications. Due to recent ma-
jor progress in device development at these frequencies [20,21],
it is possible to enable communication at such high frequency
bands. While molecular absorption by oxygen and water vapor at
mm-wave and THz-band cause heavy attenuation to signals on the
ground, such effect does not exist in space because of the very low
concentration of absorbing molecules above the atmosphere.

Millimeter-wave and THz-band communication exhibit several
key advantages over RF communications:

» Thanks to the very large available bandwidth at mm-wave
and THz frequencies, even very simple modulation and coding
strategies can support from the start much higher bit-rates than
existing RF systems.

Thanks to the small wavelength at mm-wave and THz frequen-
cies, the size of antenna arrays can be significantly reduced.
More antenna elements can fit per unit area of the array, en-
abling new massive and ultra-massive MIMO communication
schemes.

Thanks to the directional propagation of mm-wave and THz
frequency waves, interference between satellites is potentially
much lower than at RF frequencies.

It must be noted that the use of optical communications
for satellite networks has also been proposed [22,23]. Compared
to optical frequencies, the mm-wave and, specially, the THz-
band supports similarly large transmission bandwidths, which are
mainly limited not by the physics of the channel, but by the
speed of the electronic and opto-electronic components. More-
over, the much narrower transmission beams in optical sys-
tems further increases the alignment requirements between the
transmitting and receiving satellite. In light of these observations,
the THz band (0.1-10 THz) seems to offer a compromise be-
tween RF (2-300 GHz) and optical bands (with typical bands of
850 nm/350 THz, 1300 nm/230 THz, and 1550 nm/193 THz). In any
case, ultimately, the synergistic use of the spectrum if needed.

To enable the proposed multi-frequency communication sys-
tem, new transceiver architectures are needed. Three metrics
weigh in the design of a reliable and efficient transceiver suit-
able to generate signals at various frequency bands for space com-
munication and networking, namely, (i) dimension constraints, (ii)
power source and energy consumption, and (iii) achievable perfor-
mance. In particular, the dimension of the transceiver has to follow
the standard specified in CubeSat architecture. Besides the afore-
mentioned benefits of operating at mm-wave and THz-band fre-
quencies, one additional advantage of operating in space is the fact
that devices can be naturally operating at a low temperature, with-
out the need of cooling components or cryostats. This can further
lead to compact communication systems for CubeSats.

We propose two parallel approaches to realize the pro-
posed multi-band transceivers, namely, multi-stream electronic up-
converting chains and optical down-converting chains.

3.1.1. Multi-stream electronic frequency up-converting chains

While direct-generation mm-wave and THz sources have been
envisioned [24,25], currently, the most common option to generate
mm-wave and THz signals is through frequency multiplication and
up-conversion [26,27]. Conventionally, only the final up-converted
signals are used as the output and the intermediate products are
discarded. However, by taking advantage of these intermediate fre-
quencies, we can leverage the up-conversion chain to generate
multi-streams of signals to be fully utilized as carriers in the multi-
band communication system. As illustrated in Fig. 3, the general
idea is to use frequency splitters after frequency multipliers in or-
der to extract the intermediate frequencies for outputs. The signal
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Fig. 4. A block diagram of multi-frequency band front-end by the photonics-based approach.

at frequency f; is considered as the intermediate output when pro-
ducing signals at a higher frequency f,. Similar structures can be
cascaded to provide more output streams.

The main components of the electronic transceiver include fre-
quency multipliers, mixers, splitters, amplifiers, and filters. The func-
tion of frequency multipliers, which are usually implemented as
chains of frequency doublers or triplers, is to increase the fre-
quency of the local oscillator (LO) to the desired radio frequency
or to an intermediate frequency (IF). Mixers combine two input
signals to generate the output at the sum of their frequencies. Fre-
quency splitters divide the input signal into two identical output
signals for further processing. Amplifiers enhance the amplitude of
the input signal, while filters, including bandpass and high-pass fil-
ters, can eliminate unwanted harmonics to improve the spectrum
efficiency. The proposed structure leverages the state of the art in
RF, mm-wave and THz transceivers, and can only benefit from fur-
ther developments.

3.1.2. Photonics frequency down-conversion chains

Besides RF up-conversion to mm-wave/THz bands, there is also
an alternative approach to generate multi-frequency by down-
converting optical signals which can fit in the limited space in
[0ST CubeSats while providing satisfying multi-band signal gener-
ation. These recent research advances are enabled by photonics-
based RF signal generation based on a silicon photonics chip [28-
30]. The major components of the photonics-based approach in-
clude a laser signal source and a Mach-Zehnder modulator. With
similar ideas of taking advantage of the multi-stream signals as
in Section 3.1.1, as shown in Fig. 4, multi-band signals can be
generated by the approach of heterodyning two input signals
with a Mach-Zehnder modulator, thus producing an RF signal
with a frequency equal to the difference between the two in-

puts as the final output, while maintaining the two input sig-
nals also as two output streams. With a tunable LO, multi-
frequency band signals can be generated as the output [31]. Ad-
ditionally, the stability of the photonics-based RF signals is di-
rectly dependent on the stability of the laser sources. There-
fore, in the CubeSat design, mode-locked lasers are preferred to
generate stable signal source [32]. Then a single-mode optical fiber
is used to deliver the down-converted signal to the antenna side.

3.2. Multi-frequency antenna systems

In addition to the transceivers, multi-frequency antenna sys-
tems as well as very high gain directional antennas are needed
to combat the very long transmission distances. While fixed di-
rectional antennas, such as horn antennas, mounted on mechan-
ical steering systems, could be utilized, electronically-controlled
phased antenna arrays are preferred due to their much higher flex-
ibility. When moving to higher frequency bands, antennas become
smaller and, thus, much denser antenna arrays can be built. As we
will discuss in Section 4, these very large antenna arrays are at ba-
sis of massive and ultra-massive MIMO communication schemes.

In order to create a multi-band antenna array, different tech-
nologies can be leveraged. On the one hand, physically recon-
figurable antennas based on nano- or micro-electromechanical
(NEMS/MEMS) or origami structures have been proposed as a way
physically change the size of the radiating elements and, thus,
their resonant frequency [33,34]. The main challenges with this ap-
proach are the delay associated to the control of the NEMS/MEMS
systems, specially when targeting very high data-rates, as well as
the size and integration complexity of NEMS for the THz-band
antennas. On the other hand, new materials such as graphene
can be leveraged to create software-defined or electronically tunable
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nano-antennas and nano-antenna arrays [35,36]. Indeed, the res-
onant frequency of graphene-based plasmonic nano-antennas can
be controlled by modulating the graphene Fermi energy or chemi-
cal potential. As a result, without physically changing the antenna
size, one antenna can be tune to resonate at different bands. While
graphene can be utilized for THz frequencies, other nanomateri-
als and metamaterials are needed to achieve a similar behavior at
lower bands.

Besides transmit antenna arrays, reflector antenna arrays can be
utilized to fit the multi-frequency CubeSat links. Reflectarray an-
tennas have been widely utilized in radars, point-to-point links,
and satellite communications because of their flexibility and low
cost [37]. Based on principles of phased arrays and geometrical op-
tics, electronically tunable reflector antenna arrays can realize dy-
namically adjustable radiation patterns. Specifically, the phase shift
of each element in the array can be controlled electronically and
will jointly form an array pattern to receive or transmit the sig-
nal to or from desired directions. Compared to traditional phased
arrays that require complicated phase shifter circuits and suffer
from high transmission line loss at higher frequencies, reflector
antenna arrays are simpler in mass production and have higher
energy efficiency because there is no need for transmission lines,
which make them suitable to be attached to CubeSats with limited
dimensions. Moreover, we leverage the conventional design of re-
flectarrays to a series of foldable multi-band antenna arrays which
can be attached to the body of CubeSats and expanded to larger
sizes to achieve high gain, enhanced directivity, and high efficacy
in multi-band operation. The operation of folding and expansion
can be controlled adaptively given the requirements of communi-
cation tasks.

3.3. Hardware development and integration

We are currently working towards the development and inte-
gration of the multi-band front-ends, with a focus on the electron-
ics approach. Many of the main components, including compact
synthesizers for the LO at tens of GHz as well as frequency multi-
pliers (doublers, triplers), power amplifiers, mixers and power di-
viders are commercially available for mm-wave frequencies. When
moving towards the frequency multipliers for higher frequencies,
currently, the technology able to generate the highest power is the
Gallium Nitride (GaN) Schottky-diode-based technology developed
by the NASA Jet Propulsion Laboratory [38]. Using this technology,
integrated systems at different frequencies ranging from 180 GHz
to 1.6 THz, with output power ranging from 500 to 0.7 mW, re-

spectively, have been demonstrated. Some of these devices are
available to the team through a collaboration agreement.

For the generation of the different control signals as well as
data signal processing, high-performance FPGAs are needed. Cur-
rently, we are leveraging the software-defined-radio (SDR) plat-
form developed by National Instruments, which is able to support
real-time bandwidths of 2 GHz [39]. Each NI baseband processor
consists of several high-performance Xilinx Virtex 7 FPGAs. The
number of FPGAs will ultimately depend on the control and sig-
nal processing requirements as well as on the power and energy
consumption of the communication unit of the CubeSat, which we
are currently developing.

4. Multi-band CubeSat communications

The multi-frequency transceivers and antenna arrays architec-
tures introduced in the previous section will enable innovative,
faster, and more spectrum-efficient satellite communication sys-
tems. In this section, we conduct a link budget analysis and discuss
the communication aspects at the physical and link layers of next
generation CubeSat-enabled networks.

4.1. Types of CubeSat links

There are two types of links in satellite communications,
namely, inter-satellite links (ISLs) and ground-to-satellite links
(GSLs), as shown in Fig. 5. The ISLs include data relay and con-
trol links among CubeSats, while the GSLs consist of duplex links
between CubeSats and ground infrastructure.

4.1.1. Inter-satellite links

Communication between CubeSats in orbit are enabled by ISLs,
also known as “crosslinks”. Analogous to terrestrial Internet back-
bone links, ISLs require very high capacity in order to be able to
handle the aggregate data flows from ground devices as well as
satellite data and, ultimately, reduce the total transmission time
significantly. For this, we propose to utilize multiple mm-wave and
THz bands at 0.06, 0.12, 0.18, 0.3, 0.6, and 1 THz for ISLs. As dis-
cussed in Section 3.1, the very low concentration of molecules in
the exosphere eliminates the molecular absorption problem, which
is one of the main bottlenecks for on-the-ground mm-wave and
THz-band communications.

To assess the feasibility and derive the gain requirements for
CubeSats in ISLs, we conduct a link budget analysis. The antenna
system used in our simulation is the reconfigurable reflectarray
antenna discussed in Section 3.2 and modeled using the Antenna
Magus in the CST Studio Suite at the aforementioned frequencies.
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We consider that the minimum bandwidth for communication is
500 MHz and the maximum transmitted power is 10 W as speci-
fied in the CubeSat standard. In the exosphere, since the temper-
ature is a function of altitude and can vary greatly from a few
degrees above absolute zero to thousand degrees in Kelvin, the
noise level can also vary gigantically, hence we study a typical
value at 1500 Kelvin. In Figs. 6 and 7, we illustrate the minimum
gain required and the maximum beamwidth allowable at the re-
ceiving CubeSat, respectively, to maintain a 10 dB Signal-to-Noise
Ratio (SNR), for different frequency bands spanning from 60 GHz
to 1 THz. From the simulation results, it is clear that higher gains
are needed when increasing the transmission frequency, even in
the absence of atmospheric losses. For the 500 MHz bandwidth,
since the channel is symmetrical, the gain at each transceiver end
is always under 50 dB, which can be achievable with the antenna
technologies described in Section 3.2. Increasing the channel band-
width by an order of magnitude would increase the required gain
by 10 dB. In designing the CubeSat constellation, the distance be-
tween CubeSats not only influences the coverage of the Earth’s sur-
face, but also affects the achievable data rates. Hence in Section 5,
we establish a two-step approach, in which we first discuss the
minimum number of CubeSats to realize global coverage, then re-
fine the design with the guarantee of reliable ISL throughput.

Due to the fact that distances between CubeSats in different or-
bital planes are constantly changing, the main problem for ISLs is
the data exchange with CubeSats in motion. We envision a solu-
tion of data transmissions between two CubeSats in two phases,
namely, the SDN-assisted transmission initialization and transmis-

sion process. In the initialization phase, the CubeSat which acts as
a transmitter (Tx) will search for the CubeSat in next hop, with
the help of a control framework, to relay data based on orbit data,
energy capacity, operation status, and other factors. Then based on
localized up-to-date information, the Tx will select the relay Cube-
Sat which is idle, has enough energy capacity, and is orbiting to-
wards the target terrestrial IoT network or CubeSat end-receiver
(Rx). Once the initialization is completed, the frequency channel
between the pair of Tx and relay CubeSats is fixed for transmis-
sion process. As long as the transceivers remain in line-of-sight
(LoS), the signals can be transmitted continuously within a very
short amount of time without any interference. This hop-by-hop
approach is further complemented by the global network informa-
tion available to the system control framework [6].

4.1.2. Ground-satellite links

Compared to ISL among CubeSats in the exosphere, where the
atmospheric attenuation can be negligible and the received sig-
nal strength follows the Friis’ law, the ground-to-satellite link is
more challenging and complicated. The signals from CubeSats to
ground stations will go through at least 500 km long distances
traversing the dense atmosphere, which will greatly attenuate the
signal strength. Some previous research focuses on the study of
the ground-to-satellite link at mm-wave and THz band frequen-
cies. The choice of ground station depends on the distribution of
precipitable water vapor over the surface. It is shown that with
optimal ground station locations, carrier bandwidths, and modula-
tion schemes, the ground-to-satellite links at THz band can achieve
1 Tbps when fog, cloud, or air turbulence are absent [40]. The
study also suggests to use airborne platform, such as small aircrafts
or balloons, to forward signals from satellites to ground stations.
However, deploying ground stations only at dry areas limits the
potentials of ground-to-satellite link capacity. To solve this prob-
lem, at other locations where humidity is not suitable for THz link
establishment, the lower bands can be used (e.g., the X-, Ku- and
Ka- bands). These frequency bands can operate in environments
where THz link might experience enormous atmospheric attenua-
tion and molecular absorption.

In order to better utilize the available frequency resources and
transmit the signals from CubeSats to ground stations, we pro-
pose hybrid GSLs enabled by both microwave and mm-wave/THz
bands. The fundamental idea is to use a pilot signal at mi-
crowave frequencies to detect the viability of a ground-to-satellite
link. If certain criteria are met for data transmission (i.e., Cube-
Sat in line-of-sight (LOS) with ground station, weather permis-
sible, and ground station idle), the data will be transmitted to
ground station in Field-of-View (FOV) of the CubeSat with a ded-
icated channel and an ultra-low latency. We envision the wide
spectrum ranging from 3 to 300 GHz can be utilized in GSL,
because of the relatively smaller atmospheric and molecular atten-
uation rate compared to THz frequency bands through the Earth
atmosphere. An exception occurs at 180 GHz with a noticeable
drop in maximum achievable data rate is caused by the molecu-
lar absorption with a water vapor density of 7.5g/m3. For most
frequency bands studied, in an environment with dry air and am-
bient temperature at 300 Kelvin (25°C), a data rate of 150 Gbps
can be achieved at 300 GHz, as shown in Fig. 8. Even with a wa-
ter vapor density of 7.5g/m3, the achievable data rates are on the
Gbps-level.

4.2. Physical layer design

4.2.1. Massive and ultra-massive multiple-input multiple-output
communications

In order to overcome the very high path loss in both ISLs and
GSLs, very high gain directional antenna systems are required.
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dry air and with water vapor density of 7.5.

As discussed in Section 3.2, the next generation CubeSats will
incorporate very large multi-band antenna arrays. Similarly as in
the terrestrial case, MIMO [41], massive MIMO [42] and ultra-
massive MIMO [35] systems can be utilized. The latter is specially
relevant as we move towards mm-wave and THz-band frequencies
for satellite communications. The key concept of ultra-massive
MIMO communications is to increase the coverage range at
mm-wave and THz-band frequencies by simultaneously focusing
the transmitted signals in space and in frequency. Ultra-massive
MIMO enables different communication modes, ranging from
ultra-massive beamforming for maximum communication range;
ultra-massive spatial multiplexing, for increased throughput and
multi-user capacity; and, multi-band ultra-massive MIMO, which
allows simultaneous transmission over multiple mm-wave and
THz-band transmission windows. All these modes are enabled by
the aforementioned antenna arrays, which can, in addition, be
virtually divided in sub-arrays on demand.

4.2.2. Distributed multiple-input multiple-output communication in
[0ST

Besides MIMO communication across CubeSats, distributed
MIMO communication schemes between a set of CubeSats and
ground devices, other satellites (e.g., LEO, MEO) or deep-space sys-
tems can be created [43]|. The advantages of distributed MIMO
communication include power and route optimization, as well as
higher spatial diversity. With the limited form factor of CubeSats, it
is difficult to contain large energy source to boost signal strength,
which further limit the capacity of each CubeSat. However, with
multiple CubeSats sharing the same task of data transmission, the
burden of power consumption is reduced. Moreover, with multi-
ple CubeSats covering the same point of interest, the data rout-
ing can be optimally planned. As shown in Fig. 9, three CubeSats,
each with n; antennas, are covering the same ground station with
ny antennas. The distributed MIMO communication is expected to
improve the spectral efficiency as well as the energy efficiency of
the 1oST network.

4.2.3. Resource allocation techniques

To maximize the achievable data-rates in ISLs and GSLs as well
as the aggregated network user capacity in the IoST, new resource
allocation strategies are needed. In the context of the IoST, the re-
sources available to the CubeSats include: (i) different frequency
bands (from RF to THz) with different transmission bandwidths
(from 10 MHz to 100 GHz); (ii) different number of antenna el-
ements, which can be virtually grouped in sub-arrays and tuned at
the different frequency bands; (iii) different modulation and coding
strategies, ranging form the traditional m-PSK and m-QAM with
Forward Error Correction (FEC) schemes, to new modulation and

1,2,.:.; ng

Fig. 9. An illustration of a distributed MIMO communication link in IoST.

coding strategies tailored to the mm-wave and THz-band channels
[44]; and, (iv) different medium access control strategies, for uni-
cast, multicast and broadcast information, over the different fre-
quency bands. The resource allocation can be formulated as an op-
timization problem that can be solved by the help of SDN and ma-
chine learning algorithms given the number of devices to be served
on Earth, the area on Earth needs to be covered, and the energy
provided to each CubeSat [6]. For example, among multiple fre-
quency bands, mm-wave and THz frequencies are desired to serve
in the ISL to achieve ultra-fast backbone link. While nowadays on-
Earth sensors might not have mm-wave transceivers, the Cube-
Sats can reach ground infrastructure with mm-wave links, as a
supplement to lower frequency links. With the proliferation of ap-
plications using artificial intelligence and machine learning algo-
rithms, such resource allocation strategies are best optimized with
the help of deep learning and clustering algorithms, where the 1oST
can adaptively select the best available frequency channel, transmit
power, modulation and coding scheme, and so on.

4.2.4. Challenges in physical layer techniques

As mentioned before, UM-MIMO communications will en-
hance the link performance. However, the realization of UM-MIMO
schemes in the I0ST, however, introduces several challenges. First
of all, the performance of UM-MIMO drastically depends on the
available channel information. For this, on the one hand, accurate
end-to-end channel models accounting for both the impact of the
antenna arrays in transmission and reception as well as the prop-
agation medium are needed. While multi-path propagation in the
exosphere is highly unlikely, reflections from the CubeSat compo-
nents (e.g., solar panels) in the vicinity of the receiving antenna
need to be taken into account. In addition, as the number of el-
ements in orbit increases and space trash accumulates, reflections
and scattering can increase. On the other hand, with the channel
models in hand, low-complexity real-time channel estimation and
prediction algorithms are needed, which should take into account
the relative motion of CubeSats.

In light of the channel information, the second major challenge
to address relates to the control and operation of the array. New
dynamic beamforming algorithms are needed to implement the
different operation modes described above. The control algorithms
need to be tailored to the specific array architecture, and in par-
ticular, the phase/delay and amplitude control available per ele-
ment or per group of elements (sub-array). In the simplest case,
a predefined codebook with multiple common beam patterns can
be designed pre-loaded in the CubeSats, specially taking into ac-
count that, once deployed, the CubeSat network topology is not ex-
pected to change much. However, in case of CubeSat failure or new
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Fig. 10. CubeSat coverage geometry.

additions, the possibility to redefine new codebooks on demand is
also desirable.

Additionally, the realization of distributed MIMO systems
among CubeSats introduces several open issues. The major road-
block to overcome is the need for accurate time, frequency and
phase synchronization between CubeSats. On the one hand, part
of this information is already available at the ADCS (see Fig. 1, Sec-
tion 3). On the other hand, however, this information needs to be
accessible and shared among the distributed MIMO CubeSat set,
in an efficient manner. Additional challenges include the develop-
ment of mechanisms to compensate for oscillators deviations in
time which can lead to clock skew, phase noise in mm-wave and
THz-band transceivers, and changing EM wave propagation speed
as it traverses different layers of the atmosphere with different
molecules species and concentrations.

5. Constellation design and coverage analysis

Since a single CubeSat has limited footprint cover-
age of the Earth’s surface, a constellation is necessary in
order to best serve target areas. Several key parameters are
crucial in designing a constellation that can achieve the maximum
coverage while minimizing the overall cost of the network. We
hereby discuss the number of CubeSats, the number of orbital
planes, the elevation angle which determines the coverage of a
single CubeSat, the altitude which is a tradeoff between transmis-
sion latency and effective coverage area, and the inclination which
determines the latitude coverage. In our analysis, we consider that
the CubeSats are deployed in a circular orbit in the exosphere,
with various possible inclination angles at different altitudes,
based on the availabilities of the launch vehicles’ orbits [45].

We take a two-step approach towards constellation design. As
a first step, we determine the minimum number of CubeSats re-
quired for achieving global coverage in GLSs. The numbers thus
obtained serves as initial constellation parameters. Then, we deter-
mine the number of CubeSats required to achieve a certain maxi-
mum separation (in km) required for reliable ISLs, with the values
thus obtained representing the final constellation parameters.

5.1. Constellation parameters for global coverage

First, we consider several circular orbits with possible inclina-
tion angles including 30°, 60°, and 90° for the study to find the
orbital inclination angle with full global coverage. Second, based
on Long [46], the minimum number of CubeSats required per or-
bital plane Ns for complete coverage of a single longitudinal circle
is given by,

Ns = [360/(20)], (M

where 6 is the Earth central angle of coverage as shown in Fig. 10,
and [ -] is the ceiling function. Next, we determine the minimum
number of orbital planes for global coverage. In doing so, we rec-
ognize that the bulge of the Earth is maximum at the equator.

Consequently, if the number of orbital planes in our constellation
is sufficient to provide satisfactory coverage at the equator, then
this constellation will also prove adequate at every other latitude.
A single CubeSat can cover 260 longitudinal range of the equato-
rial region, therefore the minimum number of orbital planes Nj
required to achieve full coverage of the equatorial region is given
by,

N, = [360/(40)]. (2)
The Earth central angle of coverage 6 can be obtained by ap-
plying the law of sines to the coverage geometry in Fig. 10 as,

sin(f) = sin(90 + ¢), 3)

_r
(h+re)
where r, is the Earth’s radius, h is the CubeSat’s orbital altitude, p
is the slant range and ¢ is the elevation angle. p can be calculated
by applying the law of cosines,

(te +h)* =12 + p? = 21 c0s(90 + ¢). (4)

Using Eq. (1), we plot the minimum number of CubeSats re-
quired per orbital plane Ns in Fig. 11(a) by varying the elevation
angle ¢ from 5 to 20°, and the orbital altitude h from 500 to 900
km. For example, for an elevation angle of ¢ = 10°, and an orbital
altitude of h =500 km, the number of CubeSats per orbital plane
is 16. Fig. 11(a) shows that the CubeSat requirement per orbital
plane decreases with increasing altitude and decreasing elevation
angle. This is because both an increase in the orbital altitude h, or
a decrease in the elevation angle ¢ contribute to an increase in the
Earth central angle of coverage 6, and consequently, from Eq. (1),
the number of CubeSats required per orbital plane decreases.

Similarly, by using Eq. (2), a plot of the minimum number of
orbital planes N, is obtained in Fig. 11(b), by varying parameters
¢ from 5 to 20°, and h from 500 to 900 km. From Fig. 11(b) it
can be observed that a decrease in the elevation angle ¢ or an
increase in the altitude h, leads to a decrease in the orbital plane
requirement. For example, keeping the elevation angle fixed at ¢ =
10°, and changing the orbital altitude from h = 500 km to h = 600
km leads to a decrease in the plane requirement from N, =9 to
Ny = 8. This result too can be explained by the fact that parameter
6 can be increased by increasing h or decreasing ¢, and therefore,
from Eq. (2), there is a decrease in the number of orbital planes
required for global coverage.

In order to further analyze the initial constellation parame-
ters, we consider the inter- and intra-planar distance between the
CubeSats. Inter-planar distance is defined as the distance between
two adjacent orbital planes, it is maximum at the equator, and de-
creases towards the poles as the orbits converge. Intra-planar dis-
tance refers to the distance between two CubeSats in the same or-
bital plane. As CubeSats in the same orbital remain stationary rela-
tive to each other, their intra-planar separation also remains fixed.
These two metrics are of prime importance as they play a vital
role in the link budget analysis carried out in Section 4.1. We use
the Systems Toolkit (STK) software package to carry out the con-
stellation analysis. Specifically, using STK, we generate Walker-Star
constellations for the aforementioned orbital altitudes at a fixed
elevation angle of ¢ = 10°, where every CubeSat is equipped with
a sensing device having a field of view a = 60°. Fig. 12 shows one
such constellation for orbital altitude h = 800 km and elevation an-
gle ¢ = 10°. The distance values are shown in Fig. 13, where we
plot the intra-planar distance, and maximum and minimum inter-
planar distances for each orbital altitude ranging from h =500
km to h =900 km. For example, for an altitude of h =500 km,
the intra-planar separation is given by 2684 km, and maximum
and minimum inter-planar separations are 2408 km and 296 km,
respectively.
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Fig. 11. Initial constellation parameters.

Fig. 12. Walker-Star constellation for global coverage at altitude 800 km and elevation angle 10°.
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parameters.

5.2. Constellation parameters for reliable communication

From Fig. 13, we observe that the distances display an in-
creasing trend with increase in orbital altitude. This result can
be attributed to the fact that an increase in the orbital altitude
causes the circumference of the orbital plane to increase, in ad-
dition to increasing the separation between the planes. As a re-
sult, the CubeSats grow farther apart as the altitude increases.
However, the most important takeaway from Fig. 13 is that even
for the lowest altitude of h =500 km the separation between
CubeSats is approximately 2500 km, which is too large for reliable
communication over high-capacity THz links. Therefore, in order
to keep the antenna gain at realizable levels, we scale the number
of CubeSats per plane, and the number of orbital planes such that
maximum inter- and inter-planar separation is close to 600 km.
The parameters of this densified constellation have been shown
in Table 2, and serve as the final constellation parameters. From
Table 2, we note that the number of CubeSats required per plane
has now increased to 71 from 16, and the number of orbital planes
has increased to 36 from 9, for h = 500 km.
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Table 2
Constellation parameters.

Orbital altitude (km)  Orbital inclination (°)

Number of CubeSats per plane

Number of orbital planes

500 30/60/90 7
600 30/60/90 72
700 30/60/90 73
800 30/60/90 74
900 30/60/90 75
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Fig. 14. Intra- and inter-planar separation for final constellation
parameters.

Once again, using STK, we obtain the inter- and intra-planar
distances for the final constellation parameters as shown in Fig. 14.
From Fig. 14, we observe that the maximum separation is now
within an acceptable range, with the intra-planar separation for
h =500 km being given by 608 km, and 600 km and 17 km be-
ing the maximum and minimum inter-planar distances.

5.3. Numerical coverage analysis

Next, we perform coverage analysis of the constellation in terms
of key parameters such as (i) percentage of time covered, (ii) av-
erage revisit time, and (iii) average access duration, using STK. For
the purpose of analysis, we make use of the constellation param-
eters in Table 2, along with ¢ = 10°, and o = 60°. A point is con-
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sidered to be in coverage if it lies within the field of view of at
least one CubeSat, and the coverage circle of a CubeSat is defined
as the instantaneous area of coverage on Earth for that CubeSat.
With this, we present the coverage analysis as follows.

5.3.1. Percentage of time covered

The first coverage parameter (or figure of merit) we consider is
the percentage of time covered. The percentage of time covered is
defined as the average percentage of time for which coverage is
present at a given latitude over a 24 h period. Fig. 15(a) shows the
percentage of time for which coverage is present for each latitude
ranging from —90° to +90°, and orbital altitude ranging from h =
500 km to h = 900 km. From Fig. 15(a), we observe that the figure
of merit is fixed at 100% irrespective of the deployment altitude.
This result is a direct outcome of the high CubeSat density of the
constellation, where every latitude receives coverage from at least
one CubeSat at any given point in time. Thus, the constellation is
able to achieve continuous global coverage.

5.3.2. Average revisit time

The second figure of merit under consideration is the average
revisit time. Revisit time measures the intervals during which cov-
erage is not provided. The average revisit time for a point on the
Earth’s surface is the average of the durations of all the gaps in
coverage over the entire coverage interval of 24 h. Further aver-
aging this metric over all points along a specific latitude provides
the average revisit time for that latitude. In Fig. 15(a), we plot this
figure of merit for —90° to +90° latitudes, and 500 km to 900 km
altitudes. We note that average revisit remains fixed at 0 s for all
altitudes, which is an expected outcome in light of the fact that
the constellation achieves continuous global coverage as noted in
Section 5.3.1, i.e., we do not have any interval of no coverage, and
thus the average revisit time is 0 s.
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Fig. 15. Coverage analysis for next-generation CubeSat deployment.
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5.3.3. Average access duration

The average access duration is the final figure of merit under
consideration. Access duration refers to the time interval during
which coverage is present from a single CubeSat. For example, let
us consider the Fernbank Observatory in Atlanta, GA as our point
of interest. At a given point in time, it is observed that CubeSat 1
covers the observatory for 500 s, followed by a 100-second period
of no coverage. This period of no coverage is in turn followed by a
coverage duration of 700 s from CubeSat 2. In this case, we have
three observation intervals, with an access duration of 500, 0, and
700 s respectively, with the average access duration being given by
600 s, i.e., the average access duration does not take into account
periods of no coverage. Averaging over the access duration at each
point along a given latitude over a 24-h period leads to the aver-
age access duration for that latitude. Fig. 15(b) shows the average
access duration for all latitudes, i.e., between —90° and +90°, for
orbital altitudes ranging from 500 to 900 km.

First, from Fig. 15(b) we observe that the average access dura-
tion increases with increase in altitude. This is because the orbital
velocity of a CubeSat decreases with increasing orbital altitude, i.e.,
the farther it is from the Earth, the slower is its orbital velocity. As
CubeSats in the higher altitudes move slower, a single CubeSat is
able to provide coverage for a longer duration, resulting in a larger
access duration. Further, we note that the access duration is maxi-
mum at the poles (—90° to —80° and +80° to +90°) and decreases
towards the equator. Any given point on the Earth in the higher
latitudes traverses a shorter distance over a single rotation of the
earth, as opposed to a point in the equatorial region. Consequently,
the higher latitudes receive coverage from a single CubeSat over a
longer duration, resulting in larger access duration values.

To summarize, we note that regardless of the orbital alti-
tude, the next-generation CubeSat constellation achieves continu-
ous global coverage. However, a higher orbital altitude results in
larger access duration values which are preferable from a data
communications perspective. On the other hand, a higher orbital
altitude also requires a larger number of CubeSats as noted in
Table 2. Therefore, there exists a design tradeoff that must be ade-
quately addressed based on different applications’ needs.

6. Conclusion

This paper presents the design of a new generation of Cube-
Sat, which integrates novel multi-frequency front-ends and an-
tennas able to communicate simultaneously in multiple bands
ranging from the microwave to the mm-wave and the THz
band. Moreover, through link budget analyses in both inter-
satellite and ground-satellite links, we show the great capac-
ity potential of such CubeSat communication system. Addi-
tionally, a detailed constellation design demonstrates continu-
ous global coverage. The next generation CubeSat is envisioned
to serve as a desirable solution for the Internet of Space
Things, a paradigm-shift network architecture for future ubiquitous
communications.
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