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Abstract

Abstract

The current point-based satellite electronic subsystem engineering design process
is insufficient to address the dynamic operations and post-mission reuse of small
satellites. Also, space systems and missions require an adaptive architecture(s)
that can withstand the radiation-prone flight environment and respond to in-situ
environmental changes using onboard resources while maintaining optimal
performance. This enormous conceptual design variables space/task of highly
adaptive small satellite (HASS) system can be too large to explore, study, analyse
and qualify.

This research involved a parametric electronic subsystem engineering design
process and methodology development for the production of sustainable capability-
based small satellites. Consequently, an adaptive multifunctional architecture with
five levels of in-orbit spacecraft customisations that eliminate subsystem
boundaries at the system level is presented. Additive manufacturing methods are
favoured to fabricate the proposed adaptive multifunctional monolithic structures.
The initial system engineering analyses reveal that the HASS system has mass-,
cost- and power-savings over the conventional small satellite implementation.

An adaptive small satellite link performance improvement satisfying a less than
2 dB link margin loss for a 0.1 dB in-band noise figure ripple has been established.
Moreover, a power budget model for HASSs that ensures a reliable solar array
design and eliminates undue equipment oversizing has been developed. An
adaptive broadband beamformer that can improve the satellite link margin has
been designed. Also, an estimating relationship has been developed and practically
validated for the operational times analysis of small satellite subsystems. The
reported novel findings promise to enable capability-based, adaptive, cost-
effective, reliable, multifunctional, broadband and optimal-performing space

systems with recourse to post-mission re-applications.
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Chapter One

Introduction

1.1 Motivation

The advances in electronic subsystems technologies have continued to enable
multipurpose capabilities for terrestrial and space communications
applications and reuse. The device standards onboard space equipment have
been greatly influenced by very large scale integration (VLSI) and embedded
systems spanning active and adaptive semiconductor devices technologies.

Multifunctional complex satellite subsystems can be realised as an
integrated entities design [SE1]. Multifunctional structures [SE2, 1, 2] enable
volume and mass savings of a spacecraft to be about 80 % and 90 %
respectively; the combined assembly and rework labour also decreases by up
to 50 % [1].

Furthermore, the widespread adoption of additive manufacturing (AM)
techniques and/or unitisation construction processes has enhanced the timely
and cost-effective fabrication of complex satellite structures with stringent
requirements [1, 2]. It is 3D printing in an industry scale. AM provides the
facility to investigate new manufacturing and materials technologies prior to
effecting the large capital investments associated with the component- and
system-levels production. Innovative design processes (such as
multifunctional structures) that are not feasible and/or economical using
conventional machining techniques can be implemented with the design and
flexibility enabled by AM. Hence, it is possible to fabricate subsystems with
internal layers and/or features. This is very desirable for miniaturised

multifunctional small satellite electronics, sensors and thermal regulators [2].

13



Introduction Motivation

The consequence is the accomplishment of multipurpose space missions
enabled by light-weight smaller satellites which are reliable, optimal and
economical.

The prevailing applications and/or opportunities for this research work
span the following thus:

e The need for an electronic subsystems engineering analysis tool for
the combined conceptual and mission design of adaptive small
satellites [SE1];

e In-orbit satellite reconfiguration for quality and reliability [SE2, SE9];

e Advanced radio access technology(s) [e.g., the fifth-generation (5G
standard)] for integrated space-terrestrial communication networks
[SE3-SE6];

e Advanced additive manufacturing of multifunctional small satellites for
very rapid manufacturing and significant cost reduction [1, 2, SE10];

e Post-mission satellite reapplication [SE1, SE11, SE12];

e Satellite subsystems operational times reconfiguration [SE2, SE10];

e Availability of digitised analogue subsystems design tools [SE5, SE6];

e Seamless ubiquitous global communication [SE5, SE6]; and

e Emerging markets and use cases: [SE1-SE3, SE5]:

o Increasing access to broadband (internet);

o High speed and secure data networks;

o Increased connectivity in dense or remote areas; and
o Internet of Things (I0Ts).

The Worldwide Mission Model (WMM) [3] has been developed to assess
and predict the future space payloads market each year. A snapshot of future
payloads for the period 2011 — 2030 (released in 2011) indicates that 2,315
proposed payloads are underway; this is 14 % and 4 % greater than the
2009 and 2010 figures respectively. The WMM further reveals that a
considerable growth in the space payloads market is expected to be from the

small satellite programmes spanning mini-, micro-, nano-, pico- and
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Introduction Motivation

femtosatellites (Table 1.1.1) [1]. The dominant orbits (Figure 1.1.1) for
deployment are the low-Earth orbit (LEO) (1,465) and geostationary orbit
(GEO) (532) by 2030.

Table 1.1.1. Space Payloads by Orbit and Mass [1]

Payloads Yearly total

By orbit 2011 2012 2013
Low Earth orbit 246 268 245
Geostationary orbit 56 94 63
Medium Earth orbit 12 9 13
Deep space 24 24 13
Elliptical orbit 13 2 1
Total 351 397 335
By mass (kg)

1-500 157 172 181
501 - 2,000 106 118 86
2,001 - 4,000 28 37 22
4,001 - 6,500 42 22 31
Over 6,500 18 18 15
Total 351 397 335

Small satellite research has been around for approximately thirty years
[1-11]; the present challenge is that of making it more application-
independent with attendant merits. The National Aeronautics and Space
Administration (NASA) has proposed five goals for small satellites such as
nanosatellites: [8]
¢ Advanced capabilities;

e Advanced system architecture and practical;
e Less cost for launching and shorter period for fabrication;
¢ Ability to verify new design scheme(s);
15



Introduction Motivation

e Adoption of application-specific integrated micromachines (ASIMs); and

e Ability to propel the application of some commercial technologies.

By inclination

Inclined orbit

Satellite track covers range
of altitudes in Northem

and Southern Hemispheres

“3» Earth's rotation

,k Satellite orbit

Equatorial orbit
Satellite track
over equator

Polar orbit
Satellite track covers all parts
of Earth as planet rotates

(a) By Inclination

By shape

Apogee
(farthest
distance)

Elliptical orbit

Earth at one
focus of ellipse

Perigee
(closest distance)

Circular orbit

Earth at center
All points of satellite orbit
at about the same altitude

(b) By Shape

By altitude
Orbital period of satellite equal to
rotational period of Earth

Satellite orbit inequatorial plane

Geostationary orbit (GEO)
35,800 km (22,300 miles) altitude

Medium Earth orbit (MEQ)
5,000-10,000 km (3,100-6,200 miles)
altitude (typical)

Low Earth orbit (LEO)
About 100-2,000 km
(60-1,200 miles) altitude

(c) By Altitude
Figure 1.1.1. Types, Shapes and Properties of Earth Orbit

The above objectives can only be realised through an intelligent selection

and adoption of emerging subsubsystem, subsystem and system design and
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Introduction Motivation

integration technologies and architectures. This would also encompass using
scaling strategies [SE10] to enhance spacecraft design [SE1] and
manufacturing [1, 2]. For instance, CHIPSAT or satellite-on-the-chip
development is an area of research that houses the conventional satellite
subsystems [4-12] on a small microelectromechanical system (MEMS)
substrate [13]. Application-specific integrated circuits (ASICs), field
programmable gates arrays (FPGAs) [12, 14], monolithic microwave
integrated circuits (MMICs) and MEMS are the present driving technologies
behind CHIPSAT and further advances in these areas reveal a promising
future for this novelty [15-20]. Technology drivers for small satellite systems
revolve around CMOS-based integrated circuits (ICs), printed circuit board
(PCB) integration of ICs, sophisticated ASICs, FPGAs, MEMS, multichip
module (MCM), system-in-package (SiP), system-on-package (SoP) and
additive manufacturing. These advanced design technologies, architectures,
production approach and packaging techniques have enabled novel research
pursuits in the design of heterogeneous multisubsystem system-on-chip
(SoC) [15]. The SoC architecture bears less number of off-chip and interchip
connections. This greatly enhances its reliability and reduces power
consumption. The MCM technique enables unpackaged ICs to be integrated
on different substrates onboard a SoC; the interconnects linking the
components together are finer than a PCB implementation. MCM comes in
grades: MCM-L is akin the conventional PCBs with no allowance for
multicomponent embedding in multiple layers; MCM-C (ceramic substrate)
and MCM-D (thin-film substrate) allow multicomponent embedding. In a SiP
implementation, the SoC design features a system-level function in a chip
package; passives and silicon devices (dies) are all mounted on the same
substrate. This increases the quality of the functional unit and requires very
few external component footprints to accomplish the mission. The SoP
integrates device-level technologies for multipurpose applications. It houses

the SiP and external components in a single module. The components are
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Introduction Motivation

codesigned and fabricated together at the IC and package levels; the SoP is a
system that harnesses the best features of these two scaling strategies.
Several digital, analogue, optical, sensor and control functions are
implemented on the same substrate platform [15].

Micro- and nanosatellites make use of VLSI and embedded systems
technologies [20, 21]. These also lend great credence to MEMS substrate and
could be designed to be application-specific or field-programmable [22].
Active devices employing the hybrid MIC have not been greatly used in the
past for developing small satellites due to their inherent limitations -
narrowband, weight and size. The advent of the MMIC technology has
ushered in tremendous breakthroughs in this area especially in the design of
reliable reconfigurable switches and active antennas [22, 23]. Also, field
programmable gate arrays (FPGAs) can enable the key performance traits of
ASICs and microprocessor-based devices [12, 14, 19, 20]. It does system
configuration and real-time reconfiguration for diverse custom hardware
platforms; this is very attractive for a small satellite design.

Moreover, the applications of radio frequency subsystems in satellite
communication systems have continued to expand with attendant challenging
system-level performance requirements. For instance, the performance
constraints of a RF transmitter include, but are not limited to, handling
multiple carrier frequencies, widely varying RF power levels, differing
modulation formats and linearity specifications and varying impedance
provided by the antenna [22]. A power amplifier that operates on any
frequency band adds value to the spacecraft system reliability and availability
[23-30]. Hence, achieving the same performance at broadband as in
narrowband frequencies is highly desirable. This would involve retuning the
power amplifier subsubsystem onboard the spacecraft at the different
frequencies rather than using one broadband amplifier. Some of the benefits

of adaptive amplifiers [21] onboard a spacecraft include:
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Introduction Motivation

e Reconfiguration to support different spacecraft mission objectives
(such as switching from communication to radar applications; a typical

architecture is shown in Figure 1.1.2 [21].

RF |— = === -
Radar Transmitter |
— RHCP
h ______ I
| Communication
a | Transmitter |
Radar/communication
2X Freq transmitter output
9 Multiplier
LHCP i RHCP
————— = =_ Data = m mm mm o= o= == = Data
i ; | Radar Receiver | I Communication Receiver |
L — ' —>

Figure 1.1.2. A Multifunctional Communications and Radar System [21]

In Figure 1.1.2, quasi-orthogonal linear-frequency-modulated (LFM)
waveforms are used for both the communications and radar subsystems; the
LFM waveforms obviate the need for time-division multiplexing. Modern
systems (such as personal digital assistants and cell phones) deploy
multifunctional architectures to enable simultaneous operations of different
multicomponent systems. A multifunctional system also benefits from low
cost and reduced size and volume. These advantages have been exploited by
the military in the development of broadband RF antenna systems that have
the capabilities for simultaneous radar, electronic warfare and communication
operations [21]. The multifunctional communications and radar system has
been implemented at a centre frequency of 750 MHz. With the simultaneous
operations, an instantaneous bandwidth of 500 MHz was achieved. A radar

pulse width of 1.5 ns, pulse repetition frequency of 150 MHz and data rate of

19



Introduction Motivation

1 Mbps were used by the investigators to conduct a performance test; the
probability of detection, probability of false alarm and BER were measured as
99 %, 7 % and 2 x 1073 respectively [22]. The communications and radar
functions are accomplished through a shared aperture or single transmit
antenna. The communication receiver employs a right-hand circularly
polarised (RHCP) helical antenna and the radar receiver, left-hand circularly
polarised (LHCP) helical antenna. Opposite antenna polarities were used for
the radar receiver and transmitter to check the effect of reflection while
operating in the bistatic radar configuration.

e Onboard tuning after manufacturing; this obviates manual tuning and
associated cost, relaxes component tolerances and reduces amplifier's
susceptibility to temperature variations/aging.

e Nominal operating conditions can be selected as opposed to worst case
design margins. Hence, tuning and bias conditions are adapted to system
demand to improve efficiency and linearity of the amplifier.

Considerable work has been ongoing for over ten years in achieving
adaptive circuits for microwave subsubsystems, subsystems and systems.
Operational requirements such as variable microwave output frequency,
variable output power level, variable modulation formats, variable antenna
impedance and variable interference sources and constraints characterisation
have been developed [21].

A key issue surrounding spacecraft in orbits is the impact of the solar
radiation on the onboard semiconductor devices [17]. Hence, it is not enough
for a system to be adaptive, it must survive in the unpredictable environment
where it is deployed. Consequently, radiation-tolerant adaptive devices (such
as field programmable gate array (FPGA)) have been developed and qualified
as independent and integrated subsystems for control and signal processing
applications. The monolithic integration of FPGA and GaAs-based
RF/microwave subsystems promises to enable reliable deterministic satellite

operations [SE10].
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Introduction Motivation

Though space systems and subsystems technologies have recorded
unprecedented advances in the last forty years [3, 17], the system-level
focus of the conceptual design phase for any given spacecraft requires
optimality and not feasibility. Thus, the design model of the spacecraft must
have cost and performance elasticity to changes in system requirements and
applications for optimal results. Adaptive and multifunctional systems enable
the reconfiguration of their functions and/or characteristics to meet various
operational margins and emergent environments. This is why system
resources adaptation and optimisation must be objectised for reliable space
applications [SE1-SE4].

The fundamental motivations for the highly adaptive small satellite (HASS)
concept are, but are not limited to, in-orbit adaptability, reliability,
multifunctionality, enhanced portability, system-level simulation of spacecraft,
reduced manufacturing and integration complexities, cost-effectiveness,
safety, low carbon footprint, post-mission re-application and flexibility in
deployments [SE1-SE8]. This capability-based space system design [SE1,
SE2] will gain increasing and expanding applications in future deployments of
constellations of small satellites. The novel HASS system architecture has an
in-built redundancy and radiation shield for onboard semiconductor
components which can be re-engineered while in orbit.

The categories of highly adaptive small satellites [SE1, SE2] are highly
adaptive microsatellites (HAMs), highly adaptive nanosatellites (HANs), highly
adaptive picosatellites (HAPs), highly adaptive femtosatellites (HAFs) and
highly adaptive attosatellites (HAAs); this thesis focused on the first four
categories. Moreover, the mass of each category follows the mass

classification convention used for traditional small satellites.
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Introduction Background Statement

1.2 Background Statement

The conceptual design of satellites involves several modelling and simulation
approaches that span single person calculations to multiple organisations
employing complex and advanced interconnected computer models for
optimised solutions [SE1, 13]. The four design approaches that are currently
utilised within the space community include back-of-the envelope techniques;
single-use, computer-aided models; serial processes; and integrated
concurrent engineering [SE1, 13]. These techniques can be combined to
meet the customer’s needs or a hybrid of several design methods may be
implemented. Whatever the adopted design approach, a single solution or
specific mission design interests may be the focus.

The conceptual design is influenced by several factors and design
constraints and has no unique “right” technique [SE1l, SE2, 13]. Issues
ranging from the project manager’s background, corporate culture, team
leadership, cultural differences, and dynamics also determine the choice of a
conceptual design approach for a spacecraft mission [SE1, 13].

The increase in the number of spacecraft launched each year has
necessitated a reassessment of the system engineering margins governing
their design, production and operation [SE1, 13, 15, 17, 25-30]. Technical
and environmental constraints [SE1] have also prompted a review of existing
SE procedures used for spacecraft programmes [SE4, 13, 15, 17, 31-33].
Satellites are generally deployed in orbits with mission-limited self-generated
power margin and electronics-degrading radiation environment [13, 15]. For
instance, the majority of artificial and communication satellites are placed in
the LEO; this has an altitude span of 160-2000 km and houses small
satellites such as microsatellites and nanosatellites [15]. As a non-
geostationary orbit, LEO contains satellites that form a constellation to
provide continuous coverage [15, 30-39]. They experience atmospheric drag

(due to gases in the thermosphere) and harsh radiation environment. Below

22



Introduction Background Statement

600 km, the orbital lifecycle of a satellite is constrained by atmospheric
friction and unpredictable. The satellite’s lifecycle increases with the altitude
of the orbit by design. The high-altitude satellites enjoy wide coverage due to
the increase in the footprint angle. A disadvantage with high altitude flight is
the increase in radiation resulting from the Van Allen belts; this damages

semiconductor subsystems and decreases their lifetime [11, 15-18].

Oxide insulation Gate Incoming charged
particle

Source

P-Substrate

R S Depletion region

Figure 1.2.1. Effect of a Charged Particle on a Semiconductor in LEO

Moreover, incoming charged particles (such as an alpha particle or heavy
ion) impact semiconductors leaving trails of ionisation through the substrate.
Consequently, a momentary current pulse proportional to the incoming
energy state is set up in nearby transistors (Figure 1.2.1). This can change
the data states of memory cells and flip-flops in semiconductor devices [11,
15, 18].

Similarly, cosmic rays and heavy charged particles streaming out from the
sun in the solar wind react with gases in the upper atmosphere to produce
high energy neutrons. A neutron impact on a semiconductor device may
collide with a silicon atom in the substrate. A cloud of heavy ions may be
ejected resulting in a current pulse in the electronic device (Figure 1.2.2).
These neutrons impact on the onboard semiconductor devices to produce
unpredictable in-orbit failures in semiconductor subsubsystems and

subsystems. For instance, the current pulse, which varies as the energy level
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Introduction Background Statement

of the incoming neutron, can cause data in memory cells and flip-flops of
complementary metal-oxide semiconductors (CMOS) integrated circuits (ICs)
to change [14, 17]. As a result, the space systems in LEO have a potential
replacement timeframe of 10 years [15, 16]. This translates into a huge
investment cost that could be avoided through a judicious post-launch and

post-mission system-level re-engineering.

Oxide insulation Gate High energy
neutron

E Source

...... L Neutron collides with an

/-+ g \ atom causing ejection of

oL & Depletion region heavy ions P-Substrate

Figure 1.2.2. Effect of a Neutron on a Semiconductor in LEO

Furthermore, limited frequency spectrum and spatial capacity (orbital
slots), high equipment cost, increased space debris [34] and expanding
global broadband connectivity require capability-based space systems [SE2,
SE4, SE7].

Satellite attitude control and space situational awareness are of great
concern within the space community [SE5, 34]. A good number of spacecraft
system issues bordering on real-time space surveillance are yet to be
qualified for satellite applications [SE5]. Technologies such as active
electronically scanned array (AESA) radar [35, 36] and mm-wave low noise
amplifiers (LNAs) [SE7, 37-43] have been qualified for flexible, proactive and
reactive beamforming [SE3] and image detection. These are also considered

possible options for reliable and secure space operations.
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A satellite procurement programme often starts with the design and
development phase [6, 9, 11, 13]. This includes the analysis and design of
the various systems, subsystems and units of a satellite; the mechanical
models development; and test platforms for innovation certification prior to
deployment [43-48[. Furthermore, a priori deployment requirements also
involve various tests bordering on temperature variations, acoustic vibration
levels and acceleration levels. These form an integral part of the overall
engineering model standard tests for space equipment [15, 16].

The development of the highly adaptive small satellite (HASS) seeks to
overcome the enormous technological and operational challenges of space
programmes cost-effectively [SE1, SE2, SE7]. A HASS is a reconfigurable,
multifunctional and adaptive small space satellite that has capabilities for
dynamic space applications and operations while retaining its designed
optimal performance [SE1, SE2, SE5]. Existing SE procedures [13, 15] are
insufficient to give a complete analysis of this type of space system. Hence,
the need to review the existing SE with respect to the emerging space
satellite architectures, technologies and applications [SE1 — SE3]. To achieve
appropriate link budget and system engineering analyses of capability-based
small satellites missions, an objective assessment and computation of the
component-, subsystem-, and system-levels parameters requirements must
be carried out. This thesis presents the measurement-derived parametric
models for the system engineering analysis of communication, meteorology,
planetary, and other small satellite programmes with recourse to the initial
mission, conceptual design, and post-mission objectives. Mass and power
margins constitute the critical resources under investigation besides the link

contingencies [SE8] and operational times [SE2].
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1.3 Spacecraft System and Missions Design Tools
Review

Novel attempts have been made to design space systems based on single
and multidisciplinary designs optimisation and architecting resulting in useful
existing systems engineering tools [SE7, 3, 25, 31, 32, 41, 42]. These
techniques are utilised in the space industry to optimise satellite constellation
architectures and spacecraft designs; spacecraft missions such as NASA's
Near Earth Asteroid Rendezvous (NEAR) attest to the application of this
technique for the conceptual design of spacecraft and distributed satellite
systems (DSS) [17]. Furthermore, a dynamic programming approach has
been utilised to assess the impact of subsystem technologies on the overall
performance and cost of spacecraft missions [17]. The Ball Aerospace and
Technologies Corporation have also developed reconfigurable multifunctional
spacecraft architectures (RMA) [9]. Though their work advances space
systems engineering beyond the traditional discrete component-oriented
design approach, it fails to emphasise the enabling technology of the
multifunctional modules to higher-level mission-specific functions. Moreover,
the RMA concept does not address the system-level implications of the
multifunctional structural units that contain the embedded electronics, wiring,
thermal control and required discrete devices.

The majority of the spacecraft systems works have been on individual
spacecraft and constellations designs and management issues [13, 15, 49-59]
without an obvious recourse to a capability-based spacecraft adaptation [SE1,
SE2]. Thus, the HASS system is a new spacecraft design approach that
incorporates capability-based space systems, subsubsystem-, subsystem- and
system-levels technologies, cost and system-level performance, adaptability,
reliability, = multifunctionality and reconfigurability in its mission
accomplishment [SE1, SE6—SES8]. Spacecraft systems engineering design is a

complex integration of interdisciplinary fields, technologies and specialties
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[13, 15, 60-70]. Table 1.3.1 lists some of the dominant system engineering
design tools in common use today by space systems design experts [17, 58—
68]. Some of the tools were developed for private use and unique

applications and therefore not available for the public.

Table 1.3.1. Major Spacecraft Systems Engineering Design Tools [31]

Tool Use

Modsat A software for small satellite design; interactive execution,
defining alternative hardware configuration, feasibility verification,
performance testing, utility sizing and optimisation.

ASSESS Rapid spacecraft architecture analysis, concept exploration, and
cost estimation.

STK A suite of analysis software tools that addresses all phases of
satellite system’s life cycle, including policy development and
design phases.

COBRA Automated assessment of program cost risk and schedule risk as a

function of spacecraft complexity for interplanetary missions.

Concurrent Mapping of “what if” cost and performance trade studies for Air
Engineering Force missions.

Methodology (CEM)

ESSAM Small satellite bus component selection.

GENSAT Object-oriented software that interconnects existing commercial

satellite subsystem tools (STK, CAD, IDEAS, etc.) and component
databases for systems design.

ICE Concept definition of novel space missions via integrated
information systems.

MERIT Automated assessment of the cost and performance implications
of inserting existing s. new technologies into spacecraft bus.

MIDAS Analysis of Proposed spacecraft designs via integrated tool
executions on distributed machines.

Modelsat Cost and mass modelling for communications satellites.
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Project Trades Cost and performance prediction of novel interplanetary and space
Model (PTM) science missions.
QUICK Spacecraft design programming language with extensive

component databases and scaling relationship for conceptual

spacecraft design.

ISSODMA Combines STK with designing, analysing, certifying and optimising
the project of satellite orbit design during the proposal research
stage.

SCouT Single spacecraft mission bus component and launch vehicle
selection.

SMALLSAT Earth observation spacecraft senor and satellite bus configuration.

SMAD Software automation of the calculations in Larson and Wertz's

Space Mission Analysis Design.
SpaSat A preliminary spacecraft sizing, cost estimating and orbital analysis
tool for Ball Aerospace missions.

The HASS system engineering design process and analysis has been
developed and presented in this thesis as an additional SE tool that enables the
design of capability-based spacecraft. The HASS SE process/methodology
bridges the gap between traditional spacecraft SE and complex adaptive
spacecraft SE [SE1, SE2, SE7, SE8]. It serves as a tool for a full-scale
conceptual design and analysis of modern and future adaptive small satellites
[SE1, 15]. The procedure can be extended to cover large spacecraft systems

[13] employing the adaptive architecture [SE10].

1.4 Spacecraft System Engineering Design

System engineering (SE) involves the specification of the objectives of a
system and the qualification of the components and subsystems needed to

satisfy its requirements cost-effectively. Hence, the customer requirement(s)

28



Introduction Spacecraft System Engineering Design

comes first before the selection of the relevant technologies mix or system
that satisfies it.

An understanding of a system is essential for developing a sustainable and
reliable SE procedure. The context, behaviour and subsystems of a system
explain its purpose and essence. A complex system comprises integrated
networks of functional hardware, software, firmware and human resources.
Each layer of a complex system is a system in its own right. Thus, each layer
of a complex system contains the context, behaviour and subsystems (called
subsubsystems) unique to it. Consequently, this results in a system of
systems (S0S). As an example, consider a spacecraft constellation or
formation flying in which spacecraft, international space station engineers
and scientists, ground station controllers/mission operation team work
together using telemetry, engineering data, command and data signal, radar
and communication systems to maintain satellites in the correct orbit in an
unpredictable environment throughout their lifecycles. Each functional
member of the system is a unique system with qualifying and quantifiable
engineering attributes and/or characteristics [14, 17, 25, 27-30].

A SosS is, therefore, defined as “a set or arrangement of systems that are
related to or connected to provide a given capability. The loss of any part of
the system will degrade the performance or capabilities of the whole” [29].
According to the Department of Defence (DoD) Guide for SoS, a SoS refers to
“a set or arrangement of systems that results when independent and useful
systems are integrated into a larger system that delivers unique capabilities”
[29]. These two definitions of SoS recognise the constituent parts of a system
and their unique attributes that enable the system to achieve the intended
purpose. Advances in adaptive and reconfigurable subsubsystems,
subsystems and systems devices, designs and architectures have enabled the
development of multifunctional and deterministic SoS [SE1, SE5, 10]. A
complex system has its constituent elements as subsystems which in-turn

have subsubsystems within their boundaries. The “Vee diagram” gives a
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complete level-by-level breakdown of a complex system (or SoS) and the
process of design, build and test to develop, qualify and deploy the system.
This top-down process for complex systems or SoS design is called the SE
process [29, 30].

Test market pilots

Market
requirement
User
requirements
System
requirements
Subsystem
requirements
Subsubsystem

Validate
User acceptance design
tests

System tests

Detail
functions

Allocate Subsystem tests

performance

Verify requirements
Subsubsystem tests yred

targets .
requirements
Hardware and Component tests
Software
Reﬁne specifications
interfaces

Design-build

Figure 1.4.1. The Vee Diagram of a System Design Process.

The V diagram is shown in Figure 1.4.1 [29]. It is the acceptable design
process with no recourse to the backtrackings and parallel nature of activities
that take place in complex systems. For example, spacecraft engineers may
develop smart constellation payloads but are not entirely sure of how the in-
orbit operation will be following an adopted integration architecture. The
detailed functions, performance targets allocation and interface refinement
are explained on the left-hand side of the V. This process is applied to each
subsystem and subsubsystem until the attributes and/or specifications are
stated. The design-build domain at the base of the V houses where engineers
develop and proffer solutions that meet the stated system constraints or
specifications. Design validation and qualification occur on the right-hand side

of the V. Tests are conducted at each component integration level to
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ascertain compliance with the objectives of the design mission; respective
components and modules tests precede the system-level integration tests and
verification. The final verification and/or validation tests involve the customer
(and market)’s response to the design; this indicates whether the objectives
of the mission have been met by the design.

The international council of systems engineering (INCOSE) has defined
the relevant steps in the complete SE process. It is a structured process and
begins with stating the problem relating to the customer needs/requirements.
The end is a solution or an output in terms of a system that delivers the
requirements or a product resulting from having the system in place. The
SIMILAR process for SE [16] is summarised thus:

e State the problem;

¢ Investigate alternatives;

e Model the system;

e Integrate;

e Launch the system;

e Assess performance; and

e Re-evaluate the steps with respect to stakeholder needs.

For instance, consider a communication spacecraft system developed for
the LEO. The key drivers for the requirement that the system is expected to
satisfy can be stated as follows:

o the market, the people and the organisations requiring the communication
capability;

e identification of the locations for deployment/delivery of the
communications; and

e characterisation of the services available such as voice, video and data.

System engineering of spacecraft involves the functional development of
the detailed engineering tasks in a spacecraft design. It begins with the
complete requirements that should characterise the satellite system together

with the choice of key aspects that satisfy those requirements. In spacecraft
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sizing, the technology choices and redundancy levels form the input for
satisfying the payload requirements and core bus subsystems; the spacecraft
sizing model uses these information and the chosen launch vehicle data to
determine the power, mass and size of the spacecraft. In satellite system
engineering, key performance parameters are tracked and assessed based on
the observed system-level changes. Subsystem failures and/or issues
revealed during final system integration are redressed by
simulation/modelling. Vital technical adjustments are then carried out to

ascertain the desired system-level functional margins [SE5, SE12].

1.5 Aim and Objectives of the Research

This research aims to establish a design routine that will enable the
development and construction of capability-based small satellites for next-
generation multipurpose space applications based on the enabling and
emerging adaptive and active devices technologies. The attendant merits of
reduced launch time and cost, reliability and multifunctionality are amongst
the expected benefits from this novelty [SE1, SE2, SE6, SE10, SE12].

The main objectives of the proposed research work follow:
¢ To identify emerging space systems technologies for applications requiring
adaptive spacecraft systems;
e To develop a design methodology and a technology framework for the
conceptual design of an adaptive small satellite system. The methodology will
search the trade space (design variables) and reveal the best solutions
following the metric(s) of choice;
e To develop an adaptive multifunctional architecture for capability-based
spacecraft systems that are reconfigurable while in orbit;
e To establish adaptive spacecraft design models for each small satellite
subsystem for various space applications; and
e To provide a novel, inventive and adaptable small spacecraft electronic

subsystem engineering design approach for different operational constraints
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thereby establishing a sustainable technology platform for the space

community.

1.6 Thesis Overview

A system engineering design methodology was developed to establish a small
satellite electronic subsystem engineering design procedure and architecture
[SE1, SE2, SE5, SE10]. The implementation of the developed research
methodology for this PhD study work was formulated around technical
publications that demonstrate “a strong academic career evidenced by
publication.” Hence, the method adopted for this study is a compilation of the
analytical commentary of the published and prevailing research works in the
subject area of the research project. This entails detailing the relevant peer-
reviewed and refereed publications that show convincing evidence of the
capacity to pursue research and scholarship and make an original
contribution and substantial addition to the pool of knowledge. The adopted
research project methodology involves a careful study, statistical analysis
(Appendix 1) and implementation of the enabling and emerging space system
technologies, architectures and design concepts for realising adaptive small
satellites for space applications [SE1, SE4]. This work focuses on the power
and mass budgets as the premium resources for spacecraft system
engineering margins design [SE1, SE2, 13, 15]. The small satellite
subsystems constitute its functional blocks. The eight subsystems of a typical
satellite system to be considered are the propulsion; attitude and control;
electrical power supply; thermal control; communication; command and data;
structure and mechanisms; and payload.

Chapter one critically introduces the motivation and background
statement behind the adaptive small satellite design for space applications
research. The background statement critically examines the challenges of the
spacecraft mission project and shortcomings of the conventional approaches

in addressing them. Spacecraft systems engineering and design tools are
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covered. The highly adaptive small satellite (HASS) has been proposed to
reliably, sustainably and cost-effectively accommodate the electronic
subsystems concerns of the space community.

Chapter two presents the full narrative of the research and highlights the
contributions to the pool of knowledge in the subject area and the allied
fields.

Chapter three contains the full paper contents of the published works that
demonstrate the novelty of this research.

The conclusion and future work surrounding this thesis/analytical
commentary are presented in chapter four. The pertinent contributions of the
research are explained here. The future research works possible with the
novel highly adaptive small satellite system are contained in this chapter.
Moreover, the statistical analysis for mass-based power estimating

relationships for LEO satellites is stated in Appendix 1.

1.7 Summary

The motivation for the adaptive small satellite design for space applications
research has been explained in this chapter. Key emerging space
applications; enabling existing technologies and architectures; payloads; and
advanced production techniques(s) have been explored. The background
statement gives a critical analysis of the implementation constraints
encountered in a given spacecraft mission project; the incapability of the
traditional small satellite design approaches in addressing the challenges has
been stated. The highly adaptive small satellite (HASS) has been proposed for
capability-based missions with recourse to in-orbit system re-engineering for
post-mission re-application. The major system engineering design tools have
been critically studied, compared with the HASS system and presented in this

chapter. Moreover, this chapter contains the aim and objectives of the thesis.
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Chapter Two
Adaptive Small Satellite Subsystems

Engineering

2.1 Introduction

This chapter contains the full narrative and the key contributions of the
research work. It is arranged into adaptive subsystems design methodology;
adaptive  multifunctional architecture design; adaptive subsystems
engineering analysis; adaptive beamformer for small satellites; impact of
noise figure on a satellite link; adaptive small satellite customisations; and

adaptive subsystems operational times analysis.

2.2 Adaptive Subsystem Design Methodology

This section presents the system engineering design and analysis
methodology for highly adaptive small satellites developed for the conceptual
design and validation of the mass and power budgets of HASS electronic
subsystems.

The design, development and implementation of conventional satellite
systems emphasise the problem analysis methodology required of a holistic
systems engineering [2, 4, 13]. The traditional satellite subsystems design
methodology is point-based and non-reconfigurable with no recourse to
multifunctional mission applications and reuse. Whilst conventional
multifunctional structures designs do exist, they are based on a mission-
specific methodology [1, 2]. The HASS subsystem methodology incorporates
multifunctional analysis and design engineering [SE1, SE10] of a system into
a capability-based space satellite programme. Hence, two systems

engineering design methodology concepts have been contributed to the
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existing pool of knowledge, viz: systems engineering design process and
systems engineering design analysis. The contributed systems engineering
design process refers to the inherent interrelated multifunctional system of
systems architecture adopted for a capability-based satellite system design.
Similarly, the systems engineering design analysis refers to the inherent
interrelated  capability-based systems engineering design resources
considerations and trade-offs for a capability-based satellite system design
[SE1, SE2].

The developed adaptive subsystem methodology [SE10] considered
enabling and emerging technologies and so can be extended and scaled-up
to address the mission definitions requirements of medium and large
spacecraft [SE1, SE2, SE4]. The HASS design approach [SE10] eliminates the
prevailing limitations of conventional satellite design methods — which are
wholly based on pre-set requirements and non-components-level
reconfigurations [2, 4, 14]. The developed HASS methodology is founded on
the fundamental satellite systems engineering design process and generalised
information network analysis model [SE1, SE5]. The functional definitions of
the HASS methodology allow for the spacecraft mission and conceptual
design objectives to be studied within a capability-based framework [SE1]. It
is an iterative process that defines and combines the mission requirements
with recourse to the space system transformation. Subsubsystem-level
technologies are chosen for integrated applications with allowance for trade-
offs and performance assessment [SE8]. Capability-based mission objectives
are supported and implemented using a reconfigurable satellite architecture
platform [SE1, SE8]. Furthermore, the quality of service metrics for the
relevant mission is assigned and the system design variables space explored
for a solution. This is followed by HASS-based multicriteria studies aimed at
qualifying the optimal system architectures [SE7-SE9]. This adaptive space
system-level platform allows the designer to optimise device technologies,

systems and subsystems configurations and architectures in an integrated
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environment [SE2, 15]. In a typical HASS system implementation [SE5],
radiation effects are mitigated using radiation-hardening by design [14, 15].
Current and future spacecraft systems engineering analyses can be
accomplished using the HASS methodology for an objective satellite mission
study and development [SE1, 13, 15].

2.3 Adaptive Multifunctional Architecture Design

Traditional satellite architectures follow a subsystem-oriented design
approach [13, 15]. The adaptive multifunctional architecture (AMA) design
concept [SE5] utilises multifunctional satellite scaling techniques to
implement subsystemless architectures. The design process accomplishes
functions [SE5, SE7] and eliminates conventional subsystem boundaries [13—
17]. It focuses on the identification and specification of subsystem-level
functional requirements. In this approach, the functions of several
subsystems are implemented on a single circuit card.

The AMA design platform enables deterministic applications and lends
credence to real-time performance. It contains point-to-point links that
provide inter- and intra-subsystem communication and lower latency. The
term “deterministic” connotes “real-time” and is widely used to describe
systems employing FPGAs for various reconfigurable applications. In the case
of HASS systems, the deterministic multifunctional architecture (DMA)
approach allows for relocating system functionalities across and within the
monolithic FPGA-RF/microwave subsystems. Thus, multiple mission
capabilities can be sustained by changing parts of the adaptable architecture
without interrupting the running functionality(s). The DMA implements
reliable, flexible and high bandwidth links without undue population of FPGA
I/0 pins that characterise non-HASS systems. For instance, the HASS system

is able to assign spacecraft resources to essential (such as attitude
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determination and control) and non-essential (such as offline image or audio
signal processing) functionalities without any overheads and/or penalties.

The AMA uses the modularity and high/low integration lightweighting
strategies to achieve an efficient small satellite design [SE5]. It uses
functional modules [SE5, SE10, SE11] to realise high-level mission-specific
and non-specific functions. The functional design paradigm employs the
functional modules for a small satellite design. These modules give the
satellite system modularity that supports the high-level functionality(s)
required for customised and re-engineered space missions [SE10, SE12].
Each adaptive multifunctional structural unit comprises a composite panel
that provides mechanical, electrical and thermal functionalities. Compared
with traditional and existing functional design-based satellites, physically
replaceable/upgradeable components of the AMSU are fewer; this is a huge
cost benefit for any space mission. The benefits of the AMSU implementation
onboard a HASS system includes, but are not limited to, the elimination of
massive wire harnesses and connectors, increased system-level reliability,
fast design re-engineering, streamlined subsystem integration and test

process and cost-effective mass production.

2.4 HASS Subsystems Engineering

The success of the satellite subsystems engineering depends on the optimal
design, modelling, simulation, and validation of the deliverables of the
conceptual and mission design objectives. Moreover, the design and
development of capability-based and adaptive multifunctional small satellites
require a reliable subsystems engineering procedure. In Papers SE1 and SE7,
HASS-based parametric system engineering design estimating relationships
have been developed. The emerging technology-based subsystem
engineering design procedure [SE1] can be utilised for the conventional small

satellites programmes [15] respecting the relevant resources assignment
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adjustments. The is a major contribution to the space community as it
enables the conceptual and mission objectives of spacecraft missions [13, 15]
to be validated prior to the full system implementation. The presented
adaptive subsystem engineering for mass and power budgets for HASS
systems can accommodate space missions applications and post-mission
reuse in the GEO, MEO and LEO [SE1, SE7, SE11]. The cost reduction is more
for HASS systems compared with the conventional satellite design
architectures and concepts. The HASS novelty is in the SE design and
emergent missions capabilities enablement with the attendant economies of

scale over the traditional satellite systems.

2.5 Adaptive Beamformer and Communication
Link

Small satellite communication links are required to be stable for optimal
temporal and spatial data transmissions. A key requirement of an adaptive
sensor array involves the ability to deterministically adjust the directional
response of the array to reduce noise, null interferences and enhance the
gain and quality of the desired signal. A low-carbon adaptive broadband
beamforming algorithm has been developed [SE3]. It enhances the desired
signal based on the noise conditions of the individual omnidirectional sensors
deployed in a complex dynamic environment that is prone to steering errors.
The adaptive beamformer can accurately estimate the Doppler frequency for
applications involving satellite navigation system receivers of vehicles under
varying environmental conditions. Ubiquitous seamless inter-satellite and
satellite-to-ground data transmissions for integrated terrestrial-space
communications require the implementation of adaptive beamforming
algorithms [SE3, SE5]. Moreover, distributed satellite networks (including
satellite constellation, formation flying spacecraft, fractionated spacecraft and

swarms/clusters) [SE13] require adaptive broadband beamforming
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capabilities [SE5]. Given these stringent requirements, the regulated-Frost
beamformer [SE5] is an ideal candidate for HASS missions. Also, its antenna
subsystem can be additively manufactured [3] with the onboard HASS
electronic subsystems for high quality reliable data transmissions and
receptions.

Furthermore, adaptive low-noise amplifiers [SE6, SE8] enable
reconfigurable satellite links to be realised for cost-effective and sustainable
data communication applications. In this research, the impact of noise figure
on the carrier and data links performances of a HASS application has been
established and quantified [SE6]. The findings would enable reconfigurable

subsystems for reliable, dynamic, broadband and adaptive space operations.

2.6 Adaptive Subsystems Operational Times

Analysis

A further contribution of this research is in the multiple power modes and
operational times that can be realised onboard the HASS system. A real-time
reconfiguration of the operational times of multifunctional satellite
subsystems [2] is an emerging research interest within the space community
[13, SE2, SE9]. The operational times of spacecraft subsystems overpower
modes can be reconfigured in orbit to reliably sustain the operating
conditions of the capability-based satellite components for ubiquitous
communication. The subsystems of space satellites experience different
orbital and eclipse periods. Hence, an in-orbit operational times
reconfiguration design process [SE2, SE9] has been developed for all
categories of HASS subsystems and systems to ensure optimal mission
operations. This represents a major contribution to the pool of space
technology knowledge that would benefit the space community. The basic
power-storing and overpower modes can be implemented while a HASS

system is in orbit and performing a given mission [SE2]. The capability-based
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architecture enables power modes spanning power-storing, communications
(uplink and downlink) and payload processing to be carried out with recourse
to the prevailing orbital pattern(s) of the HASS mission. Hence, different
operational times for the various power modes and feasible missions can be
adaptively reconfigured for key mission operations including data capturing,
onboard processing and transmission. This would enable LEO satellites to
adapt their mission objectives to the stringent (10 minutes) temporal data
transmission window during their orbital period; this occurs when an Earth
station is within the footprint of the satellite. For propulsive missions, the
HASS system enables integrated multiple operational modes [SE1, SE2, SE5]
for miniature solar electric propulsion and cold-gas micropropulsion
subsystems [SE4, 15] to be reliably and cost-effectively incorporated. A
switch between passive and active phases for the ADC and the thermal
control provides a hybrid optimal operational margin for the satellite system
[SE2]. The HASS system has the capability to enhance the performance of
primary and secondary satellite payloads by providing component-level

reconfigurations for optimal mission accomplishment [SE1, SE5].
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Chapter Three

Technical Publications

3.1 Introduction

The relevant peer-reviewed and refereed published works that demonstrate the

novelty of this research are stated in this chapter.

3.2 Published Works

3.2.1 Paper 1 [SE1]

Parametric System Engineering Analysis of Capability-based Small
Satellite Missions, /EEE Systems Journal, pp. 1-10, May 20109.

DOI: http://dx.doi.org/10.1109/JSYST.2019.2919526.

Sunday Cookey Ekpo

Department of Engineering, Manchester Metropolitan University, UK

This subsection is an exact copy of Paper 1.
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Technical Publications

Published Works

IEEE SYSTEMS JOURNAL, VOL. 13, NO. 3, SEFTEMBER 2019

Parametric System Engineering Analysis of
Capability-Based Small Satellite Missions

Sunday Cookey Ekpo©, Member, IEEE

Absiraci—To achieve appropriate link budget and system engi-
neering analyses of capability-based small =atellites missions, an
ohjective assessment and computation of the component-,
subsystem-, and system-levels parameters requirements must be
carried oul. This paper presenis the measurement-derived para-
metric models for the system engineering analysis of commu-
nication, meleorology. planetary. and other small satellite pro-
grams with recourse to the initial mission, conceptual design, and
postmission objectives. Mass and power margins are the critical
resources under investigation hesides the link contingencies and
operational times. The case stwdy spacecrafl systems engineering
analyses indicate a transmit power for data tramsmission uplink
and downlink of at least 33 dBm for the generic communication,
metearnlogy. and planetary missions applications. The presented
parametric models also reveal a signal-io-noise ratio of at least 16
di per radio communication link for worst case noise floor and path
loss, For a 30-W power ulilization, a two-power communication-
overpower misle mission operates for an extra 8.3 min compared
with a three-power payload-overpower mode mission. This holds a
great promise for the development of adaptive subsystems for re-
configurable multiband, and multistandard transponders for mul-
tipurpose missions and postmission applications.

Indexr Terms—Adaplive sysiems, capahility engineering. para-
metric study, zatellite communication, sysiem engineering.

L INTRODUCTION

HE conceptual design of satellites involves several mod-
T eling and simulation approaches that span single person
calculations to multiple organizations employing complex and
adwvanced interconnected computer models for optimized solu-
tions [ 1]. The four design approaches that are currently utilized
within the space community include back-of-the envelope tech-
niques, single-use, computer-aided models, serial processes, and
integrated concurrent engineering | 1]-[4]. These techniques can
be combined to meet the customer’s needs or a hybrid of several
design methods may be implemented. Whatever the adopted
design approach, a single solution or specific mission design
interests may be the focus.
The conceptual design is influenced by several factors and
design constraints and has no unigue “right” technigue. Issues

Manusoript eceived July 14, 2007; revised Janusry 31, 2018, April 24, 2018,
July 5. 2018, and March 2, 3019; acospied May 24, 2019, Date of publication
June 11, 201 %; date of current version August 23, 2009, The suthor wishes 1o
thank the Akwa Ihom Sate Government of Nigeria for sponsoring this research
& The University of Manchester, Manchesier, UK, and Enginesring £ Musteri-
als Science Research Cenire, Manchesier Metropolitan University, Manchesier,
UK. for sponsoring exirs research eguipment through its open bid scheme.

The author is with the Department of Electrical and Electronic Engineer-
ing., Manchesier Metropolitan University, Manchesier M1 50D, UK. (=-mail:
soekpniiipese. org).

Digital Object ldentifier 10.110%I5YST_2019.2919526

ranging from the project manager’s background, corporate cul-
ture, team leadership, cultural differences, and dynamics also
determine the choice of a conceptual design approach for a
spacecrafi mission.

The fundamental motivations for the capability-based space
satellites (C58s) {such as a highly adaptive small satellite
(HASS) [1]) concept include, but are not limited to, in-orbit
adaptability, reliability, multifunctionality, enhanced portabil-
ity, system-level simulation of spacecraft, reduced manufactur-
ing and integration complexities, cost-effectiveness, safety, low
carbon footprint, postmission re-application, and fexibility in
deployments. A HASSE is a reconfigurable, multifunctional, and
adaptive small space satellite that has capabilities for dynamic
space applications and operations while retaining its designed
optimal performance. This capability-based space system design
paradigm will gain increasing and expanding applications in the
future deployments of constellations of small satellites [ 1]-{6]-
A HASS system architecture has an in-built redundancy and ra-
diation shield for onboard semiconductor components that can
be re-engineered while in orbit. The adaptive multifunctional
architecture does not follow a subsystem-oriented design ap-
proach; it embraces the small satellites scaling techniques [2].
[7]- The design process accomplishes functions and eliminates
conventional subsystem boundaries. It focuses on the identifi-
cation and specification of subsystem-level functional require-
ments. In this approach, the functions of several subsystems are
implemented on a single circuit card [G].

Moreover, a capability-based satellite system is developed
as a network of functions with reconfigurable intra- and inter-
subsystem and module links. This eliminates a single point of
failure, enhances a deterministic operation, andfor helps o sus-
tain a real-time perfformance. The functionality of a module
andfor subsystem can be seamlessly transferred to another mod-
ule andior subsystem via the adaptable point-to-point network of
the adaptive satellite system [6]—[9]. Thus, all the HASS subsys-
tems can directly access the resources of the other subsystems.
In this paper, mass and power margins are the critical resources
under investigation for achieving an optimal, economical, re-
liable, and sustainable capability-based small satellite mission
[11. [8]. [9].

The existing conventional parametric models for system engi-
neering analysis of small satellite missions are based on the work
of Charles Brown [3]. Other documented small satellibe mis-
sions have been mission-based and application-specific [6] with
no particular published guiding system engineering design prin-
ciples. Moreower, the integrated cost, size, weight, and power
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(C-SWaF) limitations of small satellites are not the core system-
level design considerations [B] since commercial-off-the-shelf
components are often favored for this type of mission. Ekpo and
George [5] and Waseem and Sadig [ 10] provide small satellite ar-
chitecture technologies, and model-based systems engineering
in conceptual design of small =atellites that satisfy delincated
“all-analog™ and “all-digital™ system designs only.

Ekpo and George [1] introduces a common design procedure
for capability-based small satellite sysiems engineering but fio-
cuses on A system engineering analysis of various categories
of highly adaptive small =atellites for a meteorology satellite
(METSAT) mission. Ekpo and George [5] considers the design
methodology of adaptive small satellites that enables an optimal
architecture for 8 mission. Ekpo and George [5] and and Ekpo
et al. [11] explore the fact that an adaptive small =satellite de-
sign problem is a multicriteria optimization design problem that
must be judiciously assessed for a cost-effective first-pass soc-
cess. The parametric models presented in this paper cover other
satellite missions as well with an allowance for adapting the
madels to suit next- and future-generation satellite system engi-
neering design processes. The developed and validated models
can be adapted to suit any mission of choice with allowance for
assessing the impact of integrated emerging device to system-
level technologies.

The parametric models presented in this paper allow for
“integrated digitized analog™ satellite systems [5] and can be
adapied to meet the user and the system reguirements defimi-
tions for delincated “all-analog™ and “all-digital™ satellite de-
signs if required. Within the scope of this paper, the sysiem
engineering of capability-based small satellite missions is ana-
lyzed with recourse to the industry-standard parametric estima-
tion of the subsystems design characteristics. This research work
provides comprehensive spacecraft system simulation parame-
ters models that are measurement derived for precision mission
programs. Moreover, the operational times of the capability-
based satellite subsystems can be modeled for accurate near
real-time orbital dynamics assessment. Furthermore, the com-
munication link budget and payload operational times can be
reliably assessed with recourse to the high-level performance
requirements of spacecrafi mission and postmission systems.
This paper provides a parametric system engineering analysis of
capability-based small satellite missions respecting the enabling
and emerging space satellite technologies. The frontal objective
of this paper is w0 develop and present estimating spacecraft
power and mass relationships that can be wtilized to provide
reliable and swstainable mission and conceptual system engi-
neering decisions to satisfy performance definitions and budget
constraints. This is important because of the increasing depen-
dence on cost-gffective, reconfigurable space-borne assets [es-
pecially in the low-earth orbit (LEO)] to complement terrestrial
radio access technologies. The focus of this paper is to provide
the quantitative engineering principles platform for the subsys-
tems design parameters of susiainable small satellites based on
their systems definitions and requirements.

This paper is organized as follows. Section I explains the
satellite system engineering estimating relationships and mar-
gins for the communication, meteorology, planetary, and other

mission applications. Section I11 details the postmission satel-
lite mission applications including the operational time. The
capability-based small satellite communication link budget anal-
wiis is presented in Section I'V. Section V concludes this paper.

II. SATHLLITE SYSTEM ENGINEERING

Single-use, computer-aided models for conceptual design rep-
resent a system engineering design process tool for the entire
spacecraft modules and their respective integrated subsubsys-
tems and subsystems [2]. [3], [11]{13]. This approach al-
lows for & more detailed analysis of the spacecraft subsystems
and their interdependencies than the back-of-the-envelope tech-
nmigue. The historical data of spacecraft (including mass, power,
size, data link margins, and orbit parameters) are required to
esiablish this technique. This involves utilizing appropriate sta-
tistical curve-fitting algorithms (such as linear programming) to
obtain equations that define a design resource of interest as ex-
plicit parametric functional relationships of other independent
variahles that strongly determine it. Depending on the coeffi-
cient of determination that fits the spacecrafi model of inter-
est, an estimating relationship can be a simple linear function;
logarithmic eguation; or a complex, higher order polynomial.
Systems engineers find this method to be particulardy helpful
for sizing subsystems that require expert inputs following their
basic conceptual design definitions. For instance, the sizing of
the solar panel and structure as functions of the spacecraft's
mass or thermal control subsystem as a function of the space-
craft’s power and mass. Also, a physical quantity such as the
subsystems’ power consumption can be expressed as a function
of the spacecrafi’s mass. It is worthwhile to note that the accu-
racy of this technique depends largely on the consistency of the
mathematical relationships of the subsystems (i.e., the plotbed
historical spacecraft data lie closely with the curve-fit).

The empirical mass and power estimating relationship (FER)
approach is relatively simple and easy. This approach has been
adopted in the development of the system engineering design
process for the HASS systems using the data of past space pro-
grams of built systems. Adaptive and active devices strongly
influence the system-on-chip and multichip design paradigms
for HASS systems. To ensure that the developed system engi-
neering (SE) design process model works well for the presented
adaptive satellite architecture (i.e., integrated digitized radio fre-
quency (RF¥microwave analog systems substrates), the design
parameters (such as cabling harnesses, subsystems integration,
system configurations, and technology options) are modified o
reflect the technological advancements for the estimating rela-
tionships. This has revealed a good technical agreement between
the reporied system design parameters (such as payload mass
fraction) and those of past space programs. The results of the
power and mass budgets analyses for the meteomlogy, com-
munication, and planetary missions using HASS systems are
presented here. The SE analysis for each considered mission is
based on the functional relationships and derivations.

The choice of the payload- and mass-based PER mod-
els for each spacecraft mission is informed by the combined
statistical analysis of past and current spacecraft missions with
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recourse o the emerging small satellite technologies. For in-
stance, given the limited size, weight and power generation capa-
bility of small satellites, the payload design for the meteorology
mission in LEC is modeled using the PERs [1]. Similarly. the
business needs of communication and planetary missions lmit
the spacecrafi category to the higher end of the microsatellites
and beyond.

The subsystem mass reduction My of a capability-based
small satellite based on the satellite category and cabling factor
is given by
(1)
where Mopu is the on-orbit dry mass of 8 conventional satellite
in kilogram, and Cygp is the cable mass factor. The comespond-

ing HASS subsystems {core bus and payload modules) mass for
allocation Mzzsg in kg is given by

_ Moom (1 - Cwur)
- 1+Clr

where C_r is the mass contingency factor. The mass margin for
HASS systems is obtained as Mymargn = CrMssy [1]. [3].
Furthermore, the equivalent on-orbit dry mass MponDu of the
capability-based small satellite is given by [1]

Muoowm = Moo (1 — Cur) . (3)

The abowvementioned analysis was applied in the derivation of
the mass allocation of HASS systems for communication, plane-
tary, and meteorology missions based on past spacecrafi histori-
cal database/missions and the American Institute of Aeronautics
and Astronautics guidelines | 1]-[3]. [B].

To demonstrate how the power margin of LED satellites as
a function of the generaied solar armay power is derived, the
following definitions apply:

x = maximum spacecraft power available from the solar array,
W, and
v = actual core bus and payload subsystems power, W.

Mayp = MopuCup

Mzzsh (2}

The power contingency P grgey 15 therefore derived thus

yC_r = -Fnurgln (4}
T—1= Pnurglﬂ- (5}
From {4) and (5}, the power margin becomes
_ =Cy
Frargm = m (6}

Equation () assumes that the payload subsystem is developed
along with the core bus subsystems. A capability-based satel-
lite system employs an adaptive device(s) in its architecture.
Following the preceding analyses and discussions, the power
contingency function for a capability-based application cannot
follow the conventional definition. Hence, the power budget of
a HASS is modeled with recourse to the requirements of the
subsystems and the mission. It is a system capability-based
model and the total in-orbit power Py of a HASS system is
given by [1]

Pr = P + Pous + Prgrpg (7
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where Figrgg is the power margin, and Flys is the core bus

power. The corresponding power contingency P;mzm is given
by

Prlu.nrgln. = Prnagm + 4P #)

where &P is the maximum differential power (W) resulting from
the dynamic operation and application of 8 HASS system.

Combining (7) and {#) together, we obtain the final in-orbit
payload-based HASS power budget function as

Pr = Py + (14 Cy) Pyus + &P, ]

As observed in (9), the adaptive power margin function
Fru.:.rgm is dependent upon the deterministic system application.
Since Prargin 15 defined for the conventional spacecraft without
any obvious recourse to the adaptive power regimes, Fru.:.rglm

must be greater or equal o Pmargin. Hence, the constraint on {9)
for & capability-based small satellite system is given by

Finargin < -pr-u.nrglrl. = (Prargm + 4P) .

Consequently, for a capability-based satellite system, (%) be-
Ccomes

Pr=f(Pu)+kf(M)+CrPos+ 5P+ C  (11)

where k is the power per unit mass or specific power (Wikg) for
each satellite category, (P ) is the payload power (W), and ©
is a mission-based power constant (W) [1], [3]. Eguation (11}
represents the complete in-orbit total spacecraft power budget
function for the conceptual design of a capahility-based small
satellite system.

Table I states the core bus subsystem power allocation for
capability-based small satellite systems (such as 8 HASS) [1].
The presented analysis covers thermal, attitude determination
and control {AIDC), electrical power (EF), command and data
handling {CDH), communications, propulsion, and mechanism
subsystems.

(1

A Meteorology Mission

A judicious analysis of PERs with recourse to the orbital
pattemns must be camried out 0 understand and validate the op-
erational times of capability-based satellite systems” modules,
subsystems, and subsubsystems. Two case studies are consid-
ered in this paper. Case study | represents a spacecraft team
payload {STP), and case study 2, represents customer-furnished

payload (CFP).
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From (117, the total in-orbit PFERs of capability-based small
satellites for meteorology missions in LEC are presented as fol-
lows:

1) Microsatellites

Case study 1

Pr = 05220 panm + 0.5(Fa + (1 4+ Cy)
% (1= Ciy(Fe — Pa)) + 7.78

where Cy; is the cable loss factor, and Oy is the contingency
factor.
Case study 2

Pr =0522Mpam + 051+ Cp )1 - Cpp) +7.78. (13)

(12)

2) Manosatellites
Case study 1

Pr = L13Myay + 05(Py + (14 Cp)(1 - Cyy)
w (P — Pu))+ 172

Case study 2

Pr=11aMyax + 051+ Cp)(1 - Cip )P + 172, (15

(14

3) Picosatellites
Case study 1

PBr = 2.5Muap +0.5(Fa + (1 + Cp)(1 — Ciy)

w (P — Fui)) + 0035 (16)
Case study 2
Pr = 25Muap + 05(1 + Op)(1 — Cip) P + 035, (17T
4) Femtosatellites
Case study 1

Py =5.15Myap + 05{Py + (1 + Cp)(1 - Cyy)

= (P — Py)) + 0.0835, (18)
Case study 2
Pr =5.15Mpap + 05(1 + Gy )(1 — Cyy)F; + 0.0835.

(19)

A pood and reliable sysiem engineering anal ysis reveals the
design margins that can be sustained in the event of system fail-
ure or re-engineering. The case studies presented in this paper
assume that the payload is developed along with the core bus
subsystems and not customer-held. The communications sub-
system includes the uplink and downlink power reguirements
for receiving engineering data from and transmitting scientific
data o a ground station, respectively.

Table Il shows the power budget analysis of highly adaptive
small satellites system engineering for @ meteorology mission in
LED. Assume that the payload equipment for the meteorclogy
mission will utilize 15, 10, 1, and 0.5 W for the representative
highly adaptive microsatellite (HAM), nanosatellite, picosatel-
lite, and femtosatellite, respectively [1].

TABLE N
HASSE POWER BUDCET ANALYSIS FOR A METEOROLOGY Mission [1]

Batellite Category:
Highly Adaptive Microsatellite (HAM) (18.4 ki)

In=arhit Tatal Power Summary

Parnmeter Value (W)
Maximum availahle puyload power in LEC 15,01
Maximum available core bus power in LED 16,75
Reguired payload power 15.00
Caleulated paylond power 14,42
Payload power margin BN
Calculated core bus power 1240
Core bus power margin i35
Tatal FLAM power required k] A
Power savings 1.67
Blaximum power of a 18.4-kg HAM in LEQ 3477
Max, available HAM power margin in LEC 6.95

TARLE
HASS MasSS BUDGET ANALYSES FOR A METECROLOGY MISSION

Satellite Cavegory: Highly Adaptive Microsatellite (HAN)
Conventional on=orbit dry mass (kg 20
Subaystern mase reduction (kg) = 1.6
BEquivalent ai=orhil dry mass of a HAM = 18.4
Total subsystem mass for allocation (kg) = (18.721.25) = 14,72

HAM Mass Allocation Summary

Parameter alue (kg)
Subsysiem budget total 14,72
Mlass margin ER
Masnesaving 1.6
Maoximum or—orkit dry mass 184
Laurseh costesaving () 16, 06100

The power estimations for the various subsystems are utilized
to develop the link budget and the operational times [8] of the
payload subsystem. The paylosd-based PER F, used to derive
the total METSAT power requirements Pr is given by [3]

B = ]_Dﬂppq. (20}

The system engineering design parameters for the meteorol-
ogy mission are summarized as: payload holder: spacecraft de-
sign team; Cpp = 8%; orbit: LEC;, design phase: conceptual
design; power contingency factor (Cy) = mass contingency fac-
tor () = 25% [3]: class of design = 2 (next generation) [3]:
cable loss factor O = 1.6% [3].

Table 111 presents the mass budget analysis of HASSs for
A meteorology mission. It shows that an intelligent parametric
system engineering design process can achieve mass savings
and the elimination of undue system oversizing. It indicates the
operational and business implications of the mission for satisfy-
ing and qualifying end users, technology platforms, and service
delivery components. The subsystem mass allocation for the
meieorology mission is given in Fig. 1.

At the conceptual design stage, Tables 11 and 111 enable the
system engineer to allocate spacecrafi resources to the various
components and subsystems of the functional modules of the
spacecrafi
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Fig. I. Corz bus subsysiz=m mass allocation for the METSAT.

TABLE TV
HASS POWER BUDGET ANALYSIS FORL A COMMLBICATION MISSIed

Satellite Catepary: Highly Adaptive Microsatellile [ﬁ.-ul] (97 kgl

Core Bus Sobsvsiem Power Allocation

Core Bus Sghsygtem Allocation %) Power (W)
Thermal control EES 18,04
Amitade pontrol 285 1649
Elsctnical power 14.5 B.65
Command and data handlmg 153 1144
Camrmunications o 0
Propulsion 71 421
Mechanics [ i
[m=arbit Tolal Poewer Sumsnary
Parsmiicr Value (W)
Bdaxcinram avatlehle poyload power m LEG 4274
Mazimum available corz bus powes i LEC 7405
Hequired payhoad power 35,00
Caleulated payload power 4.9
Tayload puwer margin 7.1
Caleulated core bas power 5027
Care bus power mangin 14,82
Total HAM subsyatems power regaired 927
Power savings ERE
Mazimuen power of & 97-kg HAM m LEO 115,43
Max. available HAM poweér margin m LEO 1337

B. Commumication Miszion

Based on the database of past spacecraft missions, the com-
munication and planetary spacecraft would require at least 56
and 122 W, respectively, for an appreciable mission accomplish-
ment [1]. From (11), the total in-orbit PERs of capability-based
microsatellites for communication missions in LEC ane similar
to the case studies 1 and 2 in (12) and (13).

Table I'V shows the HASS power budget analysis for a com-
munication mission. The SE design analysis for the 97-kg HAM
gives a calculated payload power of 3419 W with a comespond-
ing power margin of 855 W relative to the maximum available

IEFE SYSETEMS JOHURNAL, VWOH.. 13, NO: 3, SEFTEMBER 2017

payload power in LED. Assume that the actual payload subsys-
tem consumes 35 W, the calculated power margin of the pay-
load would be 7.74 W (i.e., reduced by approximately 9.5% )
The calculated payload power margin is approximately 22% of
the actual payload power and well above the minimum power
contingency ( 107 required fior the subsystem at liftoff [3]. The
HASS power budget analysis for the case study communication
satellite in LEQ (sce Table 1V) shows that the power genera-
tion capahility of the 97-kg HAM {i.e.. 1 16.83 W) is sufficient
for it. Hence, given the payload power requirement, no deploy-
able solar reflectors would be reguired. However, to boost the
payload power and enable more mission functions, deployable
solar reflectors can be integrated info the four-panel array of the
HAM. The reflectors would increase the solar intensity of the
solar panels by approximately 51%. The payload-based PER F,
is given by [3]

Py = 11568 Py + 55.497. 20

The total communication satellite system power requirements
Py is obtained from {21). Hence, the total PER for the commu-
nication mission Py is adjusted to account for the extra power
generation from the solar reflectors as follows:

By = 0.522Mpam + 0.5P(1 + Cp)(1 - Cyy)

+ 778 + N Prosiaesar (22

Similarly. the mass estimating relationship for the communi-
cation mission is adjusted to account for the extra weight of the
solar reflectors as follows:

123)

The system engineering design parameters [ 3] for the commu-
nication mission are summarized thus: payload holder: space-
craft design team; Cyp = 3%: number of solar of reflectors,
N = 4; mass of solar reflector Mrofeeicr = 0016 kg; generated
power per reflector Proqpesae = 15 W orbit: LEQ:; design phase:
conceptual design; power contingency factor (Cf) = mass con-
tingency factor [Cp) = 25%; class of design = 2 (next gener-
ation); cable loss factor Ol = 1.7%; conventional on-orbit dry
mass (kg)= 100; subsystem mass reduction (kg) = 3; equivalent
on-orbit dry mass of an HAM (kg) = 97; total subsystem mass
for allocation (kg) = (97/1.25) = T1.6.

Table ¥ shows the mass budget for the communication mis-
sion; the corresponding power budget is stated in Table V. For
the conceptual design and development phase, the mass contin-
gency of (L25 is chosen (i.e., nexi-generation class of design).
This yields a mass of 77.6 kg for allocation to the subsystems of
the 97-kg communication spacecraft. Compared with the sub-
sysiems mass allocation for a conventional microsatellite [3] de-
veloped for the same mission, a mass-saving of 2.4 kg is realized.
A T-year communication mission utilizing the presented 97-kg
HAM would reguire an end-of-life (EQOL) power of 9611 W [ 1],
[3]- This gives the design point for the mission and can be easily
accommaodated based on the power generation capability of the
spacecraft and the total power requirement of the subsystems
for the mission (sce Table 1V). Furthermore, the HAM sysiem
can adapt its mission capabilities to lengthen the design lifetime

Myass = Mooom(1 — Cur) + N Mrgeear-
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TABLEY
HASS MasE BADGET ANALYSIS FOR A COMMUNICATION MISSION

Smellie Canegary: HIghly Adaptive Microsatelite (HAM)
Subsysterm Mass Allecation

Subsystem Allpcation Allocated mass (kg)
%)

Struoture Il 16.76
Thermal camtrol 4.1 118
Antitude contral 7.2 559
Elecirical power 26,8 T80

Prapulzios 7.2 5.5%
Commamications - -
CDil 4.1 318
Payload 1.0 X2.50
HAM Mazs Allocation Sumimsary
Fargmeter Value (kg)
Subsystern budges todal 716
Mass margin 194
Mags-saving 10
Pan, on-oebit diy mss a0
Launch cost-saving () ELRL

of the spacecraft thereby prolonging the mission or enabling a
postmission reuse.

C. Planetary Mission

From (11), the total in-orbit PERs of capability-based mi-
crosatellites for planetary missions in LEC are similar to the
estimating relationships presented in case studies | and 2 in
(12} and (13}

The cost of scientific satellites for planetary exploration and
astronomical ohservation is prohibitively high. Hence, the cur-
rent researches in the space community focus on achieving
advanced capabilities for scientific and other missions using
small payload subsystems and advanced small spacecraft tech-
nologies. For instance, a 72-kg Japan's innovative technology
demonstration experiment (INDEX) satellite was launched to
test the functionalities of modem sensor, processor, semiconduc-
tor, and battery technologies in a nearly sun-synchronous LECQ
at 655-km altitwde [9]. The INDEX is a scientific microsatellite
with asize of 72 x 62 » 62 cm?. The solar panel capability of the
INDEX satellite was 150'W at launch time: 120W could be gen-
erated using two solar-concentrator paddles each weighing 1.3
kg. Two thin-film reflectors with a total mass of .32 kg were also
integrated into the two paddles. The reflectors improved the solar
intensity on the deployed solar panels by 25%. Hence, the power
generation capability of the solar array was increased by 30 W
yielding a specific power of about 94 Wik for the two reflectors.
As ascientific satellite for the observation of aurora and demon-
stration of pdvanced spacecrafi technologies, the INDEX carried
space-qualified field programmable gates array devices within
its sensors and actuators. 1t also had an integrated control unit
that performed command and data-handling, thermal control,
and attitude determination and control; the conventional satel-
lite design would have these subsystems mounted separately
onboard the spacecraft [7]. This implementation is supponted
onboard the HASS systems through the adaptive multifunctional
architecture design. A 66.88-kg HAM with four thin-film solar
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reflectors each weighing 160 g can sustain the scientific require-
ments of the INDEX satellite mission. The power budget of the
HAM system indicates that it would have a power generation
capability of at least 145 W and it enhances its solar intensity
by a factor of 1.71. This resulis in a mass saving of 7.1% rela-
tive to the mass of the INDEX satellite. The payload subsystem
of the HAM for the planetary mission is designed based on
adwvanced sensor technologies such as miniature cameras. For
instance, the imaging and mapping of the moon’s surface (lunar
mission) can be accomplished by developing integrated adaptive
andfor reconfigurable payload sensors along the core bus sub-
system. Cameras such as star tracker (for wide-field coverage,
long-wave infrared, near-infrared/shortwave-infrared) and ultra-
violet visible can be deployed onboard a HASS system for lunar
surface mapping and earth observation missions. The Clemen-
tine spacecraft. launched to image and map the moon surface,
utilized two star trackers (each 4.5 W and 0.29 kg). an inte-
grated laser ranger and high-resolution imager (9.5 W, 1.12 kg).
long-wave infrared imager (13 W, 2.1 kg), near-infrared imager
(11'W, 1.92 kg). and ultraviolet-visible imager (4.5 W, 0.41 kg).
The system engineering design parameters [3], [8] for the plan-
etary mission are summarized as: payload holder: spacecrafi
design team; Oyr = 7%: number of solar of reflectors N = 4;
mass of solar reflector Mooqpeq0r = 0016 kg generated power per
reflector Profpear = 15 Wi orbit: LEO:; design phase: concep-
tual design: power contingency factor [y | = mass contingency
factor (Cy) = 25%; class of design = 2 {next generation); ca-
ble loss factor O = 2.7%; required payload power = 25 W
conventional on-orbit dry mass (kg) = 108.17; subsystem mass
reduction (kg) = 7.53; equivalent on-orbit dry mass of an HAM
(kgl = 164 total subsystern mass for allocation (kg) =
(100641 25) = BO.51.

The payload-based PER F,, which is used to derive the to-
tal planetary satellite system power requirements Py, is given
by [3]

(24)

The total power | Py ) and mass (My 425) estimating relation-
ships for the planctary mission are as obtained in (22) and (23),
respectively.

The Clementine spacecraft was deployed in the lunar orbit and
had an on-orbit dry mass of 228 kg [9]. From Table VI, it is evi-
dent that the mass of the HAM system is approximately 44.14%
of the mass of the Clementine spacecraft. Furthermore, the pay-
lord module of the HAM system can accommaodate the payload
sensors of the Clementine spacecraft for the lunar mission with
a mass contingency of 3.37 kg (see Table VII). Depending on
the image resolution andfor detail level required, the adaptive
architecture of the HAM can be reconfigured to combine the
sensors for accomplishing the mission. Each sensor enables a
unique field-of-view (FOV). The near-infrared (160 x 160 km®
FOW), ultraviolet-visible (160 x 125 km® FOV), long-wave in-
frared (25 » 25 km® FOV), and high-resolution imagers (7.5
» 9 km® FOW) can be aligned together to capture the same
background. Various configurations of this arrangement can be
achieved within the power budget of the payload module on-
board the HAM system. For the charge-coupled device (CCD)

P, =1.13Py +122.
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TABRLE VI
HASS PowER BUDCET ANALYSIS FOR & PLANITARY MISSICN

Sutellite Catepory Highly Adaptive Microsatellite (HAM) (100,64 kg)
Core Bus Suhsystem Power Alkocation

Core Bus Subsystem Allucatzon (%) Powes (W)
Thermal comirel 228 485
Altituds ganloed 0.6 2493
Elecirical power 75 .07
Command and data handling 175 2117
Communications {17 azd DL) 234 2855
Propulsion 1 1.21
Mezhanics 1 1.21
[nmarbit Tolal Power Summary _
Parameter Power (W)
Maximusn availalde paviosd power in LED w2
Maximam available cone bas power in LEQ 151.24
Reguired payload power 25.00
Calculated payload power 2198
Payload power margin 574
Calculated core hus power 120,99
Core ks power margin 028
Tatal HAM sahsyeieme power requined 145 59
Forwer gavinps Tx5h
Maximum powr of & 1000548k HAM deploving 17996
four solar reflectons in LEC
Maximum available HAM power margiz in LEC 3599

TABLE ¥II
HAM Mass FIDCET ANALYSIS FOR A PLANETARY MEBSION

Satwllite Cavegony: Highly Adaptive Microsalellite (FLAM)
Subsystem Mass Al ceation

Subsystem Allpcation (%) Allecated mass (kg)
Snscture 278 22.38
Thermal contral i3 267
Antitade contred 8.7 181
Electrical power s 1642
Fropalsion 140 1.z
Comsunications 635 523
Command and dala handling 6.5 513
Payload 118 9.50
HAM Mass Allocation Summary
Parameier Vahe [(kg)
Subsystern budget lutal 20,51
Mass margin 03
Massmsnving 7.53
Maxinm ca-orhit dry mass 10,64
Launch cost-saving (3} TE S0

based cameras andfor sensors, the HASS architecture presents a
power-cfficient payload integration platform for a cost-effective
mission. Moreover, the operational power generation and over-
power modes (such as power-storing, processing. uplink, and
downlink) of the HAM can be reconfigured to allow for the de-
sired configuration of the payload sensors o be implemented.

. Quality and Reliability Anafyses of C58 Systems

This section presents the analyses of the quality and relia-
bility of HASS systems. The development of space systems is
informed by the market segment they are expected to serve. For
instance, space products manufactured for the civilians are in-
fluenced by the level of innovation built into it whereas those

IEEE STSTEMS JOURMNAL, VOH.. 13, N0 3, SEFTEMBER 2019

developed for the governments have their emphasis on the sys-
tem quality and reliahility [B]. [ 14]. A high reliability is required
for space-bome eguipment due to the prohibitive cost of in-orbit
maintenance and the returns-on-investment expected. The qual-
ity factor of a space system is assessed and determined by the
part quality Q], and the number of components A constituting
the product [£], [ 14]. The value of I'.:'F. is raised to the exponent r
to obtain the overall system quality factor (). Assume that the
quality value for a part QP is 0.995 (e, 99.5% of unit pass) and
a 140 such parts comprise a system. The overall quality factor
of the system is approximately 50% of system units pass.

Due to the existence of subsystem boundaries. conven-
tional spacecrafi reliability calculations are subsystem based.
For the purpose of comparing the conventional spacecraft and
capability-based =satellite architectures, each bus subsystem is
assigned a reliability of 0.9999. The payload subsystem is as-
sumed to contain a solid-state power amplifier (R = 0.9994) and
an antenna (R = 1). Based on the published reliability parameters
[9]. aconventional nanosatellite has a system-level reliability of
93.74% at the end of the 30th day of operation. The absence
of the subsystem boundaries (at the functional subsystem-level
only) enables a baseline HASS system architecture to achieve a
religbility of 99.88%. The system-level relinbility of the space-
craft decreases with the increase in the number of components
constituting the modules and subsystems. The absence of sub-
system boundaries in a capability-based system translates the
religbility calculation to a functional module-based one. As-
sume each adaptive multifunctional structural unit-bome func-
tional module has a relinbility factor of 0.9999. The advanced
mass-producible manufacturing process [9] envisaged for the
capability-based system architecture provides a feasible plat-
form for obtaining multifunctional modules with reliability val-
ues close o unity. Since the reliability parameter is functionally
determined, the combined core bus subsystems reliability Roppg
= Rpayleed = 0.9999. Substituting these values into Rgass =
RpayloadRop yiclds asystem-level reliability of 959.98% for the
HASS system. It can be concluded that to obtain a space-bome
equipment with a desired relisbility and quality, the unit pass
relighility and guality values of its constituent componenis must
be appreciably much higher. Furthermore, the objective would
be to reduce the number of component footprints and integrate
subsystems onto 8 common multifunctional module.

I POSTMISSION SATELLITE AFPLICATIONS

Integrated pre- and postmission system engineering analyses
are important for a holistic understanding of the feasible mis-
sion applications and operations that capability-based spacecraft
architectures can enable.

A Postmission Aralysis and Applications

Given that a HASS design lifetime (in years) is Ty, and post-
mission reapplication years Tom. its conceptual system engi-
neering design would require isyslcm parameters estimate for
Thass given by

Thass = 2vThed pm (25)
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where THass is the overall mission and postmission re-
application lifetime of the HASS system in years.

According to (25) and for a three-year postmission reuse, the
maximum capability-based design lifetime (CDL) for an ini-
tial five-year HAN mission is approximately seven years eight
maonths. Hence, the postmission system engineering task would
involve remotely reengineering functional system parameters
with appropriate trade-offs to support the emergent postmission
program. At this stage, the postmission function could be such
that demands less from the ADC and propulsion subsystems.
This is especially so for conserving premium resources such
as power which is technically being reduced to the EOL value.
Following a judicious estimation of the postmission lifetime,
the overall SE design process follows the same procedure as the
initial mission, and conceptual design technigues.

IV. CAPABILITY-BASED SMALL SATELLITE LINKE BUDGET

A, Communication Link Design Parameters

To assess the parametric SE design process with recourse to
the communication uplinks and downlinks, a link budget anal-
ysis is required. A link design involves the development of a
comprehensive budget based on the parameters that character-
ize a given satellite communication system network. The fol-
lowing parameters define a satellite communication link: data
rate, maximum bit ermor rate, frequency, modulation and cod-
ing, symbol rate, transmitier, antenna gains, system gains and
losses, and receiver noise for achieving a given spacecraft mis-
sion’s required link margin [13]. Cammier link margin and data
link margin constitute the teo main satellite links margins that
characterize the uplink and downlink performances of spacecraft
communication system networks [13].

B. Link Budger Analysiz

This paper presents a link budget analysis for a microsatellite
deployed for meteorology, communication, and planetary mis-
sions at altitudes-frequencies pairs of 4 GHz, 700 km; 2 GHz,
750 km; and 1.5 GHz, 800 km, respectively. The power budget
analysis procedure in [1] will be utilized for these three generic
space satellite missions. Fig. 2 shows the path loss values as
a function of the elevation angle above the horizon at different
frequencies and altitudes for each case study spacecraft mission.
Though the elevation angle ranges from 0° to 1807, the practi-
cable range for an LECD satellite mission is approximately 1607
{and spans from about 10° o 170°). The practicable highest
path losses for the meteorology, communication, and planetary
missions are 1070, 114.2, and 106.3 dB, respectively.

For the meteorology mission (see Table IT), the calculated
core bus power is 13.4 W and 15.2% (ie.. 3310 dBm) is allo-
cated for the communication subsystem for uplink and downlink
data transmission. The calculated core bus power and allocated
communication subsystem percentage for the communication
mission are 59.27 W oand 19.3% (i.e., 40.58 dBm), respectively
(see Table I'V). The planctary mission (see Table V1) has calou-
lated core bus power and communication subsystem allocations
of 120099 W and 23.6% (i.c., 44.56 dBm), respectively.
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Fig.2. Fath loss for the case study generic spacscralil missions.

To assess the signal-to-noise ratio (SNR) performance of the
link. the following assumptions are made for each microsatellite
and the ground station: omnidirectional antennas with gains of
0 dBi are installed; and a receiver noise floor of —90 dBm. This
design yields SNRs of 16.1, 16.38, and 28.26 dB for the meteo-
rology, communication, and planetary microsatellites missions,
respectively. Practical measurements of fiber-integraied satellite
reception system revealed modulation error ratio of 16.1, 16.8,
and 16.5 dB at 10,905, 10906, and [1.126 GHz, respectively.
These values agree with the SNR thresholds of the link analysis
in this paper. It should be noted that the SNR will vary with
the transmission due to a variable path loss. A constant SNR at
the ground station receiver would imply that the microsatellites
perform dynamic reconfiguration of their transmit powers (o ac-
commaodate the radio link and range of the ground station. Main-
taining a constant SNR would ensure that a8 minimum power is
transmitted resulting in equipment downsizing and onboard mi-
crosatellite battery longevity. This further supports the need for
adaptive multifunctional architectures onboard capability-based
saiellites that can wiilize trajectory data to adapt power trans-
mission following an established radio communication link. An
onboard data processing is sustained for low-cost link profiling
and critical and noacritical information transmission.

The operational times of the satellites can be estimated based
on the prevailing power modes [9], [11]. Given the power con-
sumplion of the maximized power mode Pma the comesponding
maximized operational time fy g, is obtained as

Eo+ P (Tt 4 te —ma) — (L0557 Pita)
- Proax — Ps

!’I'LII

(26}

where Ey is the total energy produced by the spacecraft’s solar
panels (J); P, is the power-storing mode power consumption
{W):Tois the orbital period of a satellite (s); e is the eclipse ime
of a satellite (s); F} is the ith power mode's power consumption
{W): and t; is the operational time {s).
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Fig. 3 shows the plots of the payload processing-overpower
and the communication-overpower modes for a METSAT mis-
sion. The orbital, payload, and power modes parameters are
obtained from [B]. The data communication downlink dura-
tionftemporal window is assumed to be 10 min [8]. [9]. The
satellite altitude is 800 km at 180 inclination [8). For the Sanyo
CCIy camera module payload [§] under consideration, the cal-
culated communication-overpower mode power consumption is
2529 W. The payload operational time in Fig- 3 considers three
power modes: power-storing, payload processing-overpower,
and communication-overpower. Similarly, the communication
operational time considers power-storing and communication-
overpower modes. It is obvious from the “operational time-
power consumption decay”™ plots that the higher the reguired
power for an overpower mode operation, the lower the oper-
ational time the satellite can sustain it to accomplish the mis-
sion’s task (see Fig. 4). Allernatively, the higher the available
power for an overpower mode operation, the lower the opera-
tional time that satellite would utilize to accomplish the mission;
communication data uplinks and downlinks can be achieved di-
rectly andfor via intersatellite links. Hence, the C-5WaP limita-
tions of small satellite systems imply that advanced, sustainable,
and low-power consumption components are required for cost-
effective missions. Moreowver, for the same power consumption
per an overpower made of operation, the higher the number of
muodes, the higher the operational time required to accomplish
the mission tasks. Assuming a communication-overpower and

IEEE SYSTEMS JOURMAL, WOIL. 13, NO: 3, SEFTEMBER 2017

payload processing-overpower modes powers of 25 W, respec-
tively, the comesponding operational times are approximately
62.8 and 52.9 min.

To enable the payload subsystem operate for a longer pe-
riod of time, advanced low-power subsystems (see Table I {in-
cleding reconfigurable digitized analog componenis) must be
utilized in its design {sec Fig. 3). Hence, premium onboard re-
sources [15], [16] can be judiciously adapied for sustainahle,
optimal, reliable, high-performing, and cost-effective satellite
PrOErams.

A further analysis of the receiver sensitivity of C58 for mis-
sion and postmission applications reveals that at bandwidths of
60, 65, and 70 MHz for the C-, X-, and K-bands, the noise Agure
decreases by 5 dB for a —5 dBm improvement in the minimuwm
detectable signal (see Fig. 4). This holds a great promise for re-
configurable low-noise amplifier architectures that can offer in-
orbit device-level reconfiguration for mission optimization [13).
This is applicable in distributed satellite networks (including
satellite constellation, formation Aying spacecraft, fractionated
spacecraft, and swarms/clusters) [17], [ 18] with adaptive broad-
band beamforming [ 19]. [20] capabilities. Most of the published
works on distributed satellite systems emphasize formal repre-
sentation and analysis [17] without the physical layer design
constraints and enhancements. This paper proactively considers
small satellite size, mass, cost, and power budgets in develop-
ing the functional estimating relationships that are applicable to
past and future spacecrafi missions with embedded innovative
concept designs.

A prevailing novelty of this paper is the development of para-
metric estimating relationships for capahbility-based small satel-
lite designs that =atisfy past and future mission reguirements.
With the presented mathematical models, the mass, power, size,
and cost of small satellites can be reliably and sustainably es-
timated with recourse to the enabling and emerging space sub-
sysiems technologies. Another prevailing novelty of this paper
is that inputs from the concurrent engineering design technigues
[4] can be integrated at the subsystem- and system-levels to op-
timize the deliverables of the mission and conceptual design
objectives.

V. CONCLUSION

This paper presenis parametric models for a holistic sys-
tem engineering design analysis of capability-based small satel-
lite programs. The presented case study design vields SMRs of
16.1, 16.38, and 28.26 dB for the meteorology, communication,
and planetary microsatellites missions, respectively. These re-
sults agree with practical satellite downlink systems that utilize
the fiber-integrated reception system technology. Furthermore,
for a 30-W power utilization for the communication-overpower
and two-power mode mission, the achieved operational time is
48.3 min. For the same power consumption level, the payload
processing-overpower mode for a three-power mode mission
would only operate for 40.7 min. The presented satellite sys-
tem models functions can be integrated seamlessly with pop-
ular electronic design automation tools for sustainable, opt-
mized, secure, and advanced space-bome systems development.
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The presented small satellite SE design process addresses high-
level system requirements with recourse to the historical and
emerging subsystems technologies. Hence, interconnected de-
vice, subsystem and sysiem models can be accurately designed
and characterized using the appropriate adapted parameter es-
timating relationship. My future work will investigate the opti-
mal subsystems operational times assignments for integrated
reconfigurable real-time earth-space communication systems
operations,
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I Introduction

The range of the incident anple of the sumlizht on the
solar panel is a fimction of the inclination between the
ecliptic and equatorial planes. For an inclination of
23.45°, the incident angle of the sumlizght on the solar
panel ranges from 66.55 to #0°. On equinex days (vernal
and aununnsl equnoxes), the satellite experiences the
longest eclipse omce a day due to the blocking of the
ilhmninating sunlight by the Earth. When the Earth
shadows a satellite, a tavo-fold immediste impact unfolds
thms: the solar amay power gemeraton stops and the
satallite temperaure decreases sbruptly. Thns, the ability
to predict the eclipse as well as deploy reliable and fast
real-time devices for the thermal and lighting contol
subsystems is vital for the spacecraft electmical power
system desipn The satellite system can experience total
eclipse (umbra period lasting for 694 mins) or partdal
and total (pemunbra perod lasting for 73.7 mims).
Spacecraft systems enzineers wufilize the penumbra
(eclipse) duration to design the elecirical power
subsystem. In order o meet the mission operation
Iequirements, sustminsble, relisble, reconfigurable and
low-cost radistion-hardened  digital cironits  ame
vigorously being mvestizated and desigped for space-
bome assets and mfeprated seamless commmmication
networks. Every spacecraft contmins  semsors  for
measuring the amount of thermal radiaton (infra-red),
visible lizht and other radiations that amive from the EM
Specimm.

The thermal conmol subsystem of a space satellite
mainfains the right temperature margine of all ooboard
equipment during normal snd aboormal  mission
operations. Passive and active modes of cooling are
provided wvia this sobsystem It typically comsists of
thermostats, thermistors (temperatore sensors), conool
elactronics, nmitlayer blankets, lowvers, fixed radistors,
confrol elecoonic, coatings, tapes and heaters.

The exisiing system engineering analysic (SEA)
margins are imsufficient to sostainably address the
concepmal design and mission objectives of capability-
based smeall satellite missions [1] operating in the low-
Earth orbit (LEQ). Curent space missions have heanily
depended upon  commmercisl-of-the-shelf  (COTSE)
components and subsystems for their development to
provide an economical platform for emerging technology
demonstrations, scientific mission investigations, amd
constellations/clusters fior advanced mission concepts [2].

An intelligent concepmal charactenisation of the
optimal operational times for the satellite subsystems is
one of the critical design considerations that spacecraft
enginesrs mmst qualify prier to launch [1], [3]. [4] The
passive, active and adaptive components ooboard a
satallite operate under static and dynamic power regimes
that must be estimated [4]-[6]. A balanced energy budze:

Capyrigh © 2018 The Authors. Publiched by Profse Wordhy Prize Sr.l
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is estsblished following a subsystems-level snalysis of
the saellite’s operatonal tmes margmes [7]. Im-orhi
performance metrics are determuined by the awailable
cost-effective and energy-efficient multple power modas
a spacecraft can accommodate [7]. In terms of a round-
wip data conmmumication, the eclipse period presenfs a
critical regime for the onboard electromics resources.
The feasibility of fulfilling premium operational marging
by srnall satellites is determined by their size, weight and
power (SWaP) limitations. To obwviate this constoaint, an
inngvative design of embedded digitized analoz BEF
circnits with very low power consumptions snd small
components foofprints is required [3]. Deploving highly
adaptive functional architectures would ensble coboard
mission data processing, and handling to be reliably
performed during the eclipse duraton [8]. This would
lead to ubiguitous high data mate, sustainsble link margin
bandwidth availability, and reliable commmmication
mbsystem.

For a grven satellite mission, at least two basic power
maodes are faasible: 3 power-storing and an overpower
mades. The satellite’s subsystems consume more power
in the overpower mode (OM) (during which the sumlit
solar power generation'production for the spacecraft is
less than the spacecraft’s power consumption) than in the
power-storing  mode (FEM)  (during which the
illminated solar power generationproduction for the
spacecTaft is  less tham the spacecrafi’s power
consumpiion). The spacecraft wilizes the PSM repime to
stare energy on the ooboard batteries; this is udlized o
snstain the mission capabilities during the OM regime
Typical overpower-mode spacecraft applications include
engimesring and scientific data transmission [9]. coboard
pavlead processing [10], and thermal comimol during
eclipse periods.

II. Small Satellite Thermal Subsystem

In this saction, the thermal subsystem engineering and
the associated components are explzined. The satellite
system definition requirements for the thermal subsystam
design characterization, deployment and operation are
presented

Iril.  Thermal Subsystem Engineering

The thermal conool and manspement subsystem is
responsible for maintaining the acceptable temperanmre
ranges of the different components onboard a spacecraft
The radiated heat experienced by a satellite comes from
the omboard electronic components, Sun and reflections
from off the Earth This radizted heat nmst be lost to the
spacecrafi enviromment to ensble it cool downm amd
perform optimally. Omnce the orbital patterns and eclipse
time of 3 satellite are known, the radiative heat sources
and sink can be estimated with an appreciable desmee of
ACCUTACY.

To understand and walidate the operatonsl times of
components, subsystems, and modules of a spacecraft, a
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careful investigatdon and analysis of the subsystems
power requirements and thermal dissipagon (based om
the orbital patterns) must be carmied out Table I gives the
core bus subsystems power allocaton for the thermsl
subsystem of capsbility-based smmll satellite missions
(mcluding commmumnication (ComSat); planetary (PlaSat);
metecrology (MetSat); and other satellites) The two
peneric case stadies considered are based on a8 customer-
furnished payload (CFF) and a payload developed along
with the core bus subsystems (i.e., spacecraft temm’s
payload (5TF). The thermal subsystem engineering is
amed at qualifying the different heat sources and sinks
within the spacecraft environment

TABIEI
ConE BUs SUES YATEME POWER ALLOCATION FoRt Shall SATELLITES

Prarcantage of Total Com Bes Subrystems Powsr
Allocation (%)

== Thatat e Toar
Subken STP CFP 5TP CFP STP CFP SIP CFF
Theal 305 303 268 188 SEE 481 331 301

A comprehensive system enginesring analysis and
design process for capability-based small satellites [1],
[3] and comvengonal [4], [11] missions can be found in
references. The next section explain: a FPGA-based real-
time digital thermal and lighting conmol subsystem
design and analysis for investigzating the operatiomal
times of small satellites in LEC.

Il Real-time Thermal and Lighnng Conirol
Subeystem

For the purpose of analyzing the system enginesting
implication{s) of nsing FPGA-based adaptive devices in
satellite missions [1], [1Z]. [13], two mission applications
were considerad thns:

1) A light comtroller circuit (L.OCC) for a small satellte in

LEO:

» The output signal comtrols the elecimical Lghting
system of the satellite (especially during the
eclipse period); and

# The input sigmal(s) is from radistion sensors
{mcluding visible light and thermal radiation) that
sence the ambient lighting condidon of the
satellite system.

) A temperature contmoller ciroait (TCC) for a small
satellte in LEO:

# The input signal(s) is from a sensor (such as a
thermistor) that senses the emviTommental
condition paramefer (l.e., temperabare, especially
during the eclipse period) onboard the satellite;
and

# The output signal(s) fom the digital hardocare is
used for ensbling the conmolling device (ez, a
thermostat) with recourse to the desired ambient
temperatare of the satallite system

The FPGA device was utlized to desizn the thermal
and lighting conmoller ciyonits for the small satellites
missions in LEQ presented im this paper. Altera’s

Capyrighs © 2008 The Aurhors. Published by Pratse Wordey Prize Sr.l

Quartus I soffware and Cyclone IV E EP4CELLSF29CT
FPGA  device family -were utlized for the
implementation of the cirowit The digitsl component
development adopted for this work imvolved a schemartic
cirouit desizn: timing constraint and clocking amabysis;
functional and tming sinmlaton; and FPGA device
programming and confisuraton (to implement the
designed digital cirouds(s)).

FPzA devices support both fimctional and timing
sinmlations. For n mmowber of inputs, there is a
comesponding 2" mumber of test vectors to be zenerated
and used for the system simulation The reported
desipned digital circuits were simmlated wsing the
Cnearms 1T Simmlator; the ModelSim spplication can also
be utilized for the simulation of the presented FPGA
designs. In 3 fonctional simmlation, it is assmned that the
logic blecks/'elements and mterconnects within the FPGA
fabric are perfect with no signal propagaton delays. It is
mastly wsed to ascertain the fimcdomal imegrity of a
cirowit at the design stage It has a low latency since the
simmlation uses the logic expressions that characterice the
digital circuit The timing sinmlatdon tskes the sigmal
propagation throngh the ciroait info consideration; it tests
the Stter circuit to suthenticate its fimctional comecmeass
and tming. The timing apalysis enables the embedded
system desizner to estimate the expected performance of
the digital cirowit with recourse to the esults of the
propagation delays scross the several paths in the Grred
acmal FPGA cirouit and‘or chip. Following the designed
circnit simulation, a physical FPGA chip is utilized to
implement it This is dome by programuming the
confizuration controls {switches) that confizare the logic
alements (LEs) and creste the desired wining
connections. Altera’s DE-senes boards permits the
FPGA confizuration o be camied out in Joimt Test
Action Group (JTAG) and Active Sersl (AS) modes.
The JTAG mode retzins its confizuration information as
long as the FPGA chip is powersd on and loses it when it
is mrned off.

The AS mode uses a confisuration device that
employs flash memory to store the confisuraton data
During power-up or reconfizuration, the data is loaded
onto the FRGEA chip. This obviates the need to reprogram
and'or reconfizure the device when the power is numed-
on. This can be implemented on small satellites to sustain
the optimal enerry balance for a given mission

I3 Tharmal and Lighting Contraller Circust Dezign

The zatellite digital lighting controller cirouit is shown
in Fig. 1. The digital circwit can be used to provide a
reliable two-way control of the spacecraft Light (where
logic value { represents an open switch); it involves the
Exchusive-OF. function of the two imput signals. The
fimctional and tming siooulstion waveforms that
implement the tuth mble m Table I are explained
secton IV,

The Altera’s cyclone IV E FPGA device was used for
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Fiz | A schenuatic desiz of the small satellises LOC

TABLED
TwUTH Tasle For Tee Diceral LOC
Ty r
3]

=~ @ b

[
1 1
Q 1
1 o

The digital TCC (Fig. 2) is an sutomatic tempersiore
confroller onboard a small satellite in LEQ. It can be
equally used for the spacecraft’s lishiing contmel The
heater and'or Light should be “On” only when a shadow
is detected (i.e.. when the satellite is in the Earth's
shadow (during eclipse)) or when 3 ground staton
(enzineering dats) command activates & switch (such as
the freszing/colliding tutton or due to sny  other
abnormal condifions of operation) to tum the heaters on.
The hesters should only operate if they have been “OfE™
The lozc sequence is described below:

o puiput: ¥ = 1 (Tuwm On Heater/ Light)
* imputs:
o X, =1 (Earth’s Shadow Detected);
o ¥ = 1 (Tum Heolding the Heater andior Lizht
Om/Open); and
o Xy =0 (Heater O Shatdown)
» the HeaterLight should be tuned on when:
o the heaterlight is shutdown and Earth is passing
between the satellite and the Sun (x, =0 x, = 1);
o the Earth’s shadow is detected: heatenlight is Off
and the switch is set to hold it open (x:=1; x: =0
x,=1); and
o the temperamre of the ooboard electoomics is
below a threshold value (x, = 1; x. =k x, = 0).

Fiz 1 A schesatic desizm of the small sasellise’s TOD

TAELE IT
TeUTH TasLE For THE DiceTal TOC
Xy E Xy ¥
[ [:] 7] [
o Q 1 1
o 1 I+l &
o 1 1 o
1 a V] 1
1 a 1 1
1 1 o o
1 1 1 o

The functional snd timing simulation waveforms that
implement the tmath table in Table I are explaimed n
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section IV. Mulfiple deployments of the digital TOC can
be carmied out depending on the subsystem requirements
defimitions fo satisfy the mission objectives.

. Thermal Subsystem Operational
Times Analvsis

The operstionzl times of the thermal subsystem of a
core bus module of 3 small satellite is a function of the
instantaneous n-orbit power modes. Each power mode is
in tum affected by the prevailing orbital patterns
experienced by the satellite The thermal subsystem
operational times analysic presented m thiz paper will
consider the worst-case scenanoes for the whiquitous data
relay of capability-based small satellites.

IMi. Ovbital Patterns Analysiz

A fypical satellite system engineesing considers
sbsystems’ design varisbles with recourse to the orbital
pattems to enswre 8 soocessful mission (and post-
mission) program(s). The LEQ is suitable for short-term
and low-cost missions up o 2000 km. The orbital pattern
parameters form the system design vansbles used o
qualify the operationsl and power generation margins of
spacecraft [14]. The orbital patterns are characterized by
the inclnation (1.e, the angular orbital sweep of a
spacedaft around the Earth relative to the equator) and
eccentmcity (Le., the devistion of the orbit from an Earth-
referenced two-dimensional plane round-mp circle) of a
spacecraft orbit.

Satellites operafing noo-sun-syochronous — orbits
experience the Earth’s eclipse for a given duration during
their orbital period Hence, the eclipse period reduces the
solar power generation capability of the satellite
Mathematically, the eclipse time, 7, of a satellite is given
bey:

-l
t == cos™
| ooos @

S )

(n

wheare:
R =the radis ratio = R,/R..
E_= mean equatorizl radins of the Earth = $378 km;
ER.= peocentric radins of the satellite km =R, + 5.
H_=altide of the satellite, km;
f = Sun-orhit-plane angla.
.= oriital penied of the satellite, s;
4= gravitational constant of the Earth = 308 600 4418
m!‘:s.‘

The eclipse fraction, f, is obtained from (1) as follows:

I i 1 iR
p IR ~.||'Hm +2R H, ||
T JR“! +H _ |oos ]J',

[

2

The orbital period of the satellite, r, is given by
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T, =2mJR ' (3

The energy generafon of the solar panels is 0 W
system  functiomalifies wusing the onboard storzge
batteries. The worst-case sun-orgit plane angle. §, ocours
at {F when the satellite experiences the maxinnum Earth's
eclipse; the best-case § ooours at =007 when the orbir
never enters the Earth’s eclipse.

IT. 2. Operatroma Modes qf @ Small Sarellite

For a N-power mode system imvolving several power
mades for single and mmltiple missions and post-mission
applicanons, the following power consumptions are
feazible:

1) Power-storing;

2) Commumication (downlink and wplink)-overpowes,
P, with 3 comresponding time 7,

3) Uplink-overpower, F., with a comesponding time. 7,

4) Subsystermn  processing-overpower, P, with a
comesponding time, 1,; and

5) Other overpower modes, P, with 3 comesponding
tme f wheren=112, ..

The prevailing modes of the vanous subsystems of a
small satellite can be accommmadated and adapted to fulfil
the concepmal desizn and mission objectives.

IIT 3. Thermal Subsystem Operational Times Anafvris

The eclipse period is a fraction of a satellite’s orbital
period and afects the total enerzy reserve of the satellite.
The round-mip totzl energy senmerated by the satellite’s
splar arrays, K, is given by:

E,-F,(5,-1) “

where P, is the average sunlit power genesation (n
Waits) of the solar array in & given orbit

The power consumptions for 3 two-power mode
system can be modelled by considering the following:
1) Power-stonng, F.; snd
1) Subsystem processing-overpower, Fo,.

From (4), the totzl penersted enerpy of the satellite
during & round-rip for 2 two-power mode system can be
obtained ths:

'EI.I - Pszs +P:nzan (Sj

where
t, = the operational times of the powesr-storing in second;
I = subsystem overpower modes in sacond.

Equation (5) represents the enerpy consumpions
the power-staring, E, = Pf,, and subsystem processing-
overpower, E,, = Paln, modes. The operational time of
the subsystem processing-overpower mode f., 15 3
fiunction of the orbital period and eclipse time and
obtained &s
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f =T, —(rj +:,} ()

Far a two-power mode system the operational ame of
the subsystem processing-overpower mode 1= derived
from (4) to (&) as follows:

E-Alr—t)
T - T
- 7 -F 0]
The in-orhit mission’s energy adget balance is
obtained a5 8 sum of the energy requirements of the
satellite’s subsystems and given by:

E =E +Eg +E, +E_ +E+E+._+E;, ()

The overall operatiomal time of the subsystem
processing-overpowsr mode 15 3 finction of the power-
storing time, eclipse time, downlink time, uplink tdme
and other prevailing times of M-power modes. This can
be obtained mathematically as:

fo =T, —(f +b +i, +1, +f +h +._+iy) sy

From () and (%), the overall in-orbit operational tme

of the sbsystem processing-overpowel mode, f, is
derived as:

f - E, —Fr.— (i +ig +i, +h+i + . +iy]) |

° P -F
L (10
=B + 5t +. + Pl )
-5
Equation (1) can be re-written tms:
a2 A ] 3
E+B| ot o S
o= ] LN (1
B -F

whare P, and f, represent the th power mode’s power
consumpiion and operstonal tme respectively. The
snnmmations in (8) are implemented respecting all the
overpower modes except the power-storing and the
particular subsystem processing-ovespowsr mode. A
comprehenzive femporzl eoumeration of the power
consumpions and comresponding operational times of the
power modes of interest mmst be estimated in order o
obtxin the r, for the satellite mission The comect
esimates of the power consumpdons of the powes-
storing mode and the power mode whose operatdonsl
time are required to compute the £,

In spacecraft missioms, it is vital o maximize the
operational tme of a power mode Hence, (11) is
adjusted to obtain the maximized power mode, P, The
comesponding maximized operational GMe, fre,, is given
Ty
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=2 WO N2 \ TABLETV
E +P| Z L+ —T |_' z Pr | DEsced PARAMETERS FOR SATELLITE TSOT MODELLING
. i JI- =Y. I-.-| "] Parzoatar Description Vales
L (1)  Spacecss mm kg Miczosaneilite TS =M< 100
Fogn —F, TEOT (mins) Paylnad procassing h=0
Comnvemication. fo, = 0 dyy =0
Equation {12) ensbles the modeling of the operational ) Tharmal ceamnl =0
times of the subsystems and modules of a spacecraft Tﬁmm mm.;i:d Fux 0
based on the systems definifion requirements, concepimual ' P
ohjectives, and mission design variables. Max. sclipss tims, Payload procassing: rz=3350
therpmal comtrol; mo
r e : . Ppowsr is penaramd.
IV. TS50T Simulation Parameters — S it phana ngla .
To simulate the behavior of the digital cirowit, a  Srbiml Powe s genarased: M=l
. . i : . T, {Tims}) Payload processing and
sufficient munber of input valuadons would be applisd Coperemmication.
1o observe the expected output values. For a large cinouit, Inclination (%) Cloned orbit; Flipsical  22.5:= [ = 1575
A relatively small snd representatve walues of the huge RAAN(S Eigmmosnsicncfthe Oz AdAN =M
input valustons are chosen. For the desigped small . . ) E?Em e 500
zatellite’s LCC, the desired functional and tming —
sinmlations were set t0 mn fom § to 200 ns. The four TABLE V
test vectors were applied using four 50-ns tme intervals. OREITAL PATTERNE Foft THE CondsaT Misicis i LEO
The logic states tmings were st as follows: x; [ 0 o Cirbit Alrinde, Helkm)  Inclimation () RAAN &)
- 1- 73 - T1- - 1-15 Iclimartion 0 113 I
]lﬁtfm:l.lﬂﬂm_mns],x_[l.jﬂmlmm:l.l 0 to 200 i m ;_jj g
A similar procedurs was followed for the FPGA-basad Inclimation 400 1123 i
digital TCC for a small satellite mission. The TCC is Inclimation S0 135 o
Inclizarticn E00 157.5 [+

shown in Fig. 2. For the designed small satellite’s TCC,
the desired fimctional snd timing simulstions were set o
nm from § to 400 ns. The eight test vectors were applied
using four 50-ns ime intervals. The logic states amings
were et as follows: x; [0: 0 to 200 ns; 1: 200 to 400 ns)];
x: [1: 100 to 200 ns; 1: 300 o 400 ns]; xy [1: 50 o 100
ns; 1: 150 to 200 ns; 1: 250 to 300 ns; 1: 350 to 400 ns].
The operational imes of the thermal conrol processing
overpower, paylead processing overpower | and
commumication-overpower modes for a2  candidate
commnication mission sre obtained with recourse o the
orbital pattern parameters (Table IV).

Tahle V presents the orbital patterns for the TSO0T
analysis of the case smdy comnmmication mission
LEO.

From the system enpgineering amalysis of highly
adaptive microsatellites (FHAM) in LED [14] and (13)
and (14), an aldmde of 500 km is chosen for the case
smdy commumication mission using a microsatellite with
a0 on-orbit dry mass of 97 ke For a Class 2 desizn (ie,
nexi-gensration spacecraft), a confingency factor of 25 %
is chosen for the microsatellite mass and power margins.
Azsuming that four solsr panels are deployed by the
microsatellite in orbit, the maxinmm generated alectrical
power is 116.83 W [1]. The calonlated comesponding
core bus power is 5827 W. Hence, the power allocation
for the thermal subsystem is 18.08 W. During the eclipse
period, the thermal subsystem would need more than thiz
power value to maintain the nght operating tempera e
range fior the different elecironic components onbeard the
microsatellite. The prevailing orbital pattern limits how
mmch power can be gensrated and hence, the thermsl
confrol  subsystem  mmst  enfer the “overpower”
operational made.

Copyrigh © 2008 The Authors. Published by Pratse Worsky Prizme Sr.l

Table VI contxins the powes-Siofing overpower
(PE0), comummication overpower (C0), uplink
overpower (ULO), payload processing overpower (FPO)
and thermasl control overpower (TC0) modes for the case
smdy microsatellite. For the purpose of medelling the
impact of implementing five power modes during the
eclipse perind, an operstional time of 10 minmtes is
assumed for the compmnicstion overpower, uplink
overpower and payload processing overpower modes.

TABLE VI
FrEmay RESERVE BUTKIET Foi THE CongaT Missios i LED

] co LD ICO PO
ADC F 3 3 3 3
Ca&DEH 3 13 13 15 1]
Uplink 3 A bl 15 13
Dommlink ] L] ] 15 4
Payload ] 3 3 15 4
Board 1 2 2 5 3
Tharmal ] 1] ] L] 1]
EPS ] 1] 1] 13 1]
Propulsion 1 [+l 3 3 3
Mechamics. 0 o ] 0 o
Total X 118 120 130 124

V. Eesultzs and Discussion

The fimctional (Fiz. 3) and timing (Fiz. 4) simulations
are similar with no noticeable delsy in producing a
chanze in the zigmal f from the time when the impur
sigmals, x; and x», change their vales. For a cyclone I
device, there is a delay of about § ns in producing a
change in the sigmal f from the time when the input
sizmals, ¥y and x,, change their valoes. This delzy is due
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to the propagaton delays in the logic element and the
wires in the FPGA device.

The desizmed digital LOC was implemented oo an
acmal FPGA chip (Fig. 5) to realize the math table showm
in Table IO The JTAG mode was utlized for the
programmingconfiguraton setting. The hardware semp
for downloading the confiruraton data involved adding a
USE Blaster (T73B-0) interface for the data link between
the PC and the FPGA board The FPGA-based dizital
circwt was tested by changing the switch positions on the
DEZ-115 prototyping board (with recourse to the four
test vectors) to predict its performance during an acual
spaceraft mission.

Fig 3. Functional Sireslation Rasulr of the Digital LOC

Fig. 4. Tizsing Simulaticn Result of the Digial LOC

Both the fimctional (Fig. &) and the timing (Fig. T)
simmlations confirm the comecmess of the digiml cironit
aimed at implementing the desired conirol perfommance
while onboard a small satellite in LEQ. The output at
each temporal resolution is 3 fimction of the logic states
combination of the three inputs.

The desizmed digital TCC was implemented on an
acmal FRGA chip (Fig. ) to realize the trath table shomm
in Table IT.

Fig. 9 chows the measured power consumphtion
profiles of the Cyclone IV E FRZA device during the
TCC implementation The pre-confipration power of the
FPGA board increased abruptly from approximately 1.2
W te approcumately 3.7 W in 8 secs when the board was
mrned on. It then decreased o sbout 3.5 W before
seffling at 36 W dunnz the programmins and

confizuration of the FPGA devics.

B verr i i i e e i R
e ey e i e -
L v | e g == [ — [

o e B i o

Fig 3. Progamming and configuring the FPGA device
for the digital LT
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Fig & Functiomal sixmelation waneform of the digial TCC

= = —T= =

Fig. 7. Timing sizmlation wavefoms of the Siginl TOC

As in most space systems desigms, the temperaiore
onboard a spacecraft might vary at differemt locations
within the system due to directional andior selectdve
impacts of space radiations. This can cause the various
mbsystems onboard & small satellite to be exposed to
different temperamure profiles at different times of the day
and season. This kind of scenario would benefit from a
real-ime, high-speed reconfizurable device such as a
differentiz] digital TCC feeder.
B P i T e S o i et
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Fig. B. Progamming and conSguring &e FPGA device
for the digial TCC

LT T T

—#— Prercondigmration. Poosr (TF)
—#— Configuraticn Power (W)
—a— Static Poswar (W)

Cryzamic Powear (W)

Pormar Consampion (W)

-] 12 20 24 = 3z

15
Tims (5)

Fig_ %. Measored power conmmption of the FPGA davics
for the digial TCC

An important informstion of great interest to a digital
hardware desizmer is the speed at which a given cironit
implements its logic fanctions. The maximmm frequency,
Jronsr Hor Clocking the digital cirowit is 8 good measure of
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the speed of implementaton. fi... depends on the longest
delay experienced along amy path befween tao
conourrentdy-clocked registers. A dming snalysis
determine the performance of the differential TCC was
carmied ot wsing the Quartus® I software. The £
summary for omltiple models of analysis under different
operating conditions were done. The Slow 1100 mW 85C
Model shows that the mawimum frequency for the
differentisl TCC implemented on the Cyclone IV E
FPGA chip is 274.05 MHz Timing constraints wese
created and analyzed for the differential TCC to operate
at a clock frequency of 300 MHz This was carmied out
wsing Altera’s Quarms® I TimeGuest Timing Anshyzer
tool. The analysis yielded 8 maxinmom clock frequency of
275.56 MHz.

With the advances in adaptive devices techmolosies,
embedded FPGAs can be implemented to address the
S5WaP limitations of capability-based small satellites. An
embadded FPGA is an IP block that allows a complete
FPGA to be incorporated in & system-on-g-chip (Sol)
modole or any kind of inteprated elecoomic cirowit
(mcluding digitized anslog FF). Embedded FPGAs
support customization Hence, 3 small footpnnt of
reprogrammable logic on the peripheral bus can be
implemented to program the serial imterface register
ransfer language (RTL). This would enshls any serial-
interface protocel to be deployed on-demand. Moreover,
an embeddad FPGA anables in~system
reprogrammability.

It allows a chip, and the elecTonic system it resides in,
to be reprogrammed to handle new/emergent
comnmnication standards that did mot exist when the chip
was desigmed. Batery life in shor-term space mission
applications is critical due to the 5WaP limitstions of
capability-based small satellites. Most battery usage is
attmibuted to the frequent, repetitive, low-level tasks,
rather than the infrequent more complex operatons
Several low-level digital sipmal processing fmctions
could be processed by a small block of embedded FPGAs
as fast or faster than 4 competing microprocessor, bat
using 2« o 5 less energy.

The embedded FPGA offloads the repetitive, low-
leval tasks at lower energy and the mucroprocessor is
only engaged when it is time for 3 more complex task
Thiz helps to extend the battery life onboard the small
satellite for successful mission applications and possible
post-mission reuse.

Table VII reports the orbital perod maxdinmm eclipsa
time, and the operational times of the thermal conmol
subsystem with recourse to the orhital patterns in Table
W and the modelling parameters.

TABLEVI
TS0T Anal vess Fop THE COMEAT Mracsow IN LEO

Altmda, Orbital Mlax. aclipse TS0T. &
H gy (i) Pariod, «, f S - {medin
{mim ) {in }
400 ne 351 HME
500 &6 357 o 1
[ 0.7 355 oy 1)
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It is obwious from Table VII that the comesponding
operational time of the thermsal subsystem decreases as
the altimde of deployment increases. The sams pattem is
also observed with the orbital period and the eclipse tme
of the satellite.

Though the maxirmm eclipse time for the case study
mizsion is 35.7 mins, the operationsl ime of the thermal
conirol during the eclipse peried is approximately 24.4
mins when the operational imes of the commumication,
uplink znd payload processing overpower modes are sst
to 10 mins. This result presents two challenges Firstly,
the thermal confrol and management of the satellite can
e constrained to cover the eclipse penied throuzh power
ratoning.

Alternatively, the operational times of the
compmmnication, uplink and paylead processing
overpowel modes can be reduced to allow for mors
power to be reserved for the opumal comfrol of the
temperanire mnze of the different components onboard
the micresatellite during the eclipse peried. If the second
option 5 implemented and the operational fimes of the
other three power modes are 50 %4 less, the operadonal
times of the thermal subsystem at 400 km 500 km, and
600 km are 386 min 381 mins, and 37.7 mins
respectvely. This implementation shows that the thermal
confrol subsystem can relisbly sustmin the operating
conditions of the satellite components over the eclipse
period by a factor of safety of approximately 1.4

A further npowvelty of the presemted spacecraft
mbsystems operadonal tmes apalysis 15 m using the
techmique to optimize commmmication link margins. For a
capability-based spacecrafi with different multple
ransponder subsystems, achieving a good signal-to-noiss
ratwe (SHE) for LEQ mission applications is challenging
With the developed and rteported operationsl times
modeling techmique, multi-band pmlti-stendards radio
comnmnication channe] links performance memics can be
enhanced.

Fig. 10 shows the SNEs for a radio frequency
ComDmunication Teceiver operating at C- (48 GHz), X-
(812 GHz) and EA18-216 GHz) bands with
sensitivities of -95.51 dBm, -94.5]1 dBm and -#6.01 dBm
respectvely. Each low-noise smphlfier (IMA) cam be
confizured im-orbit for a real-ime round-mip data
reception and processing over the same comnmmication
Tange.

Ligral ir-bimsn Nri o Famism Roty iy Dompgmsn

Fig 10. Signal-te-noise ratios of & wllite recafrar sobeystam at C-, X-
and E-bands in LEQ
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It is evident from Fiz 10 that the C- and E-bands
LMAc: putperform the X-band LMNA due to their
achieving lower minimum detectable sigmals at those
bands by adjusting their operstionsl fimes constraints.
Thermal noise increases the noise figure of LHAs
Hence, ;n'm‘tdmg the rizhi tempermmre conool for

space-borme resource allocadon within a  dismibuted
satellite cluster network [15], [16] can be improved
through implementing optimal subsystems operatiomal
times regimes.

Mult-beamnformine  that  operates with  the
conventional architecture with a limited nodse floor level
has been proposed for dismibated satellite relay clusters
[15]. With advanced residual noise extmaction technigues
employed within an adsptive broadband beamformer
[18]. subsystems operational times can be opamized for a
high throughpot and seamless mter-satellite beamforming
links for distributed satellite networks. As thess have not
been camied ow and'or reported in the litersmure, this
work promises fo ensble firore spacecraft systems
perform real-time in-orbit subsystemn-level adjusonants o
deliver optimal operational margins.

VI. Conclusion

This paper presents a thermal subsystem operationsl
times for ubiguitous small satellites relay. Five power
mode: were anmalyzed and utilized to develop am
operational time model for the thermal conmel subsystem
of a microsatellite under different orbital patterns. The
findings imdicate that the operational tmes vary for
different orbital and eclipse periods. A case smdy
comnmunication mission at an aldmde of 500 km was
considered

For an operational time of 10 mimites for each of the
Compmnicaxtion overpower, uplink overpower and
paylead overpower modes, the operational time of the
thermal coomel during the eclipse perod is
approximately 244 mins. The research reveals that the
lower the operational times of non-critical overpower
maodes, the higher the operational factor of safery for the
mission during the eclipse perdod Furthemmore,
embedded field programmable gate ammay devices can be
utilized 8s an IP block to achieve in-orbit in-system
reprogrammability, customization and extended onboard
battery life for semmless sirbome compMmcation
application. High data rate commmmnication links can be
configured on~demsnd for critcal data fransmissions n
real-time Thms, selective subsystems operations can be
implemented onboard the spacecraft for cost-efecove

capability-based small satellite sobsystems to denve the
power estimating relstonships and operstional times
models. Hence, they are limited to adaptive small
satellite system engineering desizm. However, the
presented design parameters have comsidered ensbling

Capyriph © 2018 The Authors. Publiched by Protse Worshy Prize Sr.l

and emerging technologies and o can be extended and
scaled-up to address the mission definitions requirements
of medium and larze spacecraft.
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* ABSTRACT A key requirement of an adaptive sensor array involves the ability to deterministically adjust the
directional response of the array o reduce noise and reverberations, null interferences, and enhance the gain
and recogmition of the desired signal. This paper presents a low-carbon adaptive broadband beamforming
algorithm called the regulated-element Frost beamformer. It enhances the desired signal based on the noise
conditions of the individual omnidirecticnal sensors deployed in a complex dynamic environment that is
prone to steening errors. The investigabion of this algonthm was camed out in an interference-dominant,
noisy automobile environment charactenzed by diffuse noise conditions. An embedded system measurement
of real-time signals was cammed out using omnidirectional acoustic sensors mounted in a mode] convertble
F-Type car driven at speed limits of 20 to 50 mph. The simulation results indicate an array gain enhancement
of 2dB higher than the conventional Frost beamformer and it requires less sensors and filter taps for real-time
reconfigurable implementations. The experimental results reveal that the average array gain of the regulated-
element beamformer 15 2.9 dB higher than the conventional Frost beamformer response. The minimum
floor array gain of the regulated-element beamformer is 5 dB. representing 70% noise reduction than the
conventional adaptive beamformers.

* INDEX TERMS Acoustics applications, adaptive beamformer, multimedia infotainment. noise reduction,
physical acoustics layer. vehicular noise control.

L. INTRODUCTION

The reception, recognition and enhancement of acoustic
signals in a dynamic complex environment (such as a mov-
ing vehicle with multimedia broadband infotminment pro-
visioning) pose a great challenge due to the tme-varying
nature of the noise sources, reverberations, and interferences
impinging on a uniform linear microphone array (ULMA)
The literature 15 replete with system noise evaluation stud-
ies spanming handheld cellular devices to space-borme asseis
involved n data and informabion communicaton. Adap-
tive broadband beamformers have been developed for signal
detection and estimation using sensors arrays for numer-
ous applications involving multimedia infotainment, acous-
tics, communications systems, radar, sonar, seismology, and
radio astronomy [1]-[5]. However, the gam enhancement

performance of the conventional adaptive broadband beam-
formers deteriorates when there is a steening error in the array
deployment [6]-[8].

The single-frequency amray theonies and algonthms are
insufficient to address the multimedia acoustic system
requirements for wideband operations. The technical chal-
lenge relates to desigming. developing and deploying the
sensor array for a broadband reception of sounds in the
presence of uncomelated noise sources, interferences, and
jammers within a moving vehicle [3]. [8]10]. A number
of amray-processing applications have been cammied out and
maost of the works assume a farfield source [5] with the
signal amriving at the microphone array as plane waves.
Furthermore, most practical microphones deployed for
in-vehicle mulimedia infotainment applications have their

21E0- 3536 © 2017 IEEE. Translnions and minman: mining 2e: pemmined for 3cadamic rasaandt only.
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excitation sources situated well within the nearfield [6]. This
presents a senous technical constraint in validating the clas-
sical farfield assumptions for the beamformer design and has
the potential to severcly deteriorate the beampattern. The
acrodynamic noise dominates at croising and higher speeds
and the system noise charactenzabion wsually cccurs in the
car intenor and extenor [1], [3]. At different speed and envi-
ronmental {such as temperature) conditions, the acrodynamic
noise of moving vehicles influences the level of passenger
comfort expenenced [5], [8]). Hard- and soft-constrained iter-
ative optimization methods have been investigated and pro-
posed for the deterministic and non-deterministic (stochastic)
signal processing applications. The majority of the studies
have revolved around long and short data runs and the suscep-
tibility of the constrained iterative optimization technigques o
cumulative roundoff errors [61-[11].

To obviate the above problems, we propose the adap-
tation of the elements of the armay for gamn computation
based on the noise field conditions of individual sensors. The
Frost beamformer 15 a constrained least mean square (LMS)
method which is designed to eliminate error accumulation
while maintaining a hard constraint. The regulated-clement
Frost beamforming algonthm (REFBA) adapts noisy sensors
to the array pedformance in real-ume (BT) and selectively
optimizes the fimte impulse response filter taps until the
array gain saturates [3]. Furthermore, the REF techmigue
can be implemented as an embedded system with recourse
to hardware/software co-design. It constrains array clements
with undesirable and corrupting noise, jamming, and inter-
ference contents to be screened for the array pain compu-
tation. An exclusion panciple 15 applied and accepted after
comparing the performance of the aray gains involving all
the deployed sensors with the aray response without the
noisy elements. This novel integrated electro-acoustic signal
processing technique enables the REF beamformer to have
low electronic and acoustic components footprints, resultiing
in very reliable and cost-effective mulimedia infotainment
systems manufactunng and implementations.

This paper 15 organized as follows. Section 11 provides the
system architecture, algonthm, and model analyses of the
REFBA. Section 111 explains the hybnd REF beamformer.
Section IV examines the acoustic noise charactenzation pro-
cedure using the REF techrigue. It states the REF noase
moxdel and covers the parameters of the acoustic array svstem
utilized 1n the acrodynamic noise characterization for a mov-
ing vehicle. Beamforming simulations and experiment ane
explained in section V. Section V1 reports the simulation and
expenmental analysis of the REF noise models for vehicles.
Section VII concludes the paper.

Il. REF BEAMFORMER ARCHITECTURE AND

MODEL AMALYSIS

A. SYSTEM ARCHITECTURE

Data-dependent or adaptive beamforming techmques con-
stantly and continuously update their data parameters with

WOULME 5 3017

el

(e T |

FIGURE 1. System Model Architecture of the REF Beamformer
{2} Expanded version (b} Condensed version.

recourse to the received (input) signals. The generic archi-
tecture of an adaptive broadband array comprses an arrav of
sensors in tandem with tapped-delay lines and finite impulse
response filter networks [13].

The REF beamformer compnses an amay of sensors
followed by a network of tapped-delay lines, transver-
sal fimite impulse response (FIR) filter, and an adjustable
clement-dependent feedback system. Depending on the noise
condition of each sensor, a porion of the received input
signal 15 selecuvely added to the sum of the filier outputs
e yield the feedback outputs. The beamformer output is
the sum of the filter and the feedback outputs. The REF
beamformer architecture (Fig. 1) contains a multiple-input-
multple-cutput {MIMO} bus system for selectively adapt-
ing the dynamic system noise to the optimal performance
requirement of the overall hinear array. The REF architecture
lends credence o a detenministic tracking of the noise source
behavior and parameters for a reliable svstem-level charac-
terization. Hence, field programmable gates arrays (FPGAS)
can be utilized to implement its FIR filter network [3].

B. SYSTEM MODEL ANALYSIS
The problem formulation of adapove beamforming methods
15 4 constrained optimization funcoon of the form defined by:

mininize w' Row (1)
subject to €T w = f (2
ITZ53
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where C is the constraint matnx, f, the construned sys-
tem impulse response, and By, the autocorrelation matrix.
The sum of the FIR filter outputs gives the output of
the Frost beamformer, wirl = w' xit). The optimum
weight vector, wog. for a stationary signal that minimises
the expected output power of the array at the tme of
ath sample (ie. EpPa)] = win) Elx(nx” (a)jwin) =
w! Elxinp” (m)jw = w' Ryyw), and satisfies the constraint
Ol = f, has to be derived. Thas is termed the Wiener solu-
tion [12] and the method of Lagrange multiplier is utilised w
obtain it as follows:

(3

where the imitial weight vector, w] = f. The coresponding
system impulse response vector, f,, 15 given by:

wa = Ry (TR €) Ty

-1

= c(c’c} f ()

The regulated-clement Frost beamformang  algorithm
(REFBA) chooses weights to minimise the mean square ermor
between the Frost beamformer output and the reference signal
based on an adaptive detection of the received signal at each
sensor. Due to the regulated feedback system of the REF
beamformer for an optimal noise reduction, the required FIR
filter taps 15 reduced by a factor of two for a 6-dB array
gain increase compared with the Frost method. The constraint
functions of the REF beamformer can be represented inoa

matrix form as:
h

j | (5)

NEN
L] s
where the weight matnx, W, 1s given by:
[ W W Wu-|
41 WM 42 W
W= . ! (6)

WM J

and the system impulse response, f, 15 obtaned as a
J-dimensional vector thus:

|_'|'|-J'H' M4+l WIM-M+41

(7}

) M
where fj = EH;_.&—_E wi.li= ¥ w
i=IM =M1

The noisy SIgnaJs on aups Innd the weight vector are rep-
resented by xir) and w respectively. The constrained system
impulse response, £, and the matnx of JM column vectors, C,
are utilized for the constraint formulation. These parameters

7256

are represented as follows:

Tw = [milm)  x(m) xpgin) ],
= [u| W2 WM ].
=[h h S )-
E‘ [e1- =2 e

For J FIR filter cocfficients and M sensors, the entries,
ci, of the constraint matnx, €, are the column vectors of
length JM with (i — 1M zeros followed by M ones and
(J — M zeros, For a 2-clement ULMA system deploving
4 FIR filter taps, the constraint matnx, . 15 given by:

= [c1. 02, €3. 04]

where the entries (cy. 3,03, andcg) are obtained as:

a=[1 1 0 0 0 0 0 0]
cp=[0 0 1 1 0 0 0 0]
cp=[0 0 0 0 1 1 0O 0]
cg=[0 0 0 0 0 0 1 1]

The expected beamformer output of the individually adap-
tive regulated-clement algonthm can be formulated. The
recerved signal vector, (1), for the entire umform lincar
array (ULMA) {Fig. 1} is given by:

M
5,0 =2 %)
i=1

where the received signal at each sensor, x; (1), 15 given as
a function of the received desired signal, s; (1), and dynamic
system nolse, #; (1), thus:

(2)

Y]

The residual noise, i), is estimated based on the expected
(mean average) output signal of the Frost aray, E[vHa)].
the recerved signal at the ume of mth sample, S:(n). and the
number of sensors as follows:

= 0 5, (1)

ity =% (1) + miit)

— ME[y'(m)] (10)

The output of the REF algorithm is obtaned by applv-
ing sensor-dependent adjustable weight (AW) vectors o
the adaptive linear-constrained least mean square architec-
ture output. This 15 based on the mcoming data stats-
tics at each sensor. Mathematically, the array output gain,
REF,(n}, 15 obtained (with recourse to Fig. 1) from (1),
and (8) to {10 as:

REF,in) = wT E[S,(m)5.(n)" Jw
. Seltd _ M (wT E[Srim)Se i) Tw)
MF

([

WOULE 5, 2017
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From (11}, the REF output at the time of ath sample can be
computed using the following relationship thus:

REFa(n) = M_Eu“ (M.HH (M-H—l _ l:ler[Sr(n}Sr(n}r]

M
W+ E.I‘.,‘ [ar])
=]

1
REFy(n) = —mr (.w” + [.w“ -1 _ ])wrﬂ‘nw

M
+Ex.-{n;) {12}
=l

Equation (12} yields a high array gain for an appreciable
residual noise reduction. However, the cumulative array sig-
nal gain reduces by M~ as the number of sensors increases
bevond a threshold number. This results in array compression
as the active elements are enabled beyond the threshold num-
ber. To overcome this challenge. a hybnd regulated-element
Frost (HREF) beamformer that improves the residual noise
with a corresponding cumulative array gain is discussed n
the next section.

II.. HYERID REF BEAMFORMER
The REF beamformer adjusts the array gain cutput based on
the noise condition of each sensor and 1ts algorithm for the
acoustic army system noise modelling has been formulated
in the last section by considering the noise properties of
individual sensors. The hybnd REF algonthm 1s derived with
the individual array elements enabled for 2 M™% feedback
threshold factor at the time of the received ath sample, Si(n).
Given that the expected { mean average) output power of the
array is £[v*{m)], the residual noise of the HREF beamformer,
., 15 estimated with recourse to Fig 1 and (8) to (10) thus:

M
¥ (xlm))

whim == — E[¥in)] (13)

The overall cutput of the HREF beamformer 15 obtained by
applying clement-dependent adjustable weight (AW) vectors
based on the incoming data statistics at cach ULMA sensor.
The output signal 15 a funcbon of the number sensors and the
residual noise extraction estimate for a svstem noise charac-
tensation. Hence, the HREF beamformer output, HREF (n),
15 given by:

HREFoin) = E (¥In1) + u

s (14)

or
1 M
HREFo(n) =~ (M (M~ E (V1) + 3 [-I.rr'[ﬂ}jl)
i=1
(15)

WOLLUME 5 2017

To incorporate the autocormelation function and weight vec-
tors imto the functional relationship of the armv gain,
Eq. (&) 15 modified to compuie the HREF beamformer output
as follows:

|
HREF ) = — (M' M — Uyw? E[Sm5,im)7 w

M
+ Em{n}l)
=l
or

M
1 .
HREF,(n) = (.w M — 1wl Byw+ 21 {x,.,{.lr}})

i
(16}
Equations { 10) and (13) represent the residual noise extrac-
tion functions for the REF and HREF beamformers respec-
tively. The following section explores the procedure that bath
noise estimating relationships adopt to improve the signal-to-

noise ratio of array sensors.

V. ACOUSTIC NOISE CHARACTERIZATION

A. REF NOISE MODELING

An acoustic noise charactenzation {ANC) in a dynamic sys-
tem starts with the identification of the noise field condi-
tonis) of individual sensors constituting an acoustic array.
In a vehicular environment, the diffuse noise field (DNF)
prevails.

Figures 2 and 3 show the adaptive noise cancellation archi-
tecture and the acoustic noise modeling flow chart for the
REF beamformer respectively.

Prsiaiy

gt Sugee 5T TTTTTRTRRRRARmEssassamsaaay

Signal
Saurce

Momse
Sauree

Reference
inpu Source

BERsEEEssaEsEs s s ERE R
F=8+(n—i)
FIGURE 2 Adaptive noise cancellation architecture.

The engine transmission speed and the interaction between
the tyre and the road surface penerate a noise Intensity
level that is proportional o the magnitude of the resultant
vibration. This translates into a vehicle acoustical discomfort
that affects the driver and the passenger in the automobile
cabin. Adaptive filters are capable of adjusting their impulse
response o filter out the correlated signal in the input. They
require no a prion knowledge of the correlated signal in the
nput [12], [15]. Figure 2 can be implemented to suppress
nolse contnbutions in an acoustic array signal processing.
The main encrgy of a car noise pattern 15 estimated to fall

7257
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FIGURE 3. Acoustic noise modeling flow chart.

within the frequency range of 5 kHz and below. A number
of key factors limit real-ime acoustic measurements of mowy-
ing vehicles. These include background noise, variable vehi-
cle speed (deceleration and acceleration), uncertain vehicle
direction, RF'EM interferences, multpath reflections, com-
plicated traffic flow density, sensor differences, and hardware
compatkbility constraints. Vehicle speed and changes in direc-
tion determine the frequency component shift in the moving
object signal. The REF beamformer considers these real-time
sound validation constraints while implementing the residual
noise extraction algorithm on the complex dynamic system.

B. REF NOISE CHARACTERIZATION PROCEDURE

The noise charactensation procedure of the REF beam-
former comprises two paths: the non-empencal and the
emperical validations. The non-empencal ANC procedure
path involves a system model simulation based on a histor-
ical database. Similarly, the empencal ANC procedure path

7 z58

entails an experimental measurement based on a real-ome
data acqgmisition. The noise modelling procedure 15 illustrated
n Fig. 3. The simulation process path s meant for a non-RT.
offine and hypothetical data-peneration validation of the
system noise model. The development computer runs the
appropriate software packages incleding a real-time oper-
ating system for a compact real-ome inputiontput (cRICY).
CAD programs and graphical, object-oriented and technical
simulation/computing softwares. A system nodse cstimat-
ng relabonship (SNER) based on the non-empinical data
acquired 15 obtained from a statistical analysis and curve-
fithng implementation.

V. BEAMFORMING SIMULATION AND EXPERIMENT
A. ANAIYSES OF TIME DELAY, FROST AND REF
BEAMFORMERS

The simulations and expenmental investgaton of the ome
delav, Frost, and REF beamformers were carmed out o
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extract desired speech signals in an interference-dominant,
neisy environment such as the one found In an automobile
characienized by diffuse noise conditions. The routes were
carefully mapped to enable the noise signals to be obtaned
at the worst traffic conditions. Noise waveforms and spectra
at car speed limits of 20 mph, 30 mph, 40 mph, and 50 mph
were measured using ommidirectional MEMS acoustic sen-
sors mounted mside a closed-roof car. Multichannel signals
received by the microphone array were simulated by loading
two recorded speeches, vehicle noise recordings at the con-
sidered speed limits, and one laughter recording; the laughter
audio segment was loaded as an interference signal arriv-
ing at 20° amimuth and 0* elevation angles. The sampling
frequency of the acoustic signals was set o 8 kHz. The
incrdent azimuth and elevabon directions of the first speech
signal were mantained at £90°. The direction of the second
speech signal was at — 107 azamuth, and 10 elevation angles.
The signal-to-interference-and-noise matio (SINR) gan for
the ULMA system was determined for the Frost and REF
methods, Table | shows a summary of the array performance
results for the tme delay, Frost, and REF beamformers. It 1s
obwions that the FBA is outperformed by the REFBA by over
1.6 W output power (2 dB gain). The hybrid REF indicates
approximately 1.8 W received power (2.5 dB gain) better than
the Frost beamformer. The REFBA reveals a signal-to-noise
ratio (SNR}-based sieering gain enhancement of over 3 W
received power (5 dB} more than the FBA output 1n the inci-
dent angle (-30, 0) direction. The REF technique responses
also indicate the capability of the algonthm to perform real-
time reconfiguration of audio processing and correct system-
level hardware anomalies in the presence of steening ermrors.

TABLE 1. Array performance results for the case stwdy beamformers.

Mo of Acoustic Seson z
Microphene Speomg (m)

Qs [ERE] Lk} 020
MAB Tecknique Auray Ciads (4B)
™ L 1% 5.7 526
Fras) &23 AR5 B2 793
REF 10.2E e RIE L 1096
Renor Spacing {m) oas 0.1

Kumber of Microphenes
I 4 fi B I 4 L &

MAE Tecknique Areay i (4B

L% 434 707 856 3T RIT 1606 1136
Frust 823 1037 1Z0E 1361 BES JLLIL 1472 1529
REF 1028 1050 1208 1360 1079 1233 1472 1629

The REF and Frost beamformers have been utilized to
investigate the array gain enhancement and speech recogni-
tion profile of a moving vehicle at different speeds. The dom-
inant notse components at different vehacal speeds include
motor noise, acceleration, and tyrefroad noise. Table 2 states
the minimum and maximum acoustic array gains of 2 moving
vehicle for the Frost, REF and HREF beamformers. With
reference to a 1-W input power, the Frost beamformer gives
an average minimum array signal power output of approxi-
mately 1.1 W compared with the REF's 2.6 W, and hybnd

SWOULME 5 3077

TABLE 2. Array gain at different vehide speeds.

Spead  LimiAsray Gais (B}

[mph) Frast REF Hyhrid REF
Hin Max  Min  Max  Min Max
0 15.4 233 213 184 135 72
i 18.5 M1 on1E W0 BN Wz
40 175 214 215 M9 1o 6%
50 19.0 273 230 193 143 256

REF's 3.8 W. Similarly. the average maximum array signal
powers for the Frost, REF, and hybrd REF are approximately
& W (Fig. 4). 12 W (Fig. 5). and 13 W (Fig. ) respectively
over the case study speed limits. The array gain difference 1s
approximately 3 dB at any given moving vehicle speed.

Frvmat e v

Ay Sl Prwer [

it g o)
FIGURE & Hybrid REFBA {d = 10 cm; 2-element ULMA; FIRL = 5).

VL REF NOISE SIMULATION AND

EXPERIMENTAL AMALYSIS

A simulation of the noise extraction of the REF noise model
was carried out with recourse to the signal sources, noise field
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FIGURE 7. Broadside Array Signal Power for the ULMA (N = 2; d = 10.om;
Filter Length = Z).

conditionis), number of sensors, upper frequency aliasing
threshold {which sets the element spacing), and the filter taps
required. In the experimental investigation of the REF noise
model for vehicles, we considered the prevailing automohbile
speed hmits in the UK. The routes were carefully mapped o
enable the noise signals at car speed limits of 20 mph, 30 mph,
40 mph and 50 mph to be measured using ommidirectional
MEMS acoustic sensors.

T A————
1o Saadarning Kigort

e rrpbomd Ry Sl Pomemt (W
Hl

FRGURE 8. SMR-based Steering Signal Power for the FBA and REFEA
(N = 2; d = 10 am; Filter Length = 2).

A. RESULTS AND DISCUSSION

In Fig. 7. the REF achicves a broadside array signal power
enhancement of approximately four times better than the
Frost algonthm. Furthermore, the SNR-based steenng gam
(Fig. §) for the REFBA ULMA reveals a gain enhance-
ment of over 5 dB more than the FBA output in the inci-
dent angle (-30, 0) direcion. The normahsed broadside
system selectivity response for the REFBA (Incident Angle =
(0, 0) 15 approximately 5 dB better than the FBA response.
The SNR-based dvnamic svstem selectivity gains of the
ULMA based on the residual noise extraction technique was
also investigated: the REF outperforms the conventional Frost
beamformer by 3 dB. The resalts indicate that fewer filter taps
are required for the REFBA compared with the FBA resulting
in a lower computational cost than the latter. Since one needs
to invert & 4-by-2 matnx, the REFBA offers a less expensive
real-ime processing using a field programmable gates array
(FPGA)-based embedded signal conditiomng svstem. Table 3
shows an analysis of the Doppler noise power of a moving
vehicle at different source excitation frequencies and car

speeds. The REF algorithm analysis shows that the reported

2720

TABLE 3. Doppler noise power at different vehicle speeds.

Source Vehicle Speed {mph)

Frequensy

{Hz) ] 30 40 £ 6l ™ a0
Dioppler MNoise Fower (dBm)

L -13900 -139.08 13699 132584 |32 HE 13883 -13E7E

000 al 40LEG alSED al#0.75 w4070 al40064 «]40.59 a]40.54

1500 =42 0] =l4205 «l4200 a4l S5 al4l 3% 4] B4 14170

100 =145,87 «1458] =145 70 «14371 =14384 «la560 =14555

200 =140, 88 -180, K2 -146,77 -14671F -l4&66 -14nA1 -14550

] -147.43 147,38 147,32 14727 14722 147,17 -147.12

adaptive beamformer can accurately estimate the Doppler fre-
quency for applications involving satellite navigation system
receivers of vehicles under varying environmental conditions.

EL I ] []
Fmpsrey M)

Power 5§ | Density of a Car Noise at 20 mph.

Y WM WM am

-

al

1S

Pawnr Spocal Curaty W)

S wwm mm w6 wm mm e
Praspmrcy fric
FIGURE 10. Periodogram Power Spectral Density of a Car Moise

at 30 mph

Figures 9 and 10 depict the double-sided penodogram
noise power spectrum estimates of the case study mov-
ing car at the speed limits of 20 mph, 30 mph, 40 mph,
and 50 mph respectively. The average noise power for the
considered speed limits 1= approximately —60 dB from
about 0.2 to 3 kHz. At a speed limit of 20 mph, the noise
power shows a more compact frequency response with a
maximum value of —40 dB at close o DC level and about
—120 dB at 4 kHz. A similar response 1s observed at 30 mph,
40 mph, and 50 mph except for the obvious lower noise power
{=—140 dB) at the 1.5 to 2.5 kHz spectral contents.

Takble 4 shows the measured noise power and signal-to-
noise ratio {(SNR) of a moving vehicle at different speed
limits. The SNR of the Frost beamforming technigue trails
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TABLE 4. Measured noise power and 3NR at different vehide speeds.

Speed  Limst Molse Power (dH) SRE (dH)

(mph) 1.715 kHie Tatal Fras! REF
5] EFR ET R (K] FRID
m 1350 il 4% 67,06 7219
40 =254 Erh | nl.a0 f4.40
a0 1285 i 711,116 75011

behind the REF algonthm by approximately 3-dB and 4-dB
margins for even and odd speed limits respectively. The total
system noise 15 nonlinear with 40 mph giving the highest
noise power and 50 mph, the lowest noise power. This 15
due to the dvnamics of the system where the acoustic sen-
sors are deployed at the time. The extracted residual noise
power {ERMP) for both acoustic sensors averages at approxi-
mately 31 W {1e., 15 dBW). Table 5 shows that the prevailing
noise field condition affects the amount of residual noise that
can be extracted within a complex dynamic system. More-
over, by using an acoustic array design. the moving vehicle
system noise can be charsctensed accurately and reduced
systematically for a predetermined passenger comfort.

TABLE 5. Extracted residual noise power at different vehicle speeds.

Speed Limst (mph) ERNF [dE)

Senaor 1 Sensar 2
1] 15.2013 15.2014
3 151588 151688
401 14,6525 14,6508
0 15.0752 15,0740

B. POTENTIAL APPLICATIONS OF THE REF BEAMFORMER
The expanding citv-wide traffic congestion problem can be
improved through an intelligent deployment of REF beam-
former sensors for an event-driven vehicular access control
strategy implementation. The current trend 15 that of an
increasing number of vehicular communication sensors and
onboard compute power to process the received big data [ 13].
The REF beamformer also has the potential to enhance pas-
sive cooperetive collision warning [14] for reliable vehic-
ular safety messaping via electro-vibro-acoustic emissions.
This is utilised to achieve a highly reliable real-ume colli-
sion avoldance system. Due to the steerable nature of the
REF beamformer sensors array, different channel models,
vehicular densities, transmission frequencies, and predictive
handovers can be implemented concurrently [14]. Another
petential application for the REF beamformer is in capability-
based small satellite [19] data transmission. The REF beam-
former has the capabality to enable low computational burden
by global navigation satellite system receivers [15]-[17] that
require the implementation of low-complexity algorithms
for on-demand real-time and sensor array signal process-
ing. Given the size, weight and power mitations of small
satellites, the REF technique would provide a cost-effective
and low-power solutton to onboard signal processing

WOLUME 5, 2077

for high data link margins and space-borne smart canh
observation applications. Furthermore, hidden parametne
and non-parametric sound quality agreement can be reliably
assessed using adaptive beamforming techmiques. The exper-
imental measurements and simulation models presented n
this paper show that at even speed limuts {including 200 mph
and 40 mph}, the corresponding SNR of the REF beamformer
averages at 65 dB. This result shows an appreciable agree-
ment with the acoustic noise response of electric powertrains
modeled using the boundary element method [18] over the
same operating frequencies at vehicular speed limits. Hence,
this indicates a potential applicetion for the multphysics
modeling of electric powertrains [19], [20]. The proposad
REF technique for the sound enhancement and noise char-
acterization of complex dynamic system uses fewer com-
putational resources than the state-of-the-art beamformers.
Hence, this promises a low-power, low-component footprint
and cost-effective electro-acoustic system charactenzation.

VIl. COMCLUSION

The regulated-element Frost beamformer is an adaptive algo-
rithm that selectively enhances the desired signal based on
the noise ficld conditions 1n a dynamic complex environ-
ment. This algonthm was wblized to investigate the effect
of different vehicle speeds on an acoustic array gain in real-
ume. The dynamic system selectivity gains of the array based
on the residual noise extraction techmique revealed that the
regulated-element Frost outperforms the conventional Frost
beamformer by 3 dB. The broadside signal-to-noise ratio-
based array gain for the regulated-clement Frost beamformer
15 at least four imes the value of the conventional Frost
beamformer for each threshold frequency. The sieening emror-
correcting capability of the algonthm makes it suitable for
real-time recopnitton and enhancement of signals without
a prion knowledge of their properties. The REF algonithm
requires fewer finite impulse response filters (FIR) than the
treditional adaptive beamforming technigues. Thus, the algo-
rithm has a low complexity and converpes faster than its
competing methods.

Moreover, various electronic communication applications
can be implemented with the presented adaptive beamformer
{incleding advanced smart sensors signaling and internet
of things networking; predictive collision warning; adaptive
maving vehicle high-speed wireless handover; imter-vehicle
trustworthiness estimation; efficient wireless power transfer;
and reconfigurable inter-satellite data transmussion).
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A System Engineering Analysis of Highly
Adaptive Small Satellites
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Absiract—Spacecrall systems have undergone tremendons
system-level transformations [ollowing advances in subsubsys-
tems, subsystems, and systems designs and technologies. Further-
mure, the ever expanding space applications and eniranis neces-
sitale a holistic review of current spacecrall sysiem engineering
(SE) margins. This paper seeks o examine contemporary space
systems engineering procedures and develop a corresponding 5E
analysis tool for next-generation small satellites. Mass and power
hudgets are the considered SE margins. Case studies of highly
adaptive small satellites (HASS) for a meteorology mission in
low earth orbit are presented. HASS have demonstrated mass-
. power-, and cost-savings with advanced capabilities than the
conventional ones. The presented SE procedure can be extended
to any spacecraft category and mission. As a capability-based
5E analysis tool, it will enable the design and development
of lightweight, reliable, sdaptive, optimal, mubifunctional, and
economical satellites. This will enhance the provision of space
systems that have posimission reapplications capability.

Index Terms—Adaplive systems, satellites, sysiem engineering
(SE), system-level design.

1. INTRODUCTION

HE INCREASE in the number of spacecraft launched
each year has necessitated a reassessment of the sysiem
engineering (SE) margins, governing their design, production,
and operation. Technical and environmental constraints have
also prompied a review of existing 5E procedures used for
spacecraft programs. For instance, the majority of artificial
and communication satellites are placed in the low earth
orbit (LECY); this has an altitude span of 160-2000km. As
a nongeostationary orbit, LECY contains satellites that form a
constellation to provide continuous coverage. They experience
atmospheric drag (due to gases in the thermosphere) and
harsh rdiation environment. Cosmic rays and heavy charped
particles streaming out from the sun in the solar wind react
with gases in the upper atmosphere to produce high-energy
neatrons. These neutrons impact the onboard semiconducton
devices to produce unpredictable in-orbit failures. As a result
of this, the space systems in LED have potential replacement
timeframe of 10 vears. This translates into a huge investment
cost that could be avoided through a judicious system-level
reengineering. Furthermore, limited frequency spectrum and
Manuscript received May 24, 2011: revised Ociober 2, 2011 and January
&, M012; accepled Aprl 22, 2012 Dale of publication May 30, 2012; date of
current version S=plember 25, 1013,

The authors are with the Department of Fectrical and Elsctronic
Engineering, University of Manchesizr, Manchester M&0 100, UK. (e-mail:
coakey _sunday @ieee_ong; deniclle. george @manchesier.ac k).
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spatial capacity (orbital slots), high equipment costs, increased
space debris, and expanding global broadband conmectivity
require adaptive, reconfigurable, and multifunctional space
systems [1]-6].

The development of the highly adaptive small satellite
{HASS) seeks 0 overcome the enormous technological and
operational challenges of space programs cost-effectively. A
HASE is a reconfigurable, multifunctional, and deterministic
small space satellite that has capabilities for dynamic space
applications and operations while retaining its designed opti-
mal performance [3]. Existing SE procedures are insufficient
to give a complete analysis of this type of space system: hence,
the need to review the existing SE with respect to the emerging
satellite designs technology(s) and applications.

This paper is organized as follows. Section 11 explains the
SE margins and project reviews that characterize the design of
satellites. Small satellite categories covered span femtosatel-
lites, picosatellites, nanosatellites, and microsatellites. The
conventional payload-based mission-related power estimating
relationships (PERs) and mass budgets are covered here. A
discussion of developed mass-based PERs in LEO is also
presented in this section. Adaptive technology implementation
and the SE of a HASS system are stated in Section [11. A case
study of the 3E of four categories of HASS for a meteorology
mission is given in Section IV, The considered SE margins are
mass and power budgets; the pertinent results and analysis are
presented as well. Section V features the conclusion bordering
on this paper.

II. SE OF SPACECRAFT

System engineering of spacecraft imvolves the functional
development of the detailed engineering tasks in a spacecrafi
design. It begins with the complete requirements that should
characterize the satellite system together with the choice of
key aspects that satisfy those requirements. In satellite SE,
key performance parameters are tracked and assessed based on
the observed system-level changes. Subsystem failures andfor
isspes revealed during final system integration are redressed
by simulation/modeling. Vital technical adjustments are then
carried out to ascertain the desired system-level functional
margins. The overall procedure leans credence o the steps
outlined in the SIMILAR process for SE by the International
Council of Systems Engineering (INCOSE) [1].

The customer’s requirement drives the choice of technol-
ogyis) o meet it The major elements of the spacecraft 53E

15325184 () 2012 IEEE
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TABLE I
SrACECRAPT SE PROCEDURE

Eequiremants definition
Eesource budgeting
System-Tevel irnde studies
Sysiem Emsgration
Diperalional marging
Tosi-mission_reapplication

TABRLE I
SeArBCRAFT PROIBCT REVIEWS

Conceptusl design mview
Preliminary design review

Critical design mview

Preshipment readiness review

Flight readiness review

Assembly, test, and launch operations
Mizsion operations

Completion of mission

Posi-mission capability meview

TABLE Il
Corn BUS SUBSYSTEMS OF A SPACECRAFT

Siruciums

Propulsicn

Powver

Thermal control

Command and data handling
Antitnde determination and control
Communication

procedure are given in Table 1 [1]. [2]. This design routine im-
plements the phases of & spacecraft system design. A reviewed
spacecrafi project has the lifecycle route shown in Table 11
[2]. These are the major formal customer reviews that must
be conducted in the course of a mission development. Each
phase of the SE entails a detailed review of the technological
basements of the subsubsystems and subsystems that constitute
the spacecrafi system. Hence, the system-level SE follows the
subsubsystem-level and subsystem-level SEs. In this paper, the
twir major spacecraft resources to be considered are power and
mass, Detailed analyses of the mass and power properties of a
spacecrafi for the launch, cruise, and mission modes are vital
for understanding its system reliahility.

The spacecraft subsystems that will be analyzed are stated in
Table II1. The stated subsystems form the core bus functional
module of a spacecraft. Each subsystem contains subsub-
systems integrated on a common design andfor production
platform.

A. Mass Budget Analvsis

The development of a mass budget for 2 spacecraft requires
the specification of the following: design phase, class of
design. launch weight capability, and propellant mass required.
These parameters are used to determine the on-orbit dry
mass of a spacecraft and the cormresponding mass margin.

Mathematically. the spacecrafi on-orbit dry mass is given by

i

where Mppay is the on-orbit dry mass (kg), My is the
launch vehicle mass capability (kg), My is the launch vehicle
adapter mass (kg), and Mp is the propellant mass (kg).

The launch wvehicle adapter is a function of the launch
vehicle mass. Based on the past spacecraft analysis, this is
given by

Moo = Mivec — Mpva — Mp

Myyy = 0L0T6Myny + 50 2)

From the AIAA guidelines [2], the mass margin is given by
C M,

M, = —[onM 3

=, (3

where Mmapin is the mass margin in kg and Cy, the mass
contingency factor

Equation {3) holds true if the payload is developed along
with other core bus subsystems. In the event that the customer
provides the payload subsystem, (3) becomes

CriMoom — Mp)
M, = £

margin (1+Cp) )
where Mp is the payload mass in kg. The comesponding core
bus subsystems mass, Mppg, in kg is thus
Moowm — M'li

1+Cy =

Meps =

The next step in the spacecraft subsystem mass budget

analysis is the mass allocation o the individual subsystems.

This is calculated as a percentage of the total core bus

subsystems mass as provided by the ATAA guidelines for the
various spacecraft missions [2].

B. Power Budpet Analysix

The next SE consideration in the design of a spacecraft is
power requirement. Based on past missions, the wtal space-
craft power depends largely on the payload power requirement
[1]. [2]- This can be used during the conceptual 5E analysis
to estimate the initial spacecraft power budget. Moreover, in
LED, power-mass ratios (PMRs) of past missions have been
reported [8]. This reveals that the total small satellite power
can be modeled as a function of its mass. In this paper, total
spacecraft PERs for a meteorology mission have been modeled
as @ function of mass and payload. This serves io enhance the
SE analysis of small satellites in the congested and challenging
LED environment. Table IV states the small satellite categories
imvestigated and reported in this paper

Equations (6}4{%) show the PMRs or specific power of
small satellites in LED. The plots of the total spacecraft
and maximum subsystem powers as functions of the small
satellite mass are shown in Figs. 1-4. The figures are obtained
based on a statistical analysis of past small satellites in LECQ.
The prevailing meteorology mission payload-based FER that
satisfies Figs. 14 is given in {10} [2]

PMRyocnn = 1077 (00167 —487) +0.0035M% — 0.1475M
+ 36045 (6)
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PMRyunn = 1073 (32M° 83 8M7) +0.B05TM? — 34063M
+8.3292 M

PMRmeo = 6465680 171.33M° + 164.6M7 — 69.525M

+ 17.367 ()

PM By =2 = 1050 — 454 115M7 + 42 683M°
— 17502 %" ()
Fi=1.96F (10

where PMEyecgo is the PMR of microsatellites in LEO
(Wikgl, PMEwyyp is the PMR of nanosatellites in LEO
Wikg), PMRmoo is the PMR of picosatellites in LECQ (Wikg),
FPM Ry i5 the PMR of femiosatellites in LED (Wikg), M
is the small satellite mass (kg), Fy is the total payload-based
spacecraft power (W), and Fy is the payload power (W)
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Fg. 4. Power profile of femiosatellites in LEQ.

For the purpose of spacecraft SE analysis. the maximum
payload power in LEOQ can be deduced from (6) to (9) for
each category of small satellites.

The total in-orbit spacecraft power in watt, Pr, for a space
mission is given by [1]. [2]

Fr = P + Pous + Pragia (11}
where Py 15 the power margin or contingency in W and
Pras, the core bus subsystems power in W,

Based on a statistical analysis of past spacecraft [2], [7].
{11} can be rewritten as follows:

Pr=1L13M + 0.98 Py + € Poyg + 1.72 12

where Cy is the contingency factor based on the design stage
and category.

Equation (12) represents a more generic power estimat-
ing function for carrying out a reliable analysis of modem
spacecraft power budgets. The total in-orbit spacecraft power
is expressed as a function of its payload power. PMR, core
bus power, and power contingency factor. With (12), undue
electrical power system redundancy and equipment oversizing
can be avoided. In a typical HASE design and depending on
the adaptive device technology wtilized, (12) is modified and
modeled 0 account for in-orbit dynamic system operations.
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TABLE Y
TARBLE ¥ (CCRTINLIEL)

HASS Powaie BuUnaer ANALYSIS

In-Cirhit Total Power Summary

HASS SE
Analysiz: power budpst
Mission: melrorology, FIW) = I.'?CJ‘P| 121
Orrbit: 11500, design phase: concepiusl design
Power contingency [E"-]: 545 2]
Class of design: 2 (next-g tion} [2]

Saiellite category: highly adapiive microsaielbie (HAM) (20 kad

Core bus subsysiem power allocation [2]. [3], [8]

Care Bus Subsysiem Allocaion (%) Power (W)

Thermal controd 53 687
Attitude contral 21 172
Elecirical power & 072
Command and dats handling 15 1.54
Cammaunications 5 D&%
Propalsion 0 0
Mechenics 0 0
In-Cirhit Total Power Summary
Pammeier Power (W)
Meximum available payload power in LI 18.60
Hequirsd payload power 15.060
Mazimum core bus power 17.85
Calculoied core bus power 12.586
Power margin i
Tolnl equired power il
Powersavings LBD
Max. power of 2 20 kg microsat in LED 3645
Max. availoble core bus power in LED 14.28
Max. svailsble power margin in LEQ 57

Saellite calepory: highly sdaptive iellit= (HAN) (10 ka)

Core bus subsysiem power allocation

Caore Bus Subsysiem Allocaton (%) Power (W)

Thermal controd 53 4358
Attitnde contral | -1}
Elecirical power ] 0.52
Command and dats handling 15 1.30
Cammaunications 5 0.43
Propalsion 0 0
Mechenics a 0
In-Cirbit Total Power Summary
Fammeier Power [W)
Meaximum available payload power in 11O 13.30
Requirsd payload power 1000
Mloximum core bus power 12.74
Calculaled core bus power B
Power murgin 116
Tolal rquired power 08
Powersavings 1.20:
Max. power of o 10 kg mnosat im LEQD 2604
Max. aveilable core bus power in LECO 133
Max. svailshle power mergin in LEQ 155

Satellite category: highly adaptive picosalellite (HAP) (1 kah

Core bus subsystem power allocation

Caore Bus Subsysiem Allocaton (%) Power (W)

Thermmal controd 53 458
Attitnde contral b | 0181
Elecirical power ] 0.052
Command and dats hendling 15 0130
Commmnicaticns 5 0043
Propalsion 0 0

Mechenics [i] 0

Parameter Power (W)
Maximum availabls paylosd power in LE 1910
Required paylosd power 1004
Maximum cors bus power 1790
Calculsted core bus power 0844
Power margin 0216
Total required power 1080
Power-savings 0120
Max. power of & | kg picosat in LEC 5700
Max. svmilable core bus power in LED 1750
Max. available power margin in LE( 0550

Satellite category: highly sdaptive femicsatellite (HAF) (0.1 kg)
Core bus sohsysism power allocation
Caorz Bus Subsysiem Allocation (%) Power (W)

Thermal control 53 0311
Antitnde contro 21 0123
Electrical power 6 0035
Command and daio handling 15 DUORR
Communications 3 0050
Propulzion 0 o
Mechanics 0 o
In-Cirhit Total Power Summary
Tammeer Tower 1W1
Maximum avuilable paylosd power in LED nall
Required paylasd power 0504
Maximum core bus power 0587
Calculated core bus power 0432
Power margin 0108
Total required power 10
Pover savings 006
Max. power of & 0.1 kg femiosat in LECQ L1986
Mex. svmilable core bus power in LD 0470
Max. available power margin in LEC 0117

II. SE OF HIGHLY ADAPTIVE
SMALL SATELLITES

A HASS is a reconfigurable, multifunctional and determin-
istic small space satellite that has capahiliies for dynamic
space applications and operations while retaining its designed
robust andfor optimal performance [3]. [4]. The HASS ar-
chitecture is designed to eliminate wire hamesses and enable
subsubsystem-, subsystem-, and system-levels adaptability and
reconfiguration. As a complex system of systems (So08s), the
HASS exhibits the foundational attributes of So5s [1]-[4].
Although it retains the conventional functional modules of
conventional spacecraft, @ HASS system is devoid of subsys-
tem boundaries at the system level. Hence, it presents a unigue
platform for reliable and robust space mission applications and
postmizssion reapplications.

A HASS employs the deterministic multifunctional archi-
tecture concept in iis system design [3]. [8]. Due to the
climination of wire harmesses and subsystem boundaries, a
HASE system is a capability-based small satellite design that
offers unprecedented application possibilities [3]. [4]. [E]-
Consequently. the mass budgets of a HASS system decrease
by about 3%, 8%, and 7% for communication, meteorology,
and planctary missions, respectively [2]. Furthermore, there is
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about 15% reduction in the power budget of a HASS compared
with a conventional small satellite [1]-[4]. [7]. [E]- A small
satellites SE case study for @ meteorology mission in LEO is
presented in Section TV,

A typical HASS transponder architecture is shown in Fig.
5. The adaptive wideband transponder {AWT) subsubsystem
is a component of the core bus module of the HASS sys-
tiem. Each unit of the AWT can be remotely accessed and
deterministically reconfigured depending on the current andfor
emergent mission requirements. The duplexer, power gain,
and multiplexer interfaces the adaptive receiver and mixer
units with the transmit antenna. In this novel design, interface
bandwidth constraints, circuit parasitics, and coupling issues
can be modeled with ease in realtime. The architecture of
Fig. 5 is adaptive at the device, module, and system level;
this supports remote in-orbit partial reconfiguration of the
spacecraft.

IV. CASE STUDY OF A METEOROLOGY MISSI0ON

Table V shows HASS 5E for a meteorology mission in LEO.
The core bus power of @ HASS for a meleorology mission
is reduced by 105 [1]{4], [7], [E]- The govening egquation
for the analysis in Table ¥ is (12). The categories considered
include microsatellites, nanosatellites, picosatellites, and fem-
tosatellites [1]-]14]. Conventional small satellites and HASSs
are analyzed. The mass-savings and power-savings recorded
with the HASS compared with the traditional small satellite
systems make HASSs the obvious choice for future spacecraft
missions. Assume that the payload equipment for each of mi-
crosaiellites, nancsatellites, picosatellites, and femiosatellites
requires [5W, 10W, 1W, and 0.5W, respectively, for the
meteorology mission, The payload and core bus modules of
the mission are developed together. Hence, the stated subsys-
tiem mass allocation margins must reflect lower percentages
compared with a government-funded payload according to the
AlAA puidelines. It is worth stating that the mass and power
allocation percentages of the propulsion subsystem follow past
spacecraft programs. In this paper, a miniaturzed cold gas
thruster system is considered for the mission. Low-power
miniature cold gas thmster (MOGT) provides full attitude
control capabilities in a package weighing only 50g. MCGT

IEEE S¥YSTEMS JOURNAL, VO 7, NOU 4, DECERBER N3

is an innovative solenoid valve design reguiring less than
0.4W contineous operation power throughout its operational
pressure and temperature ranges. For the case study meteorol-
ogy mission using HAMs and HANs, this is accommodated in
the attitude determination and control power and mass budgets.

A pood SE analysis reveals the design margins that can
be zustained in the event of system failure or reengineering.
In the case study meteormlogy mission, cach HASS system
has inbuilt power and mass margins satisfied within the sub-
systems. Hence, mission assurance and religbility are further
guaranteed through the judicious inclusion of a system-level
margin. For instance, the HAN system payload requires 10W,
but its electrical power system can sustain up to 13.3'W. This
is very useful for adaptive transponder subsystems that would
perform dynamic mission requirements.

Table V1 gives the mass budget analysis of HASS. Each
HASE generation has a candidate mass category selected fior
the analysis; it can be extended to higher categories of space-
craft. The analysis reveals that mass-savings and consequently
elimination of undue system oversizing can be realized through
a carcful SE treatment. Tables ¥V oand W1 give the complete
summaries of the budgets of two key resources of spacecraft.
A careful study of the respective budgets helps in defining the
problem as the first step in INCOSE's SIMILAR process [1].
Furthermore, the choice of solar panels for meeting current and
emergent mission objectives would be greatly enhanced. The
presented SE reveals the operational and business implications
of the mission. Thus, the end users, technology platforms, and
service delivery components are easily satisfied and qualified
following a judicious SE analysis.

Moreover, and as a first approximation, the cost of a satellite
is usually viewed as being directly related to its mass. Though
heavier satellites cost more than their preceding generations,
other factors have a direct impact on costs also. These include
payload complexity, maturity of the design, lifecycles, premis-
sion and postmission objectives, and schedules [2]. [9], [10],
[13]. [14]. Based on past space missions, a particular satellite
cost estimating relationship comprises recurring and nonrecur-
ring costs [ 10, [14]. Spacecraft has cost-per-unit weight of the
order of 37000kg [ 14]. Though specific costs are insufficient
for predicting the actual cost of spacecrafi, HAM, HAN,
HAP, and HAF have cost-savings of $80 600, $44 800, $4430,
and $448, respectively, over their conventional counterparis
[11, 121, [9]. [10], [13], [14]- Furthermore, launch costs have
obvious influence on a spacecraft’s cost to initial operating
capability and cost per operational day [10], [14]. For an LEO
nanosatellite, the specific cost to orbit for both the United
States and Evropean launchers is about $10000ke [14]. As
shown in Table VI, this resulis in appreciable cost-savings
for all classes of HASSs compared with their conventional
counterparts.

The allocation of a flat 5% mass and no power to the propul-
sion subsystem of the meteorology mission follows past his-
torical database and is based on the ATAA guidelines [2]. This
is also supported by current space technology breakthroughs
in subsystem design and integration. Spacecraft propulsion
functions span two major tasks: translational and rotational
velocity changes. Small satellites propulsion options range
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TABLE VI TABLE ¥1
HASS Mass BunGeT ANALYSIS (OO TINUIEL)
HASS 5E Spheysizm Mass Allocatim
Analysic mast Pusgel, missoe merology, ek LED TiEayion Allocalion (%) Aliocaled mes (kg
Design phase: concepinal desigs, mess conlispency: 19 (2] EaraT o [FE]
Clors of desipr 2 (nexl-peneraiing Themml contrl 3 iz
Cabling mass [aor, Cor s 85 2] Alllimio ropiml - @ L0674
Small saipilile caingory: HAM Frwer 16 nisa
Copveniioesl o0-oebil dry mess Ckgk 20 Fropulsion E T4
Subsysiom M reduction (kg =128 Tekecom 4 Tice
Euivaleni co-oebil dry mas of & HAM = 1872 s rs e
Tobal subsysien mas for allocation (kg = {14.731.25) = .96 Fayinad m 0z
saraysizm Mam Allocalion HAF Mass Allocation Summany
SeisysEm JBocalion (R ADocaisd MEss (K5 [oTr—— Vel (i)
sincun an Lo Subsysiom bt total 07453
Thermal conirol 3 0445 Mz maiEHn LIET2
Adtinde control 9 1348 s saviegs 064
Fowar 16 1395 Manimum o0-oehii dry mess 053
Fropelsion 3 T4
Talacom 4 o0 Lanch oosi-svings (5 G400
e 3 s ‘Sl sainile calegney: HAF
Faxiod I 5847 Comeaniional os-orbill dry mass Tog'c 01
1AM Mass Allocalion Sunmary Subsy N T oduction (LR = 0006
ree—— Wl (kg Tigufvakont oo dry mass 0f 8 HAM = 0SG6
rrep———ypy LT Tolal subsysiem mss or slocation (Kx) = QOT4EL
Wlass magle 17440 Eahmysiem Mass Allocainn
Y——— 113 Sibsyion Allocalion (%) Adlocaled Mass (k50
M T 0ot gy mess BT Stk @ I
Thermsl contrl~— 3 O
Launch cost-savings (53 1280000 Allimiomsiml @ nmeTd
Samall saiel o ceizgnry: HAN Frear 16 noige
Coeveniioesl on-0rbi dry mess (kg 10 Fropuision 3 LT
Subsysiom M reduction (k) =064 Tekecom 4 Lm0
Higquivabest on-orti dry mess of 2 HA® (kg = .36 rns 4 L0300
“Toial subeysizm mess for allocali (kg) = (9.341.25) = T4E Fayinad m PRI e
saraysizm Mam Allocalion HAY Mass Allocation Summany
SeisysEm JBocalion (R ADocaisd MEss (K5 [oTr—— Vel (i)
sincun an 1498 Subsysiom bt total [TTTET)
Thormal conirdd 3 orM M- savings L0640
Allbpce ool 9 5 Mz maEn nOLET:
Foraar 16 115 Wanimum on-0rbé dry mess LM
Fropelsion 3 oI
Taloosm 4 0300 [munch cosl-savings (5) A 00
s 4 k]
Pyl 39 1330 mire, a cold-gas thruster system has been developed for a
HAN M Al ncation Semasny ] t -O.I'tﬂ- - B]]- . A T l*. I.'d.l
— Vales (k30 2 co ung. sal !l.: assistant mission [7]. According to
Entmysiom tudpd (i TAAE the rocket equation, this can accommodate the case study me-
Mass magin 1£72 teorology mission using HASS systems. The stated allocation
Masscvirgs 540 margins are for the initial mass and power estimations during
Mol Mo on-ortl dry mess 3360 .
* the conceptual design stage of the spacecraft development
Launch cosd-savings (5) S0 program. Where desired propulsive missions are required, the

Small sirlllie calogory: AP
Conventinnal on-ortl dry mess Geg: 1
Subsysiam mass rdeciiog {kg) = L0646

Tiguivaionl on-ortsi dry mass of o AP {kg) = 0L936
Tnial seheysiem mess for allocalion (kg) = 07488

from miniaturized thrusters based on traditional chemical
engines 0 MEMS-based thruster systems. Moreover, the case
study meteorology mission does not require many propulsive
mission requirements. A 34 mfs velocity increment wsing
micropropulsion is sufficient for the necessary manocuvring
andfor orbit changing. For a typical LED mission, a 30 mfs AV
would easily meet the propulsion requircments. An integrated
500 g, 9.1 em® cold-gas micropropulsion subsystem has been
developed by VAOCDO industries [7]. This has been fabricated
for the MEMS-based picosatellite inspector program. Further-

propulsion technology and associated mass and power margins
would be modified to reflect the mission reguirements.

Once the mass and power properties of a spacecraft are
estimated, the functional modules are allocated their respective
margins. At the conceptual design stage, Tables WV oand V1
help the spacecraft system engineer to allocate resources to
the various subsystems of its functional modules.

V. COMCLUSION

A SE analysis of HASS was presented in this paper
Appropriate power and mass estimating relationships were
derived and explained for small satellite missions in LEC.

Ma=s and power-savings were recorded by implementing
the HASS missions rather than the traditional small satellite
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systems. Furthermore, appreciable cost-savings were realized
for the initial specific and launch costs of HASS.

The derived PMEs are inversely proportional to the satellite
mass in each category. In LEQ, a 100 g femtosatellite has a
PMR of 11.7 Wikg, while a 10 g femtosatellite has a PMR
of 27 Wikg. Similarly, the heavier the satellite mass, the more
the cost-savings, hence, the economies of scale.

The analysis can be applied to study any spacecraft mission
with an established past history/database. The reporied SE
promises o enhance a holistic design and development of
next-generation satellite missions and constellations in LEO.
This paper can be extended to provide a ready spacecraft SE
reference handbook for the space community.
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Absiract: Space stellite petwork desizn and operation have become more challenging following emergmg advanced
applications and the increased nomber of satellites launched into the Earth orbit each year. This bas also occasioned an
obwious concem for space sifuational awareness Management, mtefplanetary communications, post-launch reengineerme
and post-mission reapplications of spacecraft; these all require adaptive, reconfizurable and muoltifunctonal space systems
and petworks. Enormous advances aimed af making spacecrafi systems reconfizurable, reliable, broadband. and
mulifonctional bave been patented. Conseguently, recent space technology patents in reconfipurable and awinomouns
system desizns and architectures have been stidied and gualified. This paper presents a reconfizurable space satellie
network design that uses coopemative space-bome systems fo complement ground-based echancements. Each network
node employs the deterministic multifimctional architecture with packet router interface switch matrix plaforms. The
reconfizurable cooperative intellisent contral (F.CIC) desizn exploits the deterministic and recomfigurable property of
field programmable gate ammay to offer in-situ autonomous control. Four reliable and adaptive space control capability
miedes have besn idenfified for a robust space satellite network. Furthermore, the contmol capability has been analysed
with recourse to satellite penerations. Consequently, a case study reconfigurable space network covering famtosatellites to
minisatellites has been desizned. The analysis presented in this work promises to enhance small satzllite formartion and
constellations desipns and applications. It also enables real-time space surveillance and provides platforms for the rense of
decommissioned satellite systems.

Keywords: Formation flying, highly adsptive small satellite, intellizent control, space mission_

1. INTRODUCTION fragmentation debris, spacecraft, mission-related objects and
The last decade has wimessed an unprecedentad increase rocket bodies [1-20].

in the number of satellites deployed in mmltiple planes and . m

orbits. These satellite systems have besn made possible & e

through the advancements in monolithic microwave ¥ 0

mtegrated circuits, microtechnology, nanotechnology and g i ]

allied atomic-zcale technologies. As  the wireless

technologies eveolve, the computing and processing resources 'g e

commrespondingly revohlitionise the im-orbit comirol of E ]

geosynchronous and non-geosynchronous satellite missions. s

These technologies mix enablas the design, development and v

producton of small satellite that, amongst other benefits, are 150 v

economical with greater intellisence transmission capabili- e e

tes. Ower 42 % of the current space satellites fall below the Year

500 Kz mass. This unceasing and ever-expanding drive for - . )

small satellites is occasioned by the advances im micro- Fig- (1). Intemational space budget growih.

technology, nanotechnolozy/ microelectromics, micTowave +—Total Satelites B Launch Demand

monolithic integrated cirowit and allied technologies. Hence,
almaost every nation can now feel the space. However, a key
izzue is the desizn of the control mode of the constellations
to enhance security and reliability. Fiz. (1) shows the global
space budget from years 2005 to 2009 and Fig. (2), the
commercial satellites and launch demand from 2009 to 2018,
The earth orbit is currently crowded with objects inchiding
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Tablel. Number of Objects m Earth Orbit from Years 2004 fo 2010
Number of Objeces in Earth Orbir iz Years 2004, 2006, 2008 and 2010

Objext Trpe
o4 o0 100% alo
Fragmantation Dehaiz a0 4000 7000 E500
Spacecraft 000 1250 3100 3230
Missinn-ralated objects 1540 1550 1600 1530
Rocket bodie 1500 1530 1550 1500

The obvious conchosiom from Figs. (1, 1) is that the
global space activity is gathering an unprecedented
momentom  with attendant technical and operational
challenges. Table 1 reveals the steady increase n the yearly
mumber of objects in earth orbit from years 2004 to 2010 [T].

This paper presents a reconfigurable design model thar
mtegrates the different emerging sawellite gensrations
(SarGens) and technologies together to achieve robust, ad-
hoc, adaptive and proactive intersatellite connectivity and
surveillance. It is organized as follows. Secton I reviews
the satellite generations, infellizent mode confizurations and
the enabling technologies snd implementation challenges

mecessitating a2 pew design approach. The adaptive
reconfipurable multfonctional  architectnre (ARDA)
network for sustaining and operating  the adaptive

multifonctional stoctoral wmits (AMSUs) of HASSs is
explained here. Sectiom III presents the developed
reconfipurable intellizent control modes for distributed small
satellites formation flying and constellations. The satellite
category- and nemwork-based control capability factors
(CCFs) of each chosen case study satwellite generation are
also given in this secton. The RCIC nstwork desizn and
analysis are reported in secdon I'V. Section V conclodes the
findings of thic paper and the benefits of the reported
emerging satellite network control for firre space missions.
The marrent and fomre developments are also feamred here.

1. SPACECEAFT MISSIONS AND TECHNOLOGIES
FOE EECONFIGUEABLE COOPERATIVE INTE-
LLIGENT CONTEROL DESIGN

Each year, for the past 20 vyears, satellites, probes,
capsules, space shuftle missioms and imtermational space
station (I5%) assembly bhardware across the globe are
computed to ascertain the fumre space payloads and
operations. This yearly Worldwide Mission Model (WMM)
forecasts the payload market the next decade ahead. It has
been found that a steady growth of space payloads would be
the case for the next 20 years. The WMM for 2011 reveals
that 2,315 spacecraft payloads and piggyback satellite
payloads have been documented for the period 2011 to 2030
bazed on announcement and'or proposed missions [4]; these
span all categories of satellites and deployed across various
orbits. This represents a 4% increase over the 2010 WMM
result. The majority of the launches would probably come
from the mmcreased global foons on small  sarellites
developments. For instance, a total of 351 and 397 payloads
have been proposed for mamnfactaring and lauoching in
2011 and 2012 respectively. The LEQ will house additional
246 payloads to be launched im 2011; 248 more payleads

will be deployed in LEQ m 2012. Commercizl payleads take
the largest chunk of the total proposed space programmes for
the mext 20 years; it accounts for 38% while the civil,
military and others accomnt for 35%, 20% amd 7%
respectively. By orbital deployment, the low Earth orbit
(LED) accounts for 3%, peosmtonary erbit (GEOQ]), 23%,
medimm Earth orbit (MEOQ), 2%, deep space, 5% and
ellipical orbit, 1%. This suggests that the mobile
commmunicaton satellites will dominate the space activities
in LEOQ for commercizl purposes including fresh launching
and replenishment satellites {corrently underway for laumch
in the mext 4 to 5 years) programmes; this application has
dominated the LEQ space programme:s in the last two
decades. The Globalstar, Iridium and Orbcomm are the three
major consiellations ourently ocoupying  this  orbit
Furthermore, the LEOQ orbit iz known for cosmic radiation
effects and impacts on semiconductor subsubsystems. Going
by the WWM report, it is now the most targeted orbit for
satellite missions spanning commercial civil, military,
science and planetary applications. These activities suggest
incressing and congested orbital operations that will pose
obwions operational and environmental challenges. Hence,
the need for a satellite communication network that offers
adaptability, mmltifunctionality and relisbiliy =t the
hardware and software levels. The end result is the ever-
expanding and enlarging demand for space sitnational
swarensess and optimal, 1eliable, and economical
manzgement of space resources. This has orchesmated the
development of the RCIC to address issues bordering on
inter- and intra-mission reengimesring, post-mission
reapplication and post-launch and emergent missionds)
capahbilities [4].

Though enabling space technologies have greatly
advanced the design, development, deployment, operation
and servicing of space systems, the attendant relisbility,
flexibility, deterministic performance realization, cost-
efectivensss and post-mission reapplication have continued
w reveal the npeed for appreciable’optimal margins
attainment. This has prompted the desizn and development
of the highly adaptive small satellites (HAS5s) for dynamic,
sustainable and relisble space programmes and operations [2,
3]. Based on satellite classification by mass, the varions
satellite generations that can benefit from the RCIC concept
are shown in Table Z [1].

The design of the RCIC model for space missions starts
with the space elements that constimte the network
infrastmcmre. The HASS system architecture is made up of
building blocks that contain adaptive and recomfigurable
multifunc donal sobsubsystems and subsystems. These span
data processing, commumications, power control,
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attitnde/mavigation, payload and associzted spacecraft
equipment. Implementing and deploying  adaphve
mmltifonctional stuctural unit-based space systems n an
adaptive reconfigurable mmltifunctional architecture network
helps to increase network reliability and performance [2, 3,
17, 20-27].

Tablel. Satellite Classifications by Mass
Satellice Caregory Adazs (leg)
Largs sanlisn = 1000
Medium satellin 00-1000
Minisatellite (mimisat) L00-500
Afcrosatellite {microsat) 18-100
Mazosatellite (nancsaf) -1
Picosstellite (picosat) 0l-1
Fapstosabellite (Santosat) =01

Gate-level adaptve and reconfisurable computing
devices (such as FPGAs) can be coupled with high
interconnection bandwidth, radio frequency (BF)/microwave
and microtechnology devices with relatvely high data
mansfer bandwidths and minimal wiring to provide dynamic,
reliable and suwstaimable mission operations. Furthermors,
AMSUs  characterise the AFRMA npetwork of space
communications; this can connect other spacecraft devices to
implement the F.CIC capability function. These computing
and input'ontput devices inchide, but not limited fo,
analog/digital converters, digital'analog cooverters, BEF
transceivers and distribution system and sensor/mansducer
interfaces. Moreover, the mternet, compute nodes and wired
network, wirelsss network, bus and uman mterfaces are
also supported.

The APMA system may use embedded serial 1D devices
such as embedded mult-gigabit serizl mansceiver (MGT) to
maintain the imput'output (I'0) conmections of mmltiple
FPGAs. Conssgquently, a duplex data commmunication link is
maintained bemween 3 MGT of a packet router interface
switch matriz (PRISM) of a FPGA and another MGT of a
FRISM of another FPGA. This is deployed in a manner that
decreases on-card IND counts and large oDombers of
terminztion components. To boost the data routing capability
of the ARMA  the various FPGAs and other computing
devices mplement packet routng either on a single AMST
or across AMSUs throngh one or more switch fabrics such as
crosshar switches. This has the advantage of minimising

Ekpo and George

switch-constrained packet transfer latency tmes while
maintaining & dypamic noede-to-mode access within and
between spacecrafi. The presented adaptve architecmre
enables emergent independent or loosely-coupled processes
in parallel [2, 3, 9, 10, 13, 25-32].

An adaptive multifunctional soucmral unit desizn for a
HASS gystem is shown in Fig (3). It is an adaptive form of
the architecture of the integrated circuit package system for
stackable devices [22]. The surface and inter- and infra-
subsirates componsnts are reprogrammable. It s made up of
2 hase substate, 3 lower intarposer substrate (LIS), an upper
imterposer  subsoate  (UI5),  interposer  conmectors
(programmable interconnects and routing resources), surface
conductors, stack connectors, dice or chips snd external
devices. Each chip has active surface areas. These are
connected to the exposed conductors of the lower and upper
inferposer subsoates vig stack comnectors. The exposed
conductors are located on the lower inward and upper mward
surfaces of the LIS and TIS respectively. The chips form
clusters of adaptive, active solid-state fast input’output and
microcontoller subsubsystems. The embedded elecoonic
subsystem and FPGA module are integrated on the same
substrate as the analog FF/microwave subsystem. This
solntion greatly enhances system-level real-ume response
with almost zere latency snd dedicated data bandwidth
availability [2, 3, 22, 23]. With this architecture, nterface
bandwidth consiraints are obvizted.

Fig. (3) only shows a 2-D AMSIU unit Solar absorptance
and emittance are infloenced by the surface material and
orbital parameters of the spacecraft. Depending on whether
active or passive thermal control sabsystem architecture is
nzed, Fig. (4) addresses this in the system-level integration
of subsubsystems and subsystems. Each AMSU is designed
in such 3 way that heat sources are infrinsically idemtified
and beat mansfer occurs between all satellite components.
Consequently, heat rejecton is achieved dynamically so that
different spacecraft components stay within their operating
IEIpETanire margines.

Fig. (4) shows an adaptive multifunctional stactral
units implementation enboard a HASS system. It is made up
of various AMSU blocks inteprated together o form a
deterministic mmitifunctional architecture that has an
inhsrent dynamic redundancy. Forthermore, differsnt devica
technologies can be sopported by the proposed RCIC
nnderlying system hardware architectare

The top deck of Fig. (4) allows for satellite separation
from the lsunch vehicle and provides a mounting surface for
multibesm mltiband antennas, cameras and solar armays.

Fig. (). Adaptive multifunctional seructaral unit design for a HASS system.
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This design incorporates the batery modules on the top deck
to eliminate nndue power generation loss berween the solar
amrays and the bamery bank. A further advantage of this is
that the moment of inertia of the satellite system can be
uniformly distributedbalanced between the top deck
components and the bulkier discrate components mounted on
the bomom deck (torgue rods, reacton wheals,
magnetometer). The power control AMST implements solar
amay swing isolation, siring switching, voltage regulation,
battery interface and charge conmol, fault control and power
btms disoibution. The atbimdenavigaton AMSU processes
the input fom wvadous attimde sensors to determine the
satellite’s attnde. Faw global positioming system {(GES)
data from an onboard GPS chip subsubsystem are unsed to
adaptively compute the position of the satellite; this can also
be done post-pass on the ground Command processing,
tzlemety conditoning and mulbtplexing, timing, semMergency
mode control, data storage and processing are performed
within the data proecessing AMSU. The communications
AMSEU contains adaptive transponder multichip module,
solid-state power amplifier, packet romter interface switch
matrix device for high bandwidth duplex data wansfer and
adaptive BF microwave coOmponents.

The benefits of the AMSU implementstion onbosard a
HASS system incledes, but not limited to, the elimination of
black boxes, bulky wire harnesses and connectors, incressed
system-level  reliability, fast desism  reengineering,
soeamlined subsystem integration and fest process and cost-
effective mass producton. The associated savings inclode,
bt not limited to, satellite mass, power and cost [2, 19, 17-
21, 28].

. RECONFIGURABLE COOFPERATIVE INTELLI-
GENT CONTEOL MODES AND FREOTOCOLS

Some intelligent conmol modes have been identified for a
small satellite formation flying (55FF) regime of a sawellite
generafon. The mode configurations are master-slave,
copperative  and  single  satellite  failuore [5]. The
advancements and progressive complexity of the space and
terresiial distributed and petworked platforms require a
more proactive, reactive and adaptive control scenario [1-5].
Field programmsable gates amays (FPGFAs:) and agent-bazed
systems have revelntonized conmol systems and large scale
computing respectively [7-13]. These are employed to realise
a resilient and secure cross-SatCen conimel algorithms modes
for real-dme ntellizent detecton and surveillance.

From the foregoing analysis, several kinds of
geosynchronous and non-geosynchromous orbits satellite
ECIC modes have been realised. These are depicted in Table
3 A B C, D, and E are the minizats, microsats, nanosats,
picosats and femtosats respectively to be confrolled While
enhanced confrol capabilities are possible with preceding
catallite generations, the amendant benefits of data and signal
acguisition and processing and surveillance platforms they
provide the succeeding gensrations are mcredible.

The RCIC capability function for small zatellites is

developed bazed on the satellite generafion =nd mass
category [1]. Mathemsatically, this is given by:
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where Af; is the combined in-orbit mass of the controlling
spacecraft; n, the momber of conwolling spacecrafi; Af, the
total in-orbit mass of the conmolled spacecraft; I, the total
number of controlled spacecraft (including the n pumber of
confrelling spacecraft).

Table 3. RCIC Modes
Small Satellite Category Comrrol Capabiliry
Mindsat- A ABCD&KE
Microsat B B.C.D&E
Manosat C C.DEE
Picosat: D D.E
Famsozat: E E
The reconfizurzble cooperative intellizent conool

(RCIC) desizm model exploits the deterministic amd
reconfigurable property of FPGA to offer insim sutonomons
contrel. The more the satellites to control, the larger the
FPGA size required [10]. Hence, instead of changing a S5FF
generafion, @ candidate from a higher generation, say,
microsat s chosen to offer a guasi-cooperative mode
intelligent control to, say, 2 nanosats constellation. This
quasi-master-slaves configuratdon becomes poszible becamse
the FPGA size of the microsat is larger and so can handle
more oo-board data processing tasks. Furthermors, the
micTosat mns Agent systems to offer proactive and reactive
responses to the constellation environment and assigned
tasks. The comesponding ground statons mm Agent-based
systems and multicore FPGAs o cope with the large scale
computing tasks downlinked from space in real-time. This
ECIC model based oo cross-5aizen conwol enhances
advanced application of inverse synthetic apermire radar for a
real-time insim space surveillance. Hence, the microsat in
our example can cooperatively probe as many space ohjects
as possible and relay to an earth station while imtelligibly
steering the endangered nanosat(s) away fom the damger
and/or disaster.

A case smudy of one oumber of each satellite category is
presanted in this paper. Fig. (5) shows the small satellite
contrel capability factor computation as a fanction of its
mass. It is obvieus from the plot that satellites greater tham
100 Kg can relisbly control lower generation satellites with
sgbout B0% success without recourse to the groundstaton
support. This is called network-based conmol capability. On
the other hand, the category-based control capability factor
(CCF) plot reveals that conTolling only satellites within and
below a given satellite generation yields higher CCF: for
fewer nodes (Fig. 5§). The sbility to maintain an in-orhit
sutonomons operation and management of space systems iz
enabled by the advanced emerging signal processing and
ransponder technologies onboard the satellite system [11].
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A combinaton of satellite generations for robust and
reliable control scenarios cam be realised within a
constellaton desizm. This is partcularly important for
distributed small satellite missions where the satellites are
expected to operate within a3 contmelled mange and
copperatively work tozether to perform the mission such as
space-based semsor networks and earth observation [20].
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Fig. (5). Small satellite mass versus contre] capability factor.

A key aspect of the proposed RCIC for highly adaptive
small satellites is spacecraft conmectivity. The metrics for
assessment beacons on petwork communication link
religbility, avallability, quality of service (Qo5) and cost-
benefits. A opumber of network protecels have been
developed and proposed for interplanetary communications
which support antonomic operation and reconfiguration [32].
These inclode, but mot lmited to, the Bundled Protocol,
Licklider Transmission Protocol (LTF) and Context-Aware
Broker {CAB) These advanced protocol suites seek to
enable swarms of networked components achieve scientific
feats “on-the-fly” within constrained networks without
recourse to ground resources. For mstance, the CAB aims at
ensbling adaptive signal transmission at the basest cost
withowt compromising the Qo5 level expected for the
environmeni-constrained application. It has been proposed
for Delay Tolerant MNetworks (DTHs) characterising deep-
space commmpications systems. The CAB implementation
transfers spacecraft mission-control om Earth to the
spacecraft  thereby enhancing operational efficiency,
eliminating long ronnd-rip latencies and optimising network
lifetimes. This suits well with the F.CIC network where the
hardware platform is adaptive, multifonctional and
reconfigurable [32].

The increase in the ommber of payloads that cam be
deployed with reduced costs has been orchesated by the
concept of “hosted hardware.” This concept refers to the use
of a parent spacecraft “host™ platfform to enable the “hosted
payload™ have access to space. The hosted payload may be a
collection of sensors, transponder modules, wavegwide or a
small satellite. The two major ways of realising this
objective are integrating the payload into the parent satellite
or integrating the payload onto the parent satellite. In the
former, the paylead hardware is “sizmificantly-integrated or
mstalled™ during the mannfactoring of the parent spacecraft.
The hosted units are mounted extrinsically on the infernal
equipment panels of the primary (or parent) spacecraft. This

Revend Patents om Space Techkmolopy, 2012, Velume 3, No. 1 T

requites redesigning the parent spacecraft subsystems to
accommodate the unique features and capabilitiss of the
hosted hardware. For non-HASS systems, the hosted flight
hardware mmst be available in time for the assembly and test
of the primary spacecraft and the pon-recwring costs are
high due to the spacecraft reengineering which must be done.
Furthermore, the hosted hardware is constrained to fly on the
parent satellite; this utilises the parent satellite bus resources
mcluding power, thermal control and orbital maintenance.
Omboard HASS systems, this integration approach can be
implemented by adaptive sobsubsystem-, subsystem- and
system-levels reconfisurations and withont undoe non-
reCUITing expenses. The system engineerng analysis of a
HASS  takes emergent mission and  post-launch
capabilities Tequirements inte consideration. The technique
of mountng a secondary payload onto the primary spacecraft
allows for little non-recurring work and costs; the hosted
hardware (e.g., a small satellite) can arrive lzter in the
mission development and reconfizuration'integration is
easiar. A hosted payload can also be imterchsnged or
deactivated for another rapidly and easily. The HASS system
alsp supports this appreach. The RCIC design accommodates
the piggyback satellite paylead system in that spacecraft with
mmltiple paylead adapters (MPAs) can use existing ummsad
launch wehicles to deploy seweral small sasellites from a
parent satellite [25-33].

4. RECONFIGURAELE COOFERATIVE INTELLI-
GENT CONTROL NETWORK DESIGN

The RCIC network is wmsed to sustain highly adaptive
small satellites constellations. Each network node andior
interface implements the adaptive reconfigurable architecre
(ARMA) and run the CAB algorithm at the transport layer of
its protocel stack.

Fig. (§) shows a reconfigurable cooperative intellizent
control network hierarchy design for the warioms small
satellite generations. It is evident from the design that as the
satellite mass imcreases (with 3 comesponding mcreasing
conmoel capability), the number of satellites per generaton
decreazes. Though this has an obvious recourse to the cost
implication and volume production and laonch, the
processing power and capabilities of space satellites
generally scale direcdy with their in-orbit weight Hence, to
achieve a previous satellite peneration control capabilities,
more swarms of the cwrent generation would be reguired.
Thiz lends credence to and justifies the sopport for
distributed formation flying small satellites and
constellations being the current focused research area. Each
of the satellites represented im Fig. () implemenis the
adaptive reconfigurable multifunctional architecmre onboard
it.

The presence of hybrid FPGA and packet router interface
switch matrix ensbles each HASS system to maintain a
deterministic and seamless communication link with the rest
of the szatellite network nodes. The preceding satellite
zeneration  deploys meore adaptive components and
computing devices than the succeeding one. This enables
each HASS system to dyoamically access every other
satellite and/or Zronndstation within and beyond the adaptive
reconfisurable multifonctional architecture nemvork in real-
e,
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Mimisatellire {100 - 500 k=)
Microsatellite (10 - 100 k=)
Nanosatellite (1 - 10 kg)

Picosatellite (0.1 — 1 kg)

»

Fig. (). Satellite penerations and control capabilities.

Femmosatellite (= 0.1 kg)

i -?FJ

The presented F.CIC network optimises network urmlity
by ensuring that the local consmaints on the mission, node
operation  definifion, protecol and  Tansmission
configurations and system-level multifunctional adaptability
oconr sutonomically using resources onboard the spacecrafi
This minimises failure risks and improve recovery Tesponse
tme to emergent mission requirements and conditions.
Consequently, the expense associzted with remote mission
management is substantially reduced.

The RCIC network establishes and mamtains a BF link
with a groondsmaton for relaying communication,
engineering and scientific data. Fig. (7) shows a typical data
and sigmal disoibution and commmunication network for a
RCIC applicaton. The fouwr RCIC contol resimes can
realise several intellizent contTol states. For instance, Fig (T)
cshows five satellites lsunched imto space thus: LEO orbit
(nanosat, picosat and femtosat), MEOQ {microsat) and GEOQ
(minisat). A higher generation satellite within an orbir
maintains petwork atribute information for the satellites
within its orbit and those in lower orbit{s). For instance, the
GEQ satellite can initiate data collection regarding the
environment (propagation delay between satellites), network
(link health and bandwidth availsbility) and application
(required bit error rate and latency) for the satellites in MEO
and LEO.

The minizatellite can act as the parent satellite for up W
six  nanosatellites (piggyback satellite payloads) wusing
standardised MPAs. Each femtosatellite can then be
deployed in their respect orbits at different times or at once.
Furthermore, the minisatellite can offer post-deployment

=
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services such as data storage, processing and transmission
for the secondary satellite payloads.

The nanosat mainming a reconfigurable cooperative
itelligent control mode with the picosat and femtosat.
Signals and data from the picosat and femtoszat are processed
onboard the nanosat and transmitted to and from the
sroundstation. Though the picosat and femtosat can receive
direct engineering data from the gproundstation, their
scienfific and confrol data are processed and managed
onboard the higher-capacity nanosat [11]. Due to the
deterministic architecture that characterises the nanosat
system, adaptive and reconfigurable  capabilites
incomparable with the groundstation response can be
relisbly and cost-effectively realised. The proundstation
mainiains an intermuptble BF link with the nanosat In event
of a loss in comnectivity by and faihare of the nanosat, the
microsat can be elected to serve a master-slaves mode with
the LED orbit satellites. The adaptive architecture of the
nanosat enhances the ability of the microsat to retrieve data
from the nanosat to continue the F.CIC operation.

The pass information for the modelled satellites-ComS at,
ComSar?, ComSatd, ComSatd and ComSatS-were smdied
and qualified based on the orbital constamis set Fiz. (8)
shows the modelled commumication satellites using the
satellite tool kit (5TE) soffware. Four communicaton
satellites placed m ciroular orbits above 500 km ware
considered for the RCIC case smdy. The communication
network (Fig. 8) links were desigmed to enswre that each
satellite mamtained an unintermuptble communication with
its meighbour(s) and'er a zroundsttion. Furthermore, the
termestrial faciliies were strategically positioned to Temain
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Geosynchrooeus Orbit

Medinm Earth Orbit

Low Earth Qirbit

Fig. (7). RCIC siznal and data communication network.

within the fooiprints of the satellites for adapive and
reconfipurable operations. The longimde, latimde and
altimde assiznments ensured 100% conmectivity and
lighting. The radial, in-frack and cross-mack (RIC)
coordinates of the modelled communicadon satellites were
modelled to ensure each satellite maintains a footprint with

Eecent Patents on Space Techrology, 2012, Velume 3, No. 1 9

its neighbour and'or the zroundstatiom With the BCIC
network confizuration, the health and availability of each
node can be remotely and adaptively monitored in real-time
by the parent satellite for the constellation.

The RCIC npetwork nodes maintain proactve
imterzatellite conmectivity and sorveillance information

Fig. (8). 5TK modelling of the ECIC communication network.
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through the cooperative imtellipent slporithms deployed
onboard each system and updated by each neighbouring
satellite. Since each satellite bears the AMSU architecture,
data and'or information concerning the network state and
simuational awareness can be shared without wundue
processing and storage overheads. For instance, if a single
node gets the network surveillance data, this is shared
amongst the neighbouring satellites pending when a network
change ocoors or new update is received. Enginesring and
scientific data can be received, processed, stored and
remieved within the network without any recourse to the
ground facility(s). Intersatellite communication links data are
also maintained in turn be each node. For instance, given a
24-hour operation imwvelving & formation flying satellites,
each can be assigned a G-howur surveillance period with 3
hours per node for dynamic redundancy using two satellites
at a tme In this case, each satellite shares network
information with its neichbouwr and canm offer in-orbit
cooperative achievement of mission’s objective. Table 4
describes a typical proactive intersatellite pairing that can be
realised within the R.CIC nemwork.

Table 4. Satellite Assiznment for Proactive Sorveilance
within a RCIC Network
Surveillance Time (Hours) Saellite Number
Maim Contraller Backmp
3 1 2
3 2 1
3 3 4
3 4 3
3 3 &
3 & 3
3 7 £
3 g T

The presented FCIC desizm has a great potential for
integrating technologies for multifunctional operations and
applications. For instance, consider adapting each HASS
sysiem fo operate in both radar and communications modes.
The block circuitty of Fiz. (9) shows an adaptive ransponder
sysiem that has an active elecromically scanmed armay
(AESA) radar capability. The presented comrmunication'
radar subsystem is 3 mansmitTeceive module that can be
replicated andpopulated as a moneolithic mictowave
integrated circuit (MMIC) or mulochip modale (MCM) and
stacked together within the AMSU architecture. The end
result is the adaptive realisation of m-orbit muoltifunctional
applications reconfisuration. The FFPGA logic module
interfaces with an appropriste beamforming signal circuioy.
Each of the adaptive tansponder subsystem umits can be
accessed memotely wiag the programmasble interconnect
elements and routing interface Variable zain amplifier and
varizble phase szhifting nemworks are implemented on the
same substrate layer as the FFPGA. The high power
amplifier (HPA) serves to generate the right pulse level The
ciroulator restricts an mcoming reflected signal from a target
(during a radar mode) from  raveling down the HPA path

Ekpo and George

During a communications mode, the transponder system
relays a received sigmal'data to another spacecraft andior
groundstation after performing am  sppropriate  sizmal
processing  (including duplexing, amplification and
mmltiplexing into the relevant channels). The possible
commmunicationsradar band desipnations include L- (1-2
GHz), 5- (2-4 GHz), C- (4-8GHz), X- (8-12.4 GH:) Eu-
(12.4-18 GHz) and K- (18-27 GHz) bands. The
implementable applications include space-based radar,
synthetic aperfure radar (SAFR) and lonz-range surveillance
(LES) (L-band); asirborme-weather radar (AWE) and air
survelllancetracking (5-band); SAR, AS, WER (C-band);
LES and AWE (X); astmmosphenic rtesearch, small-range
surveillance and space debris detection (FEwE).

‘\Jfﬂmmna
Circulator

U _

-.._'_,-4 1 Duplexer, HES and Muliplexer ] Mixer Midule L
| timenier Im LHA Wodule | Lacai Crsiilame Module
Proprammalde miereosmeet elemoms and routing

(=T
Flash FPOA Logic Module, YOA and YPS

Benm-sicering sagnal

Fig. (#). An adapdve wansponder subsystem with an AESA radar
capahbility.

5. CURERENT AND FUTURE DEVELOFMENTS

A new network control concept has been presented in this
paper. It is called reconfigurable cooperative miellizent
contrel. The reported analysis shows that the network comtrol
capability factor for minisat is about 0.8, microsat, 0.2 and
Wanesat, 0.02. Picosat and femtosat have network capability
contrel factors less than 0.01. The category-based control
capability factors are higher for each satellite generation with
the femtosats recording about 99%. Hence, the desizn of
distributed small satellite formation flying and constellaton
requires an inchision of a higher generafion satellite(s), at
least a nanosat, for a robust and relisble space-based network
in-orbit sutonomons conirel. Furthermore, four reconfigur-
able cooperative mtellizent control regimes have been
identified These regimes are classified based on the satellite
zeneraton and category and leverages on the higher adaptive
technology capacity of higher satellite gZenerations. The
network can sutonomonsly adjust and adapt itself to respond
o environmental and mission changes that may ensue
following a lannch.

Feconfizurable network conirol protocols such as
Context-Aware Broker alzorithm has been sudied and found
o be snitable for implementation onboard 3 highly adaptive
small szatellite. The HASS system houses a hardware
architectare  that offers adaptability, relisbility and
multifuncoenality for achieving optimal guality of service
and signal fransmission. Issues bordering with interface
bandwidth and parasitics constraints are addressed through
an intellizent design of the RCIC hardwares.

The bensfitz of the reported findings are fast nerwork
node  response, Telisble  and  awailable  line-of-sight
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communication link, mmproved signal mfegrity, reduced
network conirol overhead, adaptive surveillance, relisble and
robust in-orbit distributed small satellite formation flying
and constelladon missions, ease of mission operations and
economical space sepment mamtenance amongst others.

The next stage i this work invelves imtegrating the
Context-Aware Broker alzorithm with the deterministic
multifimctonal architecture concept to assess the cost-
benefits that would resmlt following possible made-offs and
operational scenarios. This will be extended to cover failure-
free ceamless communication infrastructure analysis for the
network protocols that would be the candidate for optimally
operating highly adaptive small satellite missioms. Post-
mission models will also be smdied and qualified for various
orbits, applications and emvironmental consiraints. The core
functionalities of CAB-reliability and sustainability
optimisation-will be tested in a reconfizurable cooperative
mtellizent control network where spacecraft systems
employing the adaptive multifonctional strucmral onits are
deployed.
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Impact of Noize Figure on a Satellite Link Performance

Sunday C. Expo, Member, IEEE, and Damielle George, Member, [EEE

Absrract—Small satellite ink performance amalysis is critical
for assessing the adequacy of a transmitter fe smocessfully
tramsfer data at the desired rate. This is espedally obviens
when considering highly adaptive small satellite systems that
exhibit static and active/dymamic power requirements. This paper
presents the impact of neise flzure on the carrier and data links
mﬁammmmmwm
moise flzmres of a MMIC LNA desizned msing Gads
operating within the C- amnd X-bamds, mre'ls-edh-shll} the

hkyt&mmufaplnﬂarynmﬂnmshl;hhgﬂlu
spacecraft link performance was considered in this stady. The
analysis reveals that desizming a bresdband LNA to have a ripple
of bess tham 01 dBE within its eperating bandwidth is essential
for a less tham 2 dB drep in the carrier and data links margins.
This fixes a 6.5 K receiver noise temperature swing margin for
reliakble, dymamic, brosdband and adaptive space operations.

Indexy Terms—Carrier, data, highly adaptive small satellite
link performance, noise figure, satellite application.

I. INTRODUCTION

HE need for a relishle sisble, dynamic snd robust

satellite link has mmmerous side efects including larger
and heavier samellites. This extra samellite weight and size in
marn shoots the overhead cost of the satellite procurement
progeam. A link design is inevitable for ascertining thar the
operations] ransmitted power is sofficient to successTully relay
information a: the desired data rare. Existing samllite links
perfomances are qualifisd after a judicions snd systematic
analysis of subsubsystem-, subsystem- and system-levels gains
and losses. The resolt of this evaluation reveals the wensmined
power required for a given symbol rate, range and losses. Fora
small space satellite power is at @ premimm. This is cccasioned
by the swingen: requirement of radio frequency (RF) power
therefore a need for achieving an adaptive satellite link per-
formance that meess the mission snd post-mission objectives
through a careful and objective selecton of satellite system
parameters.

Implementing a satellite design amchirectore thar incos-
porates an sdaptive low nodse amplifiens) (LMNA) seveals
hmze economies of scale whilst snabling the achisverment
of o stable, melisble. dynamic, robust and optimal satellie
link perfoomance. Receiver noise temperamre (RNT) and
frequency of operation are amongst the critical parameters
that a link designer must give doe acenton for possible
post-lavnch changing mission requirements and post-ission

BLanuscript Teceived May 20, 2001, The associate ediior coecdinating the
review of fhis leger and approvins it fer publcaton was C. Saccld

The amthers ame with the Scheol of Elecmical &  Elecmonsc
Engineering, The Universaty of Manckester, Mancheser MSD 10D
Urnited Kimgdom  (e-mail:  Sunday.Ekpo@pestprad manchesterac uk,
Dazielle. Georpe@manchester ac.nk).
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reapplications. Anftenna gain, line losses and noise figure of
the front-end receivers LINA are the factors thar desermine the
recaiver nodse temperamre. Moreover the degradasion of solar
arrays and associsted electromics and reliabilityfredundancy
issues decrease the samellite Hnk performance [1, 2] This
paper will explore the varions components of the satellite link
performance indices as they affect the desired link margins.
Second the receiver front-end architecore of a highly adaptive
small satellie (HASS) system will be presented. The impact
of the noise figore and broadband operation on the camrier and
data links performances is investigated. Furthenmore, a case
stmdy of a space planetary mission is presented and the issues
bordering on the samellite knk performance discussed.

II. SracE SATELLITE CoMMUNICATION LIvEs

Carrier link margin (CLM) and data nk margin (DL M) are
the rwo major sarellite links margins that characterise the up-
link snd downlink performeances of spacecraft commundeation.
A CLM mfers to the difference berween the carrier signal-to-
nvise power achieved and the camier signal-to-nodse power
required by a satellite network link A DLM defines the dif-
ference between the dama signal-to-noise power achieved 1o the
data signal-to-nodse power requited by a samellite nerwok Link
The evalnation of these Enks in men reveals the link margins
available for a safe and relisble wansmission of intellizence
berween the space and termesmial commundcation nerwodds.
A link design involves the development of a comprehensive
budzet based on the subsobsystem, subsystem and system
parameters that characterise a given samllite conmumunication
networdc A rypical satellite commundcarion link table states the
data rate, maximum bit emor rate, frequency, modulation and
coding symbol rofe, tAnsmiter, anfeqna gains sy7sSem gains
and losses and receiver nodse for achieving a given spacecraft
mission’s requited link margin [1]. The next section coniains
the architecmre of the receiver frons-end of 8 HASS system.

IOI. Tee Recervir FrowT-ExD oF 4 HASS SvysTEM

The concept of hizhly adsptive small sarellires (HASS)
[2, 3] for space applications promises bowndless applications
for all fronters of the space wosld [14]. A HASS is a
reconfizurable, multifonctional and desermindstic small space
satellite thar has capabilities for dynamic space applications
and operations while miaining its desizned optimal perfor-
manee [2, 3]. It is envisaged as the key to realizing mliable
and optimal stroctral and fonctonal reconfigurations for cost-
effective small samllites [1-3]. Traditional small samellites
design concepts with meconfigurable platforms lack the sobsys-
tem adaptability. Hence the HASS aschitecmore explodts this
shorteoming of conventional small saellites desizn approaches
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by utilizing the fenctional desizn concept to adaptively recon-
figure itz subsystems. In this wav, 2 new mission requereTnent
can be realized even after a HASS systemn might have been
lannched for a differen: mission. The system nodse emperatune
of a space satwellite receiver consists of the effective anterma
noise temperamire, the effective cable noise temperamse and
is given in (1) by [1, 2]

T
I, ],—H.-‘ "} lllp[f -1)

(1)

wheme,

T, = effectve system noise remperamre, K

T, = effective anfenma temperamre including all external
noise, K

T, = thermodynamic temperame of the cable, K

T, = standard reference temperamre 290 K

L = input cable loss factor

F' = noise figure for the receiver defined ar the terminal
as 4 linear ratio

The adaptive transponder of the HASS system carries
an adaptive widehand geceiver that sits berween the receive
anterna and the inpot demulripleser [2]. For a 500 MHz band-
width 20 MHz zoerd band end cente frequencies covering
the entite C-band a total of 120 wensponder channels (TCs)
are available [2]. Hence 24 TCs per C-band frequency for
either a downlink or an uplink transmission can be realized.
An adaptive mapping of the 24 TCs pastitions them into uplink
higher frequency range for each adaptively assigned C-band
frequency. Fig. 1 shows an adaptive small satellite ransponder
system. The complete equipment channel consists of receive
anterma_ inpus fiter (bandpass), adeptive low noise amplifier
{ALNA), sdeprive local oscillaror (ALQ), intesmediare fre-
quency (IF) amplifier DPM (demultiplexer, power gain and
multiplexer) blocks and transmit sntenna [2]. The adaprive
lowr noise amplifier (AT MA) can be adaptively mconfizured 1o
vield a kink mergin of inferest at the cormesponding frequency.
A portion of its signal is sent to the adaptive local oscillasor
10 generate a comesponding constant oscillator frequency for
the mixer network In-crbit pamisl seconfiguration is possible
21
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IV. CASE STUDY AND AFFLICATIDNS

The case smdy done irvolved an analysis of the high-rase
downlink table for the Magellan spacecraft lsunched for a
planetary mission [1]. The kink equation of a satellite nerwork
is iven in (2) by

Ep/No=Pi+y G- L+2286—10logTs — 10log R
@

where

Ey /N, = signal-to-noise ratio, dB

P, = power input o transmirting snrenna, dB

(7 = pains of the meoeiving and transmiting antennas dB

I = path and cable losses, dB

T, = effective system noise temperature F

Ra = symbel rate, symbol/second or sps

A HASS grchitectare is designed o eliminate inserface
bandwiddh issues and wire hamesses [3_ 6, 8]. From (1), this
results in 4 neglizgible cable nodse conmibution. Simdlaly, the
waveznide loss in ( 2) would be approximared by the free space
path loss. With Ts and L greatly sedoced EWINo improves.
Hence, a HASS can easily achieve Shannon's mequirement for
an error-free communication in realdime [1, 5). Forhermose,
2 HASS has an ALNA onbosrd ir. Consequently, (1) and (2)
revedl that it can remosely improve its in-orbit Ts and hence
CILMs and DIMs for an exceptionally low bit esror rate [1].
Equation (2) shows that a HASS can verify a link margin by
varyving its cnboand subsohsystems parameters while in orbit
The carrier and data Enks margins of the Magellan spacecraft
were smdied and gualified based on lnk desizn parametess
used for the acoeal samellite system. The findings are shown in
Figs. 2 and 3. Ar a given feceives 5VSIEIL NOISE TSIMpETaNe,
the camier and data links margins decrease with increase in
the operating frequency. Switching from 2 to 8. 2459 GHz (at
1367 K} resulted in an sverage of 0.5 dB loss in bodh the
CIM and DIM of the Magellan spacecraft (Figs. 2 and 3).

Farthermore, the change in the receiver nodise (B peranwe at
a given frequency was found o exen a considerable influence
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on the carrier end data links performences of the spacecraft
under stady (Fig. 3). The link design snalysis vielded an
average of 1.9 dB loss in the CIM and DIM for a noise
figure increase of 0.1 dB over the operating bandwidth. This
finding has interesting benefts including the wse of adaptive
LMAs to memotely admst the Lnk performance of space-
based sysiemms emgploving the deterministic multifenctional
agchitectore concept [3]. MNon-HASS systems (current state-
of-the art spacecraft) lack in-orbit adaptability and exhibit
loss of data and mformation due to an electronic component
failue onboand the satellite [1_4—10]. These occur often where
the satellite experiences cosmic rays (from outside the solar
system) and charged parmicles (streaming out from the Son in
the solar wind) and the onboard components are not radiafon-
tolerans [T].

V. ComcLusion
This paper has presented a case smdy of the ompact of
noise fgure swing on a satellite link performence. Carrier

and data links of a Magellen plmetsry spacecraflt were
considered. The link margins of each link operating from 4
to §.2459 GHz were analyzed. The overall downlink sesult
shows a 0.5 dB loss in both the carier and data links margins
of the case study spacecraft when hopping from 2 to 8.2459
GHz. The smdy further unraveled a 1.9 dBE loss in both the
carrier and data Enks margins when the receiver noise zure
changes by 0.1 dB. This report reveals the need for adopting
the highly adaptve small satellite systemn architectare in
fotere small satellite programs. It can also be extended to
larger satellites tailored for specific space missions. The end
result is the realization of mliable, high performance and
economical small satellites for sustainable space missions
and operatons.
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The spacecraft power syitem enginesring (SPSE) analy:iz for the radiation-prone space
environment iz a major critical satellite engineering definition for realising successfol
mizsien and post-mission capabilities. The dynamic operation: and pest-mission applications
of capabilitv-based small satellites require an adaptive architecturs(s) which exhibits an
engrmons conceptual syitem engineering desizn task in terms of the trade space — which can
be too large to explore, study, analyse and qualify — for a reliable and sostainable mission.
This paper involves a multicriteria optimisation design of the SPSE :nbivstems for adaptive
LEC :atellites miz:ions using the parameter space imvestigation (PSI) method. A three-azis
stabilised 10-kg nanosatellite is considered for a meteorclogical spacecraft (METSAT)
mizzion at 500 km altitwde. The initial case study SE parameters considered include the
required pavload power and spacecraft power and mass contingencies. The PSI methed
allows: for a large-scale multicriteria optimization of dvnamic engineering systems. This was
implemented in the multicriteria optimisation and vector imvestigation (MOVI) software.
Specific power profiles for LEQ satellites were nsed for the mathematical modelling of the
highly adaptive nanosatellite (HAMN) syitem in LEQ. Im the multicriterin optimisation
process, IT65 design vectors entersd the fest table out of which 2762 formed the feasible
solutions set. The PSI was conservatively desizmed to vield 10 parete optimal selutions; a
pareto optimal selution of 12.36 W for the pavload subsyitem vielded HAN mass and power
margin: of 1.84 kg and 2.37 W respectively. From the analy:is, the selar array capability was
fonnd to deliver 24.23 W for the mission; thiz form: the beginninz-of-life design point. The
actual en-orbit mass of the HAN system (with enbanced capabilities including post-mission
rense) was found to be 2.1 kg as opposed to a comventional 10-kz nane:sat implementation.
The finding: serve to sliminate undue space-borne equipment overzizing and advance the
state-of-the-art in the concepiual design of futore-generations: spacecraft at the sobivstem
and system levels. Adaptive space s¥stems promize to enable capability-based, dyvnamic, cost-
effective, reliable, multifunctional, multipurpese and optimal-performing space systems with
recourse to post-mission re-applications. Furthermore, the PSI-AIO resnlts show that HASS
architectures can be extended to implement hizher iatellite zemeration mission: with
economies of scale.
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Nomenclature
B = Sun-orbit-plane angle
Cy = contingency factor
E, = the energy production of the solar panel during an orbital peried, J
Hu = altimde of the satellite, km
A = mass of a spacecraft, kg
P, = power consumption of the core bus module, W
S = power margin or contingency for the spacecraft mission, W
P, = power consumption of the payload processmg-overpower mode, W
Py = power consumption of the payload module, W
P = power consumption of the power-storing mode, W
P, = sunlit power generation of solar panels, W
P = total power consumption of the spacecraft in orbit, W
R = the radius ratio
Rey = mean equatorial radins of the Earth, km
B = geocentric radins of the satellite, km
e = eclipse time of spacecraft, s
T, = prbital period of the satellite, s
o = gravitational constant of the Eanh, km’is

L Introduction

'I‘HE increasing adoption and development of adaptive space systems for reconfigurable and real-time
applications in space missions have necessitated the comesponding desizn, development and validstion of the
critical mission resources. Power and'or energy generation for spacecraft in erbits is based on the subsystem
requirernents. For highly adaptve small spacecraft (H..'-'LSE]"‘* and the conventional small satellites, the electrical
power is st & premium *'* Due to the size (volume), weight, shape and power limitations imposed on small
satellites, it is vital for spacecraft system enginsers to understand and appropriate the relevant power budget modal
that wounld guarantes a mission’s success cost-affectively.

Adaptive Small satellite missions operating in the low Earth orbit (LEQ) have been the bane of current global
imterest and hence, the existing system engineering margins are insufficient to objectvely address the missions’
optons. CubeSats in the 1T {one unit; 10 cm x 10 cm x 10 cm; 1 kg), 207 (pwo undt; 10 cm x 10 cm x 20 cm; 2 kg)
and 3T (three unit; 10 cm x 10 cm x 10 cm; 3 kg) categonies have ammacted unprecedentad research interests
amongst the academia, spin-off companies, space research orgamisations and nations with partially-funded space
prng:rammes-.""" Appropriate SE procedures that wvalidate the mission capabilities with recourse to post-mission
rense are required. Current missions have heavily depended upon commercial-of-the-shelf (COTS) subsubsystems
and subsystems for their protoryping, development constucton. The low-cost benefits of using these devices are
often ourweighed by the inherent reliability conmcerns and failures of the components in space. The space
environment presents a unique challenge to mission’s success in that it is radistion-prone and this impacts onboard
elecmonics and consequently the power gensration, operation and design lifedme of the spacecraft.

Achieving 3 maximum operational and processing time by the payload module onboard a satellite is one of the
critical design considerstions spacecraft desigmers mmst validste pror to launch Heace, the static and dynamic
power requirements of the passive, active and adaptive components and subsystems onboard a satellite mmst be
estimated. Furthermore, & knowledze of their respective operationzl tmes would enable a judicions development of
2 balanced energy b}]ﬂget for the current and emergent missions.

Orbital pattarns” — influence the power generation probability of solar panels and hence, the batteries’ stored
enerzy reserve. This nsually translates into enabling the spacecraft to operate in differant cost-effectve and ensrgzy-
efficient multiple power modes with recourse to performance frade-offs during an orbital period.

Space-based payload data capruring and processing, mission data downlink and enginesring data uplink
represent the major spacecraft’s im-orbit operation phases the spacecraft systems engineer mmst carefully and
objectively qualify and quantify.'*""~'® For adaptive space subsystems and components, the static power
consumption is less than its dynamic counterpart. A paylead module that wilises field programmable zates amay
(FP{ZA) in its architecturs axperiences varions power consumption regimes based on the prevailing power mode{s)
in the course of the spacecraft mission. ™ This is also true for a command and data handling subsystem that
processes missiom data using FPGA-based processors. For small satellites in LEQ, accomplishing the mission
largely depends on the energy generation capacity and reserve margin possible during a single orbital period and’or
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round-mip. The imcrease in the use of radiation-hardened FPGAs In space missions has been occasioned by its
circnit-enmlating hardware functionalities and'or software implementation of reconfizurable custom bardwars
architectures in real-ime Moreover, onboard mission data processing and handling are performed to reduce the
subsystem and functional requirements of the communication subsystem. Transmitting unprocessed data to a ground
station nswally demands more communication subsubsystem and sabsystem resources which may not be feasible for
small satellites by virtue of their limited size, weight and power. The implementation of high-spead data processing
nsing adaptive device architectures would greatly enhance the data rate, bandwidth, availability and relisbilicy of the
commmunication subsystem For instance, current medinm and large satellites utilise FPGAs for computationally-
imtensive data processing spanning hyperspectral image, andio’sound and wideo processings. Traditonsl
microprocessors have been ontperformed by FPGAs in implementing data processing algorithms. A Virex-4 533
FPGA device has implemented a hyperspeciral imaging data processing algorithm within 15x less than the dme
required by a PowerP(C 7435 n:l.il:mpmcessnr."‘“

In an actual satellite mission, at least two basic power modes® are feasible: a Power-storing and an overpower
modes. The total satellite system’s power reguirement is greater in the overpower mode (OM) than in the power-
storing mode (PEA). In the OM, the sunlit solar power generation'production for the spacecraft is less than the
spacecraft’s power consumption and vice versa in the PSM. Energy is stored on the onboard batteries during the
P50 and utilised to leverage the mission capabilites during the OM.

The integration of adapdve space subsubsystems and subsystems with other adifional active and passive
devices onboard spacectaft for varions mission functionalities and'or capabiliies has necessitated the re-
examination of existing 3P3E design procedures. Consequently, an objective investization of promising spacecraft
technologies and the development of a suitable SPSE validation tool that addresses dynamic mission requirements
with recourse to post-mission reapplication of space systems are inevitable.

This paper focuses on the desizn parameters that spacecraft systems engineers can wutilise to qualify highly
adapdve space systems’ capacity, performance and operational time during the pre-launch, mission and post-mission
phases. Section I establishes a spacecraft power and enerzy balance budget for space missions. The mmlticriteria
optimization of a spacecraft power system with recourse to the METSAT mission is presented in section IOI. The
results and pertinent discussions are stated in section IV, Section V concludes the paper.

II. Spacecraft Power and Energy Budgets

A. Spacecraft Power Estimating Relationships

The design of spacecraft power and energy budgets starts with the identification and gualification of the power
consnmption requrements of the spacecraft modules of subsystems. The spacecraft power systemn engineering
(SPSE) establishes the power regimes of the varous core bus and payload subsystems. Past spacecraft missions have
revealed an overwhelming dependsncy of the total space satellite power on the power consumption reguiremsnt of
the paylead subsystem Mathemartically, the generic total in-orbit power, Pr. of a spacecraft is given b}r:“

B =P, +P,(1+C)) ®

Downloaded by Suday Ekpo m September 13,2000 | hieg Vam amaog | DO 1025 4620035470

where P,:ejs the payload power consumption (W) Pd_ the core bus power consumption (W) and ', the power
contingency factor. The power margin, P"““: for the spacecraft mission is given t}:.-':L1

P,‘_mm =C3Pa @)

For a HASS system with dynamic fonctional and struchural in-orbit operations, Eq. (1) 1= modified to reflect the
varying power requirements that characterize the prevailing respectve power modes of the mizsion. The power
mode adjustment takes into account the differential power consumption, &F, occasioned by the dynamic operation
and in-orbit onboard processing of a HASS system The comesponding power margin constraint on Egq. (1) is
P 2P (P +&F)." The adaptive power margin function P e 15 determined respecting the
deterministic and dynamic capability-based mission applications. The total in-orbit power requirement of a HASS
system is accurately modelled b}':""

3
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B =P, +P,Q1+C)+4P 3)

While Eg. (1) defines the total power consumption of the spacecraft subsystems for 3 minimum payload
capability uwtilisation, Eq. (3) takes inte account the maximum capacity and'or data capmuring and processing
capability of the payload subsystem. Hence, in Eq. (3), the full capacity of the payload module for the desizned and
emergent miszions is envisaged. The differential power variable builds up the satellite power requirement from the
static {no-payload or only core bus subsystems utilisation) value to the dynamic (full-capacity payload subsystem)
aperation level.

Table 1 gives & summary of the mass-based spacecraft power estimating relationships (PER:) for the various
catagories of small satellites in LEOQ®. Table 2 shows the PERs of the meteorological spacecraft (METSAT) mission.
For a 0.2-kg HAM, Table 1 gives the total in-orbit electrical power requirement, Pr, a5 24.2 W. This represents the
total sunlit solar power (Ps) production of a four-panel solar array. Hence, from Table 2, the minimum power
consumption of the paylead subsystem for the mission iz 12.3 W and the corresponding core bus module’s power
requirement is 11.9 W

Table 1. Mass-based spacecraft power estimating relationships in LEQ?

Satellite category, kg Power estimating relationship, W
Microsatellite (10 - 100) Pr=10H4M+ 1556
Wanosatellite (1 — 10) Pr=2126M+344

Picosatellites (0.1 - 1) Pr=3M+07

Femtosatellites (0.01 — 0.1) Pr=10.3M + 0.167

Table 1. Meteorology spacecraft power estimating relationships in LEO?
Satellite category, kg Power estimsting relationship, W

Microsatellite (10 — 100) Pr =0.522M +0.88P, + 7.78

Manosatellite (1 — 10) Pr=113M +0.98P, + 1.72
Picosatellites (0.1 - 1) Pr=25M +0.98Py +0.35
Femtosatellites (0.01 —0.1)  Pr=3515M +0.98F, + 0.0835

Fora ' ,of 0.25 and nsing the nanosatellite’s PER. in Table 1, we derived the core bus power for a HAN in LEQ

to be given by:

Downloaded by Sunday Ekpo m Septembar 13,2013 | hep Vaw ama o | DOE 1025 4882003 5470

£, =1.8080 —0.8F, +2.752 )

The corresponding power margin from Eq. (2) is given by:

P

R dH

=0452M —-0.2F, +0.688 5

E. Core Bus and Payload Fower Consumptions Analysis

For the METSAT mission, four payload subs}'sben:lsl" are considered; the payleads are paired (P1, P2) and (P3,
P4) and their comesponding feafures are shown in Tables 3 and 4 respectively. The Mitubishi’s camera module’
features twio charzed couple chip devices (CCDs) and yields an output image size of 2304 pixel x 1728 pizel

The total power consumptions for payloads P1, P2, P3 and P4 are 3876 mW, T17.6 mW, 257.6 mW and 537.6
mW respectively. The spatizl resolutdon of the cameras technolegy; the higher the spatial resolntion, the more the

4
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power consumed Tequired during a mission operzfon The size (volume) of the satellite represents a key design
parameter for realising the area available for solar panels in the case of a spin-stsbilised spacecraft system; for
deployakle solar panels (in a three-axis stabilised casze), the small satellite size mostly dictates the available space for
component mounting and integration. Given the common density of 1000 kg/m® for the CubeSats, approximately
2lcm x 21 cm x 21 cm size is required for the case smdy 9.2-kg HAN; in an acmal mission implementation, these
nonconservatdve size and weight of HAN would be less than the stated values due to the very high level
subsubsystems integration (VHLSE. """

Table 3. Pavloads: 1 and 2 subsystem: requirements for the METSAT mission in LEOQ

Published Works

Feature Payload 1 (P1) Paylead 2 (FI)

Sensor technology OmniVision 2655 CMOS image camera  Mitsubichi’s CCD camera module
Sensor power Consumption, mW 250 580

FPGA device Spartan-3 XC3A40T Spartan-3 C3A400T
FPGA power consumption, mW 137.6 137.6

Spatial resolution, pixel Ix 1024 x 1024 1152 x 864 x2

Spectral resolutdon, bit ixd ixd

Table 4. Payload: 3 and 4 subsystems requirements for the METSAT misionin LED

Dovwnloaded by Sunday Ekpo m Sepoembar 13, 2003 | heg Vam assaong | DOT 1025 482003 5470

Feamre Paylead 3 (P3) Payload 4 (P4)

Senzor technology Sanye’s CCD camera module  Sharp’s LZOP3T3F CCD camera maodule
Sensor power Consumption, mW 120 400

FPGA device Spartan-3 X C3A400T Spartan-3 XC3A400T

FPGA power consumption, mW 1374 137.4

Spatial resolution, pixel 1x1024x 1024 1632 x 1224

Spectral resolution, bit ixd ixg

Table £, Power budget of payload modules for the MIETSAT miswion in LEOQ

Diesizn Parameater Payload module

Fl P2 P3 P4
Payload module power, W 14.010 14340 13.880 14.160
Core bus power, W B.180 7910 B.280 8.060
Power marging W 2.040 1.980 2.070 2.010

In this paper, four paylead case smdies are considered for the METSAT mission. Table 5 is determined based on
the maximmm individual power consumptiens of the subsubsystems (camera and FPGA devices) integrated omto
each payload moduls.

Tables & to 9 state the power and/or enerzy budzet of the payloads under consideration Table § reveals that the
power margin for each case study payload can be obtained from the range 1 98 =Frp=2.04 W_ A 1.2-W Superstar
GPS receiver subsubsystem can be integrated onto the HAN system’s ADC subsystem for an accurate racking of at
least twelve satellites in its neizhbourhood. This promises to enhance a cooperative data relay network thereby
virmually imcreasing the real-time operational times of the downlink and payload processing power modes. Satellites
with an accurate neighbour’s position can s6ll wansmit unfinished ransmined dat via a constellation node that has
its footprint coverage on the desired ground station. Thiz would enshle an energy tudget refinement onboard the

g
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Table 4. Power budget for the MIETSAT mizsion in LEQ usins Pavload F1

satellite system to accommodate the critical data wansmizsion peeds outside the temporal window of the
communicaton-overpower {downlink) power mode.

Subsystem Power Mode’s Power Consumption (W)

Power- Communication- Uplink- Payload

storing OVETDOWET OVEIpOWer PIOCEssmE-

VEIpOWED

ADC ] L] ] ]
C&DH 2500 2500 2.500 2.500
Uplink T50 0.750 0.750 0.750
Downlink 4 580 16.500 16.300 8.300
Payload (camera+FPGAs) ] 5.066 5.066 14.010
Board 0.350 0350 0.350 0.350
Thermal control ] LI} ] ]
Propulsion o 0 ] 0
Mechanics ] LI} ] ]
Total B.180 15.166 14.966 15910

Table 7. Fower budget for the AMIETSAT mission in LED nsing pavlead P2

Subsystem Power Mode’s Power Consumption (W)

Power-  Communication- Uplink- Payload

storing OVEIPOWET OVEIPOWEr processing-

OVEIpOwWer
ADC ] LI} 1] ]
C&DH 2.500 2500 2500 2.500
Uplink 0.750 0.750 0.750 0.750
Downlink 4310 16,500 16300 8.300
Payload (camera+FPGAS) ] 5306 5.306 14.340
Board 0.350 0.350 0350 0.350
Thermal control ] LI} 1] ]
Propulsion o 0 ] o
Mechanics o 0 0 o
Total 7810 15496 15296 26.240
1]
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Table §. Power budget for the METSAT mission in LEQ using pavlead P2
Subsystem Power Mode's Power Consumption (W)
Power- Communication- Uplink- Payload
stoTing OVerpower OVerpOWET Processing-
OVEIDOWET
ADC 1] ] ] 1]
C&DH 2500 2.500 1.500 2500
Uplink 0.750 0.750 0.750 0.750
Downlink 4.632 16.500 16.300 E.300
Payload (camera+FPGAS) 1] 4934 4038 13.880
= Board 0.350 0.350 0350 0350
E Thernmal control 1] ] ] 1]
P Propulsion 0 0 0 0
f Mechanics 1] ] ] 1]
é Total B.232 24.286 24836 25.780
£
.
E Table #. Fower budget for the METSAT Mission in LEQ u:ing pavload P4
E Subsystem Power Mode's Power Consumption (W)
,: Power-  Communication- Uplink- Payload
= StoTing OVETPOWET OVETWET processing-
X OVETpOWET
E ADC ] 1] 1] LI}
UE C&DH 2.500 2500 2.500 2.500
.-_E Uplink 0.750 0.750 0.750 0.750
E Downlink 4.460 16.500 16.300 8.300
% Payload (camera+FPGAs) ] 5216 5216 14.160
.-E Board 0.350 0350 0.350 0.350
E? Thermal control ] 1] 1] ]
Propulsion ] 1] 1] ]
Mechanics LI} 1] 1] LI}
Total B.060 25316 25.116 26.060

C. Orbital Patterns and Operational Time of Spacecraft

Orhital patterns determine the amount of solar power that a satellite capmres for the mission. Hence, mission
desizn mmst incorporate a holistic and objective analysis of the mission requiterments vis-3-vis the orbit of
deployment. The LEQ favours shor-term and low-cost missions and most of the small satellite missions have
concentrated in the orbit altimde spanning 160 to 2000 km. The inclinaton and eccentricity of a satellite orbit define
the orbital patterns; the inclination defines the angmlar orbital sweep of a satellite around the Earth relative to the
equator while the eccentricity states the orbit’s deviation from an Earth-referenced two-dimensionzal plane round-trip
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circle. The orbital pattern parameters form the design variables used to assess the operationzl and illomination
margins and'or regimes of satellites in space. The inclination defines the spatial location of an orbiting satellite
relative to the Earth and its range is 0" (orbit heading for eastward flizht) to130" (orbit heading for westward flight).
Omn the other hand, the ecceniricity pamitions the orbits into closed (circular and elliptical orbits) and open
(byperbolic and parabolic orbits); open-orbit satellites orhit the Earth cnce while closed-orbit satellites orbit the
Earth periodically along the same path. The METSAT mission reported in this paper will be assessed with recourse
to closed orbits.

Small satellites require 2 nearly constant illumination from the sun for their missions. Sun-synchronous (uslm]l;r'
circular and refrograde) orbits spanning 00 to 800 km at 98" inclination have been utilised for satellite missions’;
the satellites experience a nearly constant surface sumlizht (illnmination) and the dsily satellite’s ascents and
descents over a particular Earth geographic location/latimde ocours at the same local mean fime. 4 san-synchronous
orhit satellite might ascend the Earth ten times a day each time passing over an Earth location at approximately the
same local mesn solar time. The METSAT images the Earth's landscape in visible or infrared wawvelengths and
therefore require a constant sunlight for their payload’s primary mission fanction and satellite enerzy supply.

Satellites operating in orbits other than the son-synchronons experience the Earth’s eclipse for a given amount of
time during their round-trip. This decreases the availabla solar energy for the satellite. Mathematically, the eclipse

tme, [,, ofa sarellite is given h}r:":

SRR S S

—_— g
T msﬁ/ @

where,

R =the radius ratio = By R

R, = mean equatorial radius of the Earth = 6378 km

R, = geocenmic radins of the satellite, km = R_+H,

H,_, = altimde of the satellite, km

P = Sun-orbit-plane angle, "

1,= orbital period of the satellits, =

i = gravitational constant of the Earth = 398,600.4418 km/s"

The worst-case § ocours at 0" when the satellite experences the maximum Earth's eclipse and the best-case
occurs st =907 when the orbit never enters the Earth’s eclipse. The crbital period of the satellite is given by:*

T, = EE«JR’SM f o)

During the Earth's eclipse, the satellite depends on the onboard storage batteries to maintain system
functionalities; the power generation of the solar panels 1s 0 W while the satellite is eclipsed. Hence, the total energy
reserve of the satellite is reduced per an orbital period due to the absance of the Sun’s ilhmminstion during the eclipse

perod The total energy produced by the spacecraft’s solar panels, E.. . during a round-top is given by:

:
B
#
£
H
£
;
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E
£
B
&
2
E
5

E,=P,lr,-z) @

wh&rePJPis the solar panel’s average sunlit power generation in a given orbit. This information can be obtained from

the datasheets provided by the solar panel mannfacmrers; a direct practical test of the panels (with recourse to the
prevailing space envirommental conditions) can alse be done. Table 1 provides a summary of the mass-based PER
for small satellites untilising a four-panel array o LEQ." The PERs take into consideration the impact of space
radiation and other prevailing orbital dynamics that affect the sunlit power generstion of solar pansls onboard
spacecraft in a given orbit

The sunlit power generation capacity of solar panels is used 1o develop the elecmical energy production of
spacecraft in orhits. For a two-power mode system, the following power modes’ powsr consumptions are feasible:

1) Power-storing, P,; and

1) Payload processing-overpower, Py,

B
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The total energy of the spacecraft during a single orbital period for a two-power mode system is given by:
E,=E,+E, ()

where E, and E, are the energy consumptions in the power-storing and payload processing-overpower modes
respectively. The operational time of the payload processing-overpower mode, 1, is given by:

rp =T —l:!", +"‘4,} 1m
where 1, is the operatdonzl time of the power-storing mode.

From Eqs. () and (9), we obtained the operational time of the paylead processing-overpower mode for a two-
power mode system as:

, < BmB(.t) an
P-P

Equation (11) can be extended to accommodate several power modes for multiple mission and post-mission
applications. For & N-power mode system, the following power consumptions are feasible:

1) Power-storing;

2y Communication {dewnlink and uplink)-overpower, Py, with a comesponding time, fy,;

3) Uplink-overpower, Py, with a cormesponding tima, 1,

4) Payload processing-overpower; and

5) Other overpower mades, P, with 3 comesponding tima, r,, wheren=1,2, ..

The energy budzet balance for the above in-orbif mission applicatons is obtzined thus:

E‘?=E,+EJM+EE+EP+EL+E2+...+E~ (12)
The corresponding operational time of the payload processing-overpower mode is given by:
to=1,—(f, +1, +i, +i, +H+H+.+1y) (13)

3

Hence, we derived the in-orbit operationsl ime of the payload processing-overpower mode, Ir' using Eqgs. {12}

Dovnloaded by Emnday Elgo m Septomber 13, 20103 | hege o assnong | DOL 1025 4820035470

and (13) as:

_E Pz, - +i, +i +h+h+ HEN-(Ay+ B+ + Bi) a9

P Pp _ };:

Eguation (14) can be re-written thus:
N2 N-2
E +P (Xt +t,—1)- (2Bt

"‘_p = (= ] {1 5}

PP -P

where P, and r, represent the fth power mode’s power consumption and operational time respectively; the
summations in Eq (15) consider all the power modes except the power-storing and the payload processing-
overpowel mode. In the case of calculatng the operationsl time of a power mode other than the payload processing-
overpower mode’s, the latter is held constant and included in the swmmations while the considered power mode is
excluded. The various power modes’ power consumptions and their comesponding operational times mmst be

]
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estimated in order to obtain the 1, for the spacecraft mission. Furthermore, the power consumptions of the power-
storing mode and the power mode whose operational fme is being calculated nmst be estimated as well

To maximise the operatonal time of a power mode, Eq. (15) is adjusted to reflect the maximizad power mode.
Given the power consumption of the maximised power mode, P, the commesponding maximised operational time,
Ty 15 Obtained from Eq. (15) as:

N-2 -1
E+ R+t —r)— (R
f o= im] iml 1
- R as)

Equation (14) is very nseful for the multiohjective opimization of the mission design variables in an intezrated
desizn environment. Hence, the operationsl time of any power mode can be modelled and optimized for a reliable,
cost-effective and optimal-performing mission.

IMI. Multicriteria Optimisation of a Spacecraft Power Svstem

A. Parameter Space Investigation AMethod

Complex engineering systems such as space-bome equipment require optimised system architectures for their
relizbility and mission accomplishment. The investization for optimal solutions generically poses an enormous task
of objective locational and procedural searches. The accurate statement of the optimisation problem for the mission
and conceptual design objectives enables the feasible solntion set and the optimal selutions to be obtained for the
space equipment The parameter space iovesdgation (PRI mathod™ has been created and developed to enable the
constmuction of the feazible solution set for complex enginesring systems such as space shuttle, mumanned vehiclas,
zeroplane, automobiles, ships, contrel systems, communication network nodes, metallurgical systems, robots and
large-scale electrical energy generation systems. The PSI systemsatically investigates 3 multidimensionzl domain
space and generates mmltidimensional points with each point representing 2 design prototype for the system under
developmen:. The P5I method is implemented in the mmlticriteria optimisation and vector identification (MOVI)
software. The integrated PRI-AIOVI platform depends on the correct development of the mathematical model
govemning the complex engineering system under investizaton An spproximate medel of any engineering system is
also supported by the PSI-MOVT application. The tools for constructing and anzlysing the feasible solution set of a
mmltcriteriz oprimisaton problem are provided by the PEI method and the MOV system. =

The PSI methed enables the identification, optimisation and anmalysis of consmaints on design varizbles,
functionsl dependencies and multicriteria; these constute the feasible solution set of the optimization problem. The
method comprises three major stages: cumg_ilaticm of test tablas, selaction of criterion constraints and verification of
the solvability of the optimization problem ™

Dovminaded by Smday Ekpo m September 18, 2013 | hep Vam asaon | DOT 1025146201 35470

EB_Mlulticriteria Design of Spacecraft Power System

In this paper. we applied the PAI methed in the mmlticriteriz design of the spacecraft power system engineering
for small satellites in LEQ. The mathematical mode] of the electrical power requirement of the spacecraft modules
was developed based on past missions and emerging space systems technology. We placed an objective emphasiz on
the spacecraft desizn variables that occasion dynamic, cost-effective and relisble operations with recourse to post-
mission applications. 4 METSAT mission in LEQ was chosen as the candidate small satellite mission We limited
the scale of the optimisation problem to three design variables: the payload power, Py, total spacecrafi power, Py
and mass contingencies, M. We developed four functional constraints and six criteria parameters respecting the
candidate METSAT mission. The functional and criteria constraints were set to minimize the total power
consumptions of the HAN and its payload The in-orbit dry mass was alse minimised in the optimisation problem.
The results of the multicriteria optimisation of the SPEE design are stated in section IV,

IV. Results and Discussions
A. Orbital and Operational Times
Table 10 shows the orbital 1):am=_nr|1;=,tg that we utlised to investizate the appropriatensss of payloads P1 to P4 for
the METSAT mission with recourse to the in-orbit power tndget and operational times. The orbit, inclination and
10
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altimide were chosen according to reflect the typical prevailing operational orbital margins of small satellite missions
in LEQ.* The suitability of each orbit for the mission was also considered bazed on the average energy proeduction
per orbital period and the desired dats rates for the downlink communication For the METSAT mission, we
evaluated the power and energy budget by setting the uplink and dewnlink operational times to 10 minutes
respectively. The communication-overpowsr mode utlizes 10 mimites for both the communication-downlink-
overpower and communication-uplink-overpower modes. Tables 11 to 14 show the operstionsl tmes for the
payloads P1 to P4; the analyses were done nsing Tables 5 to 10 and Eq. (15). The operational g@mes of the payload
processing-overpower moda, fip1 10 fiye, for each candidate payload wers obtained with recourse to the sverage
eclipse time par orbit and altiade of deployment (Table 107

Table 10. Orbital patterns for the METSAT AMission in LEQ

Orbit Hy km frange” 1, mins 7., min
Equatorial 300 -23:23 0.5 362
= Inclination 22.5 400 -43:45 92.4 3512
E Inclination 45 500 -§1:65 944 327
g Inclination §7.5 00 -88:85 94.7 26.1
’; Inclination 20 (polar) 300 36:60 0.5 3213
Inclination 112.5 400 -88:88 92.4 207
Inclination 135 500 -§7:63 044 314
Inclination 157.5 §00 -46:45 94.7 343
Inclination 180 200 -23:23 1009 344
Sun-synchronous (polar) 90 300 71:70 1008 o
Snn-synchronous (nonpolar) 98 400 -75:82 92.4 o

Table 11. Operational fimes of the candidate pavloads for the AMIETSAT Alission im LEOQ

Dovmioaded by Sunday Elpo o Septomber |3, 3013 | hip Nam asmong | 0T |

Orhit H,,. km T, M0 T, M0 {3 MWD ., MiD
Equatorial 300 30.02 1849 30.79 1063
Inclination 22.5 400 32482 3118 33.61 3z41
Inclination 45 500 36.88 35.00 31T 36.44
Inclination 67.3 500 44.74 42.64 45.62 H.14
Inclination 90 (polar) 300 33.54 3187 3434 3312
Inclination 1125 400 37.79 3595 38.61 3733
Inclination 135 500 36.97 3517 37.80 36.53
Inclination 1575 500 37.33 35.52 38.14 36.89
Inclination 180 200 41.04 30.08 41.89 40.57
Sun-synchronous (polar) 90 300 7212 68.94 73.1% 71.41
Sun-synchronous {nonpolar) 98 400 §4.42 61.75 65.63 6307

Table 10 shows that the orbital period of as spacecraft is largely dependent wpon the orbital pattern chosen for
the mission. Sun-synchronous orbits favour the small satellite missions for its pear-constant sunlizht and reladvely

11
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high round-rip duration for the 90 * polar orbit; an orbital spacecraft experiences no eclipse. At an altimide of 500
km and inclination of 180 °. the HAN svstemn would exnerience an averase eclinse time of 34 4 mimutes.

Table 11. Excess energy storage for the METSAT Alission in LEO

Orbit Hy. E_ Wh E_, Wh E..Wh E_, Wh
Equatorial 300 1.73 135 142 188
Inclination 225 400 1.85 251 1.53 2.01
Inclination 45 500 2.02 275 1.69 220
Inclination 67.5 600 136 321 2.01 156
Inclination 80 (palar) 300 1.88 255 1.56 2.05
Inclination 112.5 400 2.06 280 1.73 224
Inclination 135 500 2.03 275 1.70 211
Inclination 157.5 00 2.04 277 171 222
Inclination 180 200 230 200 1.86 239
Sun-synchronous (polar) 90 300 3.54 48 311 3.83
Sun-synchronous (nompolar) 88 400 3: 433 231 348

While the sun-synchronons orbitz remain the favowred for the METSAT mission, Table 11 reveals that at 800
km zltitude and 180 " inclination, an average of 40 minutes for the operational times of the candidate payloads under
imvestization is obtained. This leawes the choice of the appropriate paylead to be considered based on the desired
data quality snd integrity and the expected system performence. In a fypical spacecraft mission, more operational
time is required for the payload subsystem Table 12 states the excess snergy storTed during as the spacecraft orbits
arpund the Earth. As expected, the sun-synchronons orbits store the most anergy for each paylead confizuration At
180 km altitede and 180 ° inclination, the HAMN system stores an average of 2.4 Wh. Thus, the energy bmdget
balance reveals that a polymer Li-ion battery with a capacity of 3.9%9 Wh can store the round-irip excess energy for
an increased operationsl time for the payload processing-overpower mode. Dmring the eclipse time, the payload and
an active thermal subsystem can be accommaodated. Furthermore, the analysis indicates that a low-cost three-axis
momentumn wheel with an accoracy of <0.01 ” can be infegrated with a moderate difficulty; this would utilise
attitmde sensors which can be comveniently supported by the HAMN system.

The excess energy stored, E., on the batteries per orbital peried and based on the operational times of the
individuzal payloads are summarised in Table 12. The minimwm storable excess energy is 1.42 Wh and the
maximom, 4.81 for the considered candidate payloads. Inchuding two polymer Li-ion batteries in the elecmical
power subsystern of the HAN, each with a capacity of 3.8% Wh, would ensble secondsry paylead: snd more
operational times for & power mode of interest to be accomplished for the METSAT mission.

Davwnloaded by Suday Ekpo m Sepomber |2, 2013 | hige Ve apanong | DOL 1025 456200 3- 5470

E. Data Transmission

Diata mansmission from a spacecraft to a ground staton iz inevitable for amy ziven space mission. The
operational times of the communication-overpower mode and the data rate of the downlink greatly influence the
data delivery to 2 ground station. For a 9600 bps data rate and downlink dme of 10 minutes, 720 kB of data can be
transmitted to @ ground station. If this is increasad to 19200 bps, 1440 kB of data can be downlinked. The challenge
lies in the spatial and spectral resolutions of the payload module onboard the spacecraft and the data quality
expected by the end-user. A payload with a sensor (camera) of 2-Mpixel spatial resolution and 3 x 8 bits spectral
resplufion would generate 8 data size of approximately §.3 MB. If the HAN system transmits at 9600 bps, only
gbout 11.4 % of the paylead data would be transmitted within 10 minutes of its contact with a ground staton. The
19200 bps data rate allows the HAN system to downlink 22.9 % of its paylead data to 3 ground station within its
footprint. Increasing the data rate to 100 kbps enables the HAN system to downlink approximately 7.5 MB to a 4-m
diameter ground station antenna during its 10 minutes pass. This would completely transmit the data generated by
payleads P1. P3 and P4 and about &0 % of the dats genersted by payload P2. A second approach would be to
implement a JFEG (joint pictures expert group) compression algorithm on the onboard signal processing devices
such as FPGAs. This wounld allow the payload data to be transmitted to the ground station at the expense of some
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information. The JPEG algorithm scales the data to be transmitted to St the allowable maximum data size of the
dowmlink (datz link) margin. For a 4-Mpixel image, the unprocessed data size iz 12.58 ME. The comesponding
compression ratio at 100 kbps downlink margin is 1: 1.68. This is well below the allowable maximum comprassion
ratio of 1:10.7 Hence, the HAN system can still process its payload data within its payload’s operational time of 40
minutes and downlink a zood guality data to a ground station within 10 mimates.

C. Multicriteria Optimization of the HAN Power System Engineering

The results of the multicriteria optmisation of the HAMN power system engineering is shown in Figures 1 to 5.
The desizn variables for the SPSE optimisation problem were the mass of HAN, the paylead power consumption
and the power contingency. Figure 1 states the optimisation vectors of the HAW system’s SPSE desizn. The pareto
optimal solution concentrates around 9.2 kg for the METSAT mission implementation. It shows the histogram of the
feasible and pareto optimal solutions for the first desizn variable (mass of HAN) for the METSAT mission.

Figure 2 shows the optimisation design wectors that represent the histogram of the feasible and pareto solutions
set for the second design variable (paylead power) for the METSAT mission. The pareto optimal solution for the
baseline power consumption of HAN s payload moduls is indicated by the green dots. These power consumpiions
are the minimwm that can sustain the MET3AT mission given the mission and concepiual desizn objectives. The
optimisation result yvielded 12.36 W as the best (minimum}) baseline payload medule power conswmption for the
mission. The comresponding core bus power consumption and power margin for the mission were obtained from the
mmlticriteria optimisation as 9.5 W and 2.37 W respectdvely.

Figures 3 and 4 indicate that the optimised paylead power consumption for the METSAT mission is 12.36 W.
This forms the desizn point in the choice of the components of the payload medule for the mission. The stated
power is based on the minimum acceptable data capring, processing and transmission quality for the mission. In
Fig. 3, the total paylead power consumption is compared with the HAN category that can satisfy the mission and
conceptual desizn objectives. Figure 4 reports the entire optimization solotions set for the total HAN power
requirement and the comesponding paylead power consumption. The histogram of the feazible and pareto optimal
solutions fior the third design variable (contingency factor) are given in Fig. 5. The power mMargin versus conbingency
factor zraph is shown in Fig. 6. The pareto optimal solutions for the HAN system yielded a power margin of 2.37
W this is a];l;}m:imatelf 10 %a of the total spacecraft power and satisfies the stipulated mission’s concepteal design
requirement.” It is required for the mission to have enough power margin for emergent capabilities and operational
mncertaintes; Figs. 5 and § were obtained for 3 minimised power margin design to enable the threshold power
margin for the mission to be determined. The performances of the design varables are further explained in the
optimisation criteria for the METSAT mission (Fig 7). 5ix criteria were considered by the awthors and the results
indicate the worst and best results realisable for the METSAT mission.
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V. Conclusion

A mmlficriteria optimization of a highly adaptive nanosatellite system has been investizated and reported in this
paper. Four candidate paylead modules, each contaming s camera and an FPGA device, were chossn for a
meteorology mission The mmultcnteria optimization yielded a 9.2-kg HAW for the METSAT mission. We carnied
out an analysis of the orbital patterns and the operational times of the 9.2-kz HAM. Furthermore, the authors
calculated the total energy production of the HAN system at an altimde of 800 km and inclination of 180 " as 26.82
Wh The operational time of 40 minntes for the payload processing-overpower model and downlink time of 10
minutes are well suited for the mission The HAWN system also received uplink engineering data for 10 minufes
during its orbital period. The reported power and energy balance budget for the METSAT mission using & highly
adapdve small satellite promizes to enable spacecraft systems engineers objectively and reliably desizn, validate and
develop spacecraft mission assets with economies of scale.
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Abstract = The ever increasing ghobal space activity s
characterised by emerging space systems, operation amd
applications challenges. Hence, reliable RF and microwave
recelvers for in-orbit highly adapiive small satellites are
needed o support  reconfigurable  multimediabroadband
applications in real-time with optimal performance. Though
other parameters of the small satellite communication system
muy be critical, the noise level of the receiver defermines the
vimhbility, relinbility and deliverability of the project. Thus, o
goiel design that delivers low noise performance, high gain and
low power consumption for mullipurpose space missions s
imevitable. This paper describes a  (L15um  In(ais

psendomorphic high electron mobility transistor amplifier with
low motse and high galn in the frequency band 4 - § GHe. The
monolithic microwave integrated circuit LNA design presented
here shows the best performance known using this technology;
naise fignre of 0.5 dB and gein of 37 £ 1 dB over the
characterised bandwidih,

Index termy = Highly adaplive small satellite, linear guin, how-
noise  amplifiers, noie emperature, pHEMT, satellite
transponder.

I INTRODAUCTION

Space  communications  applications  have  greatly
advanced following advances in svstems and subsystems
materials and technologies and systems archileciures. A
highly adaptive small satellite system (HASS) is a
reconfigurable, multifunctonal  and  deterministic  small
space satellite that has capabilities for dynamic space
applications and operations while retaining its designed
optimal performance, It 13 a new concepd that has anracted
considerable interest in the space community owing o iis
obvious benefits incleding  reliability, reconfigurability,
multifunctionality, dynamic redundancy and  real-time
optimal performance amongst others. Adaptive payload
systems require wideband receivers which are critical 1o all
space transponders, These receivers provide the low-noise
amplification needed to maintain an optimal signal-to-noise
raiic  (SNR)  for  space  satelliie  communications.
Consequently, multimedia and broadband small satellite
receivers are required o have very low noise and high gain
owver the operating bandwidth. A key component in all space
satellitc wideband receivers is the low noise amplifier
(LMAY i sits g the front-end of the receiver. As space
applications hecome more challenging, low noise amplifiers

for HASS: receivers are increasingly expecied w be
unconditionally stable at any load and sowrce conditions,
and at any frequency value within the useable bandwidth.
Active device (I = IV wchnologes (GaAs and InP) have
been the drivers for space LNAs designs in the last three
decades. A key concern for space satellite communication
systems is designing a high performance LNA with a low
power dissipation. This is especially demanding for HASS
architectures where deterministic service andior operation
swings are required and inevitable, In this paper, the small
satellite LMA design wsing InGadAs structures  growm
peendomerphically on GaAs substrates is desenibed. C-band
(4 — 8 GHzp designs with metamorphic high electron
mobility transistor (mHEMT) and MESFET have been
reported [1, 2], The mHEMT technology was based on the
.15 pm GaAs Foundry service; it reported a MMIC LNA
design with noise figure of 0.53 dB and gain of 30 dB @ &
(GiHz [1]. The MESFET LNA reported a noise figure of (L83
dB and gain of 23 dB at & GHz [2].

Thiz paper reports a monolithic microwave integrated
circuit (MMIC) LMNA based on a 0.15pm gate length
InGads pseudomorphic HEMT GuAs Foundry technology,
The pseudomorphic  high electron  mobdlity  transistor
{(pHEMT) model wsed shows the active device has a
manimum nose fgure of 0.3 dB and gain of 17 dB @ &
GHz. In this paper, a three-siage broadband MMIC LNA
design that covers a wide range of space applications is
presented. The first stage of the amplifier was matched for
optimal noise performance while the subsequent stages were
matched for gan compensation, Source inductive fesdback
{for overall LNA stability) and paralle] feedback {for LNA
gain enhancement and flatness) were used at the sccond and
ihird stages respectively.

1. BROADBAND SPACE LMA DESIGN

A single-ended three-stage low noise amplifier in the C-
band was designed using Agilent's ADS cireul simulation
software. The baseling MMIC configuration [1, 3] was used
in the single chip design. Each of the three stages employed
ad x T5pum HEMT. The first stage of the three-stage C-
hand MMIC LMA was matched for noise while the second
and third stages were matched for maximum stable gain
(MSG). The first stage of the MMIC LNA was designed 1o

GTE-1-4244-6689-0¢ 1 0/E26.00 ©2010 Crown
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presemt the optimum match, [y, over the operating
frequency, o the gate of the first HEMT when the MMIC
input is terminated in 50 £ Optimum impedance was
presented to the device to achieve the minimum noise figure
for the first stage, The gain of the first stage renders the
noize  contribution  from the second stage negligible
according 1o Frii's noise factor formula;

F-1 F-1 F,-l
o — (1
G, GG, GGG

F=F4

where F, is the nowse factor and G, 15 the power gain of
component n in the chain. The noise figure of the first stage
i5 the most critical according to (1); noise contributions
from the procecding stages are reduced by the gain of the
preceding stages.

The MMIC LNA chip was 1.5 x (.8 mm and its circuit
lavout is shown in Fig, 1.

Fig. . The layout of the C-band MMIC LNA chip

Hybrid technology is the first-pass option for high
performance LMAs in the microwave frequency range [1,
3. Howewver, the circwil topelogy used in this baseline
MMIC configuration owtperforms the  available  hybrid
results [1]. Furthermore, the 1.5 x 0.8 mm GaAs chip area
corresponds to about 58 % reduction in the chip area used
by the hybrid mHEMT reported in [1].

II1L SMULATIONS AND RESULTS

A scalable EEHEMT large signal model was used in e
simulation. The S-parameters and noise figure simulated for
the baseline MMIC LNA are shown in Figs. 2 - 4, Fig. 2
shows the simulated amplifier gain 1o be 37 2 | dB between
4 — B GHz. The input and output reflection coefficients are
better than =15 dB a the centre-design frequency (Fig. 3).
The noise figure is almost constant over the characterised
frequency range with a value of (L5 dB at 6 GHz. The total
DC power consumption for the MMIC LNA is abow 119
mW. On the average, the power consumpdion per stage is
less than competing designs by 67 % [1].

A most important design criterion in MMIC LNA design
for space applications is unconditional stability at any load

and source conditions over any frequency range. This is
obtaned by computing the Roller stability factor, K, of the
two-port active network, The simulation results show that
the amplifier 15 unconditionally stable up 1o the cut-off
frequency of 95 GHz, the minimuam K factor is 2,

)
3]
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Fig. 2. The simulated gain for the MMIC LNA.
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Fig. 3. The simulasted input and catpar reflection coeffickents for
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Fig. 4.  Simulated noise figure (dB),
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Furthermore, a figure of merit (FOM) [5] for MMIC LNA
designs helps 10 give an indicanon of the amplifier
performance given the overall design criteria. The higher the
value of FOM for o given MMIC LNA design the better.
The input and owput FOMs for a MMIC LNA are
respectively given by (2) and (3} as: [3]

FOMp = 10 log ({525 "W BWID'T,)

o
FOMpy = (82 han — (81 Jap JEWI LPT, NF) 2y
FOMour = 10 bog (1520820 (0K + P1AB WP g EW
[Fi A
of
FOMour = (530 = (Sp)plk + PLAB AW (3)
Pyl DPED
where

FOMpy = input FOM for the LNA
FOMgy = output FOM for the LNA
Sy = forward transmission gain (dB)
Sy = input reflection coefficient {dB)
812 = output reflection coefficient (dB)
BW = characterised bandwidth of the LNA (GHz)
f. = central design frequency of the LNA {GHz)
NF = noise figure of the LMA (dB)
P = power consumplion in milli-watl
FldB,, = output power at Pl dB compression point (dBm}
D = Size of the MMIC LNA in mm®
K =25 {a constant to eliminate negative FOM values).
All the parameters in (2} and (3) should have the average
value within the operating bandwidth.

The FOM for the MMIC LMNA reported in this paper was
calculated and compared with those of existing designs, The
inpat FOM yielded 23; this is about thrice the best available
competing simulated design [1]. The MMIC LNA gave an
output FOM of 4: a1 a 0 dBm FI dB output power reference,
this is 94 % higher than the best available competing
simulated design [1].

TABLE |
SUMMARY OF SIMULATED C-BasD MMIC LNA RESULTS
Parameter Existing Design Reporned
[1] Diesign
| Frequency band (GHz) 4-8 4-8
LMNA siages 3 3
Moise figure (dB) 0.53 0.5
Linear gain {dB} 3] 371
Power consumption (mW} 360 119
Hize (mm”) 1.9% 1.5 1.5 5 0.8
Figure of merit FOMp=T7 FOMp =23
FOMgyp=10.2 FOMpyp=4
Techmlogy mHEMT pHEMT

Table 1| summarnses the key design and response
parameters of comparison between the MMIC LNA design
reported in this paper and the hest available competing
simulated design.

IV, MMIC LNA APPLICATIONS TN A HASS TRANSPONDER
DESIGH

A satellite transponder consists of some units that are
comanon 0 all ransponder channels and others that are
channel-specific. This equipment channel traverses the
satellite system and connects the receive antenna with the
iransmil antenna, Within the HASS rransponder svsiem, the
widchand receiver sits between the receive antenna and the
input demultiphexer [4]. For o 500 MHz bandwidth, 20 MHz
guard band and centre frequencies covering the entire C-
band, a total of 1200 transponder channels (TCs) are
available with the MMIC LNA reported in this paper [4].
This implies 24 TCs per C-bhand frequency for either a
downlink or an uplink transmission. Each set of 24 TCs can
be adapiively mapped fo form uplink and  downlink
transmission frequencies. The uplink uses the higher
frequency range for each sdaptively assigned C-band
frequency. For the purpose of fequency reuse, polarization
technigiues are applicd to the adjacent TCs. Different
polarisations prevent imerference from occurning in the
overlapped transponder bandwidths. Fig. 5 shows a C-band
adaptive small satellite transponder system. The entire
equipment channel consists of receive antenna, input filter
(bandpass), low noise amplifier, adaptive local oscillator
(ALY,  intermediate  frequency  (IF)  amplifier, DPM
{dermultiplexer, power gain and muliiplexer) blocks and
transmit antenna. The input signal from the receive antenna
passes through the input bandpass filler before it is detected
by the low noise amplificr. A portion of it is sent o the
adaptive loval oscillator o generate a comesponding
constant oscillator frequency for the mixer network, The
output of the mixer goes through an IF amplifier to the
DPM Blocks where wt is demultiplexed, amplified and
multiplexed. The multiplexed owtput  signal  is  then
transmitted at the appropriate downlink frequency and
polarisation,

Racalve Transmit
Arfanna Antanna
LMA IF Armplifiar
DPM
Irgiut
Fitar
ALD

Fig. 5.  C-band adaptive small satellite transponder.
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V. CONCLUSION

A three-stage C-band (4 - 8 GHz) MMIC LNA (for a
satellite (ransponder network) has been designed using
InfGaAs pseudomorphic HEMT. The latest broadband
design presented in this paper uses the 0.15pum gate length
LN InCGaAs pHEMT technology. 1t has a linear gain of 37 &
1 dB and noise figure of 0.5 £ (0.1 dB. Compared with
available C-band designs, the power consumplion per stage
5 less by 67 %, Also, the chip geometry comesponds o
about 58 % reduction. This is very promising for an
adaptive small satellite receiver system; the ransponder can
accommodate up o 120 channels multiplexed for various
missions with no BF interference.

Further work involves the comparison of the noise
temiperature and gain measurement of the presented MMIC
LMA design with the simulated responses,
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Abstract: The spacectaft payload operational time (SPOT) is amongst the main crifical desipn considerations that must be
optimised and validated during the system enpinesting analysis of a spacecraft mission. This requirement becomes more
demanding for a commumication satellite mission that relies on the functonality of the payload for ifs operation and
service delivery. The desipn principles and performance budgets of the payload module are based on the subsubsystems
and subsystems that enable the mission to be accomplished. The SPOT constraint is tied to the spacecraft size, weight and
power (3WAP) limifations, operatonal modes of the subsystems and erbital patterns where the system is being deployed.
Thiz paper presanfs a system-level mulficriteria optimisation of POTs for communication satellite {ComSat) missions in
low-Earth orbit (LEQ). The pammeter space iowestipation (PSI) method was utilised to accomplish the multicriteria
optimisation of the payload power and spacecraft mass. In the multicriteria optimisation and vectar investigation (MOVT)
process, 2048 tests were performed and the PSI was conservatively desipned fo yield 558 pareto optmal solutions vectors;
a pareto optimal solution of 37119 W for the payload module yielded hizhly adaptive microsatellite (HAM) mass and
power margm of 97.021 kg and 13 366 W respectively. The required maximum subsystem power consumption for the
power-storing mode is 23.703 W. From the analysis, the salar amay capability was caloulated to deliver 116838 W for the
mission; this forms the begmning-of-life desizn point. The protenype desipn for the ComSat mission yielded a maximum
POT of approximately 494 minutes for the ooboard payload processing and communication (downolink and uplink). The
findings promise to enhance the desizn of a reliable and capability-based payload module for real-time digital vidso and
broadband media. mobile services, interactive data ransfer and veice communication.
Keywords: Adaptive small satellite, comrmmunication satellite, downlink, modelling, multicriteria, operational times, payload
madule, power budget, power contngency, power mades, space mission, system engineering, uplink
LINTRODUCTION ({CBM) of a ComSat encompasses the genenic standard
onboard elements which support the spacecraft missioms.
The CBM of a ComSat inclndes the elecimical power,

telemetry, tacking and command (TT&C), stuchural,
amimde determination and comirol, thermal and propulsion

The spacecraft represent artificial man-made systems that
operate in space and are utlised for wireless commumnication
[1-5], mavigaton [1, 3, 5-9], remote sensing [3, 5, 10-14],

space reconnaissance [3, 5, 13], weather forecasting [3, 5,
16-18], scientific investizations [3, 5, 13-14] and gzlobal
security [17-20]. Communication satellites account for over
50" of the cwrent operational satellites in space [5]. They
complement the terrestrial telecommunication infrastrucoure
in ensbling data, video/motion picnures and voice exchange
across different geographical locations on the Earth [1, 3-5,
12-16]. The large coverage of ComSats fooiprints makes
them ideal for mobile applications anywhere including air,
land and water.

A communication satellite comsists of the core bus (or
service) and the paylead modules. The core bus module
(CBM) of a Com5at encompasses the generic standard
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Electromic Engimeering, School of ingering, Manchester Metropolitan
Unfversity, Manchestar, M1 3GD, UR; Tal: +H78 3047 8245;
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subsystems [21, 22]. The paylead module of a ComSat
COMPTISEs the mission-specific EF microwave
communication repeater moduole as well as receiving and
transmitting anfenmas [13-17, 20]. Fig. (1) shows the
subsystems of 3 commumication satellite. The primary
stucture provides the framework/skeleton for the rigidity of
the spacecraft especially during launch: the secondary
stmacture serves as the mounnting swrface for the satellite
equipment. The solar armay  panels [23-25] utilise
photoveltaic cells to zenerate eleciricity for the spacecrafi;
this is folded at launch and deployed when the satellite is in
orit [15, 26, 27]. The batteries supply the spacecrafi's
power needs at launch phase and during the period the solar
amray is in the Earth’s shadow [28, 29); this eclipse period
can be up to 72 minutes depending on the satellite’s orbit [5].
Avionics comprises the electronic equipment of the CBM
that enable mission service functions such as power conirol
and distribution, amimde and orbit contrel, TT&C, data
handling and flight software management g the onboard
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computer. The propulsion subsystem enshles pre-
deployment orbit-raising (for ensrgy efficiency) and attimde
conirol; the service life of propulsive missions ulising
chemical propellants iz limited to approximately between 3
and 15 years. Mew propulsion technologies based on solar
elecmic propulsion (SEF) (such as plasms and domic
propulsion systems) have been developed. Fig. (2) illustrates
the building blocks of a communication satellite system; the
international space station (IS5) is part of the space segment.

Fig. (1). Communication satellite subsyseems [15].

| ComBat System |

| Space Segment | | Ground Segment |

User terminals,
Crround Stations and
Control Facihities

| Spacecraft and 1SS |

Fig. (1). Communication satellite system

This paper is organised as follows. Section I explains the
components and architecmres of 8 communication spacecraft
payload module. The operational times of spacecraft
subsystems and medules are derived with recourse to the
orbital patterns and mission power modes in section I The
mmlticriteria moedelling of spacecraft paylead operational
times is reported in section I'V. This section also outlines the
key design parameters that are indispensable for smdying the
operational regimes of highly adaptive small satellites
(HASS5s). The results of the system-level multcriteria
madelling of SPOT in LEOD and the pertinent discussion are
presented in section V. Both power/energy and mass budgets
are covered for the candidate highly adaptive spacecraft
(HAS). The considered payload provisioning case smdies
involve customer-furnished payload (CFPF) and spacecraft
team’s payload (5TF). Section VI concludes the paper.

Ekpo efal

I. SPACECEAFT COMMUNICATION FPAYLOAD
MODULE

A communications spacecraft payload receives szigmals
from the Earth and other neighbouring spacecraft and
transmits same to them vig the onboard receive and ransmit
antennas respectively. The repester subsystem represents the
transponder and other mission-specific equipment deployed
to translate the communication frequencies and perform
filtering, demultiplexing, amplification and mmlaplexing of
the signals camied by individual channels prier to routing to
the correct space-based andfor Earth-based address.

Information-camrying elecromagnetic (EM) waves are
prone to distorion snd interferences as the transmitted
signals traverse the space links. Consequently, uplink signals
(from the ground station to a satellite) and downlink signals
(from a satellite to a ground station) are usually allocated
non-overlapping frequency bands to enable non-interfering
two-way communication. Furthermaore, intersatellite or cross
links also occur bemyeen neighbouring satellites in space. As
promizsing as wireless communications wig spacecraft may
be, channe] affects due to the weskening and distorting of
the propagated signals occur. Depending on the chanmel
conditions and the extent of siznal degradation, the received
signals approximate the transmitted information and'or data.
Hence, payload signal enhancement and processing onboard
the ComSat are carried out to curtail the channel effects. This
has 3 system-level impact on the operational times of the
paylead processing and communications (uplinks and
downlinks). Transparent (ie., non-Tegenerative or “bent-
pipe™) repeaters fypically amplify the uplink signals withowt
processing it while regenerative repeaters effect an onboard
processing of the received signals. Onboard antennas
interface the transmitted and received sigmals with the
communication paylead (transmitters, payload-based signal
conditioning avionics and receivers).

A bent-pipe payload architectare (BFPF) (Fig- 3) only
translates the transmitted uplink carrier frequency to another
carrier frequency for downlink transmission and performs
amplification without demodulating the received signal [25].
The BFP requires complex ground infrastrachare to support
the routing functions. The feguency cooversion block is
made up of a low noise amplifier (LMA), local oscillator
(L0}, mixer, wavelling wave tube amplifier (TWTA) or solid
state power amplifier (55PA) and flter Beceived
waveforms channelisation is accomplished within the
transponder subsystem using hesvy weight and high power-
consuming analog components. This wsually results in a
relatively poor overall system bit emmor rate (BER) since the
uplink signal comuption is transferred to the downlink
unchecked.

A full-processing payload (FPP) architecture allows for
the uplink signal to be demodulated, decoded, re-encoded
and re-modulated for downlink transmission (Fig. 4) [25].
With paylead processing, flexible channelisation and routing
schemes can be accomplished using digital devices for a
sustainable system performance improvement The probable
complexity of the follprocessing payload architecmre is
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traded-off with the capability(s) afforded by the digital
components with recomrse to the small footprint, reduced
cost, light weight and low power consumption of the
subsystems,

In between the bent-pipe and full-proceszsing payload
architectures is the partial-processing paylead module (PPP).
The PPP (Fig. 5) enables the wuplink sigmal to be
demodulated, beam-switched snd re-modulsted for the
downlink transmission [25]. This moduale capability does not
support received signal decoding ooboard the ComSat.
Moreover, the FFP suffers from end-to-end BER
performance compared with the FPP due to the absence of
nplink coding gaim enhancement.
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Fig. (3). A Bent-pipe payload architecture.
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Fig. (5). A Partial-processing payload architecture.

The system-level architecture of highly adaptive
spacecraft (HAS) employs adaptive multifonctional
siuctural umits (AMSUs) te achieve fexibility and
functional and stoctoral wansformations during mission
operations. Each AMSU carmies embedded BF/microwave
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semiconductors and adaptive dewices (such as  field
programmable gate armrays (FPGAs)) [1-4, 26-38]. Hence, the
EPP, PPP and FPP can be functionally implementad onboard
a HAS system depending on the mission requirements and
the criticality of the communication applications. This level
of modular system operation scaling, multicomponent-level
customisation and capability-based deployment of the
relevant payload architecture lend credence to the improved
operational times and data transmission thronghpat.

II. PAYLOAD OPERATIONAL TIMES ANALYSIS
The total energy reserve of the spacecraft is reduced per
an orbital period due o the eclipse period. The total energy
produced by the spacecraft’s solar pamels, E , during a
ronnd-trp [4, §] is given by:
E=F I:ro—r_‘] (1)
where f is the solar panel’s average sunlit power generation
in @ given orit. The sunlit power generation capacity of
solar papels iz used to develop the electmical energy
production of spacecraft im orbits. For a two-power mode
system, the following power modes’ power consumplions
are feasible: [4, §]
1) Power-storing, F,; and
1) Payload processing-overpower, P,
The total energy of the spacecraft during a single orbital
period for a two-power mode system is given by: [4]
E =Ft +Fr 3]
where E, and E, are the energy consumptions in the power-
storing and  payload processing-overpower — modes
respectively. The operational ime of the paylead processing-
overpower mode, 1., is given by: [4]
to=t,—(t,#1,) (3
where t, is the operational time of the power-storing mode.
From Egns. 1 to 3, the operational time of the payload
processing-overpower mode for a rwo-power mode system is
obtained thus: [4]
¢ B -RlE-1)

£)
L4 .F}—PJ (:'

For a N-power mode system involving several power
modes for single and mmltiple missions and post-mission
applications, the following power consumptions are feasible
41

1. Power-storing;

2. Communication (downlink and uplink)-overpower,
P, with a cormesponding time, iy,

3. Uplink-overpower, F,, with a commesponding time, r,;
4. Payload processing-overpower; and

5. Orther overpower modes, P, with a comesponding
time, 1, wheren=1,2, ...

The energy budget balance for the abowe in-orbit
mission applications is obtained thus: [4]
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E=E+E +E +E +E+E + +E, [}

The corresponding operational tme of the payload
processing-overpower mode is given by: [4]
fo=T, (1, +0, 1, +1 +1, +1, +.+1,) {6y
Hence, the in-orbit operatdonal time of the payload
processing-overpower mode, [, is derived using Eqns. 3
and & as: [4]

‘o E -Fiz -0 1 40+ 40+ AL, N-(Pr4+ Pt + 4+ Fp)

' AF, @
Equation 7 can be re-written thus: [4]
E+R(S 4 e-t)-(3 A)
L. < - @

¥ P

where P, and r represent the fth power mode’s power
consumption and operational dme respectively; the summations
in Eqn. § consider all the power modes except the power-storing
and the paylosd processing-owerpower mode In the case of
caloolating the operational time of 3 power mode other than the
payload processing-overpower mode’s, the lamer iz held
constant and mchoded in the summations while the considered
power mode is excluded [4]. The various power modes” power
consumptions and their comesponding operational times must
be estimated in order to obtzin the g, for the spacecraft mission
[4]. Furthermore, the power consumptions of the power-storing
mode znd the power mode whose operatonal tme is being
calonlated must be esimated as well [4].

To maximise the operational time of a power mode, Eqo.
8 = adjusted to reflect the maximized power mode. Given
the power consumption of the maximised power mode, Pee.,
the cormmesponding maximized operational tme, f... Is
obtained as: [4]

E +P {Nf L+l -1 )- {§ P}
= =l m 1

max

i @

F

a

Egquation 9 is wvery usefol for the multobjective
optimization of the mission design variables in an integrated
desizn environment. Hence, the operational time of amy
power mode can be modelled snd optimised for a reliable,
cost-effective and optimal-performing miszion [4].

To understand and wvalidate the operationzl times of
spacecraft modules, subsystems and subsubsystems, a
careful imvestization and analysis of power estimating

Ekpo et al

relationships (FEFR:s) based on the orbital paterns must be
carried out [39- 51]. Table 1 provides a summary of the
PER:s for commmunication satellites ntlising a four-panel
amray in LEQ [1-5].

Table 2 gives the core bus subsystems power allocation
for HASS missions [1-3, 8-10, 21]. The two generic case
smudies considered are based on & oustomer-furnizshed
payload (CFP) and a paylead developed along with the core
bus subsystems (i.e., spacecraft team’s payload (STP).

The generic total in-orbit spacecraft power, Pr, of a
spacecraft for a CFP is given by: [1-4, 21].

Bo=P 4P 040 (1

where PPIJ'E. the payload power consumption (W) P,. the
core bus power consumption (W) and ¢, the power
contingency factor. The in-orbit power margin, £, Sor the
spacecraft mission is given by: [1-4, 21]

[,
P =|um§_.| B an

For a HASS system with dynamic functional and
stuctural in-orbit operations, Egn. 10 is modified to reflect
the varying power Iequirements that characterise the
prevailing respective power modes of the mission The
power mode adjustment takes into sccount the differential
power consumption, &F, occasioned by the dynamic
operation and in-orbit onboard processing of a HASS
system. The corresponding power margin constraint on Eqn
N p_ =P 51:P==-1-+‘3'P::" The adaptive power margin
function, P\, is determined respecting the deterministic
and dynamic capability-based mission applications. The total
in-orbit power requirement of a HASS system for a CFP is
accurately modelled by: [1-4]

Fo=P + B 0+C M1-C )+ 81 (12)
Fora STP, Eqn 12 becomes: [1-4]

Bo= P+ P+ W= )2 80 (13)

where Cyis the cable loss factor used to estimate the level of

spacecraft subsystems: imtegration. From Egn 13, the

payload power margin is given by:

P = B a%
Egquation 14 is udlized to determine how mmch power

margin is built into the payload module for the mission of

Table 1. Communication spacecrafi PERs in LEO.
Satellice Mizsion Communication
Satellite Category Microsanellice
Case Srudy Power Ezdmating Eelationzhip

1

F=0522M 01+ C K1-C WOTSAF +27.7485)+0.5F + T.78

-

By =0.522M g, #(1+C, N1 -Cy WOSTBAR, £ 1T T485)+ 7R

Cable low facter. 0= Cy= 1, Conlingency Tacker. 0= = 1, Coe study (1] Castomer-held payboad, (2) Payload developoed sleng wilh the cors bus sbayatems
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Table 2. Core bus subsystems power allacation for HASS missions.
Subzystem Percentage of Total Core Bus Swbsystems Power Allocarion (%)
Commuzication Plametary Aecearalogy Orther

STP CFP 5TP CFP STP CFP 5TR CFP
Tharmal 30.3 30.3 28.8 EB 438 458 332 301
ADC 285 2B.3 205 X6 183 19.3 111 111
il 14.5 14.6 73 1. 33 33 13 16
CDH 123 123 17.3 17.5 132 132 151 13.1
Conzs ¢ a 23.5 b= X 1 132 132 0.1 301
Propuliica 71 7.1 L ¢ Q 4.0 40
Mochanize ¢ a L ¢ Q 30 30

interest. In the case of 2 ComSat, the value of Py,pe, would
vary depending om the paylead techmology adopted.
Moreover, the operational times of the payload processing is
influenced by the payload nype, power mode(s) of the
mission, spacecraft energy budget and the zenerated solar
energy. The in-orbit solar power produced is dependsnt npon
the orbital patterns) the communication spacecraft will be
expozed o

IV. MULTICRITERIA OPTIMISATION MODELLING
OF 5POT

The operational fimes of the payload processing-
overpowel and communication-overpower modes for a
candidate ComSat’s paylead technmology is obtained with
recourse to the average eclipse time per orbit and altimde of
deployment (Table 3).

Communication satellite systems require optimised
system  architectures for their relisbility and mission
accomplishment. The desipn of such complex engineering
systems generally demsands objective locational and
procedural searches for optimal solutions. The optimisation
problem statement for the ComSat mission and concepiual
desizn objectives enables the feasible solution set and the
optimal selutions to be obtained for the space equipment [4].
The parameter space investigation (P5I) method [52] has
been created and developed to enable the constmuction of the
feasible soluton set for complex engineering systems such

as space shuttle, unmanned vehicles, seroplane, automobiles,
ships, comfrol systems, commumication network nodes,
metallurgical systems, robots and large-scale elecmical
BNErFy Eeneration systems. The PSI  systematically
investigates a multidimensional domain space and generates
multidimensional points with each point representing a
design prototype for the system under development [4, 52].
The integrated parameter space mvestgation-momltcriteria
optimisation and vector identification (PSI-MOVT) platform
depends on the accurate development of the mathematical
medel goveming the complex enginesring system umnder
investigation [4, 52].

The PSI method ensbles the identification, optimization
and analysis of comstraints on desizn variables, functional
dependencies and multicriteria. These parameters constimute
the feasible solution set of the optimisation problem. The
method comprises three major stages: compilation of test
tables, selection of criterion constaints and verificadon of
the solvability of the optimisation problem [4, 52].

In thic paper, we applied the PS5I method in the
multicriteria desizn of the spacecrafi paylead operational
times for highly adaptve communication spacecraft (HACS)
missions in LEQ. The mathematical model of the elecrical
power requirement of the payload modole was developed
based on past missions and emerging space systems
technologies. We placed an objective emphasis on the HACS
and its payload desizn variables that occasion dynamic, cost-
effective and reliable operatioms with recourse to post-

Table 3. Desien parameters for a communication satellite POT modelling.
Parameter Description Value
Spacecraft mass (kg) Microsaie it 0= M= 1040
SPOT (mims) Processing =0
Compramication fro = 0 fn =
Powr-stosing powsr, Py, (W) Power in genemted; o payload processing and communication P =0
Eclipse tima, ¢ {mizns) Payload procesiing 2nd communication: no power is genarated. za
Orbital paricd, 1, {mizms) Powrer is generated; Paylead processing and Commemication. 848
Inclimatica (%) Clowed orbit; Elliptical 43
Alttnds (kes) LED =00
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mission aspplications. We limited the scale of the
optimisation problem to three desizn wanables: the payload
power, Fy, total spacecrafi power consumption during
power-storing maode, F: and mass of the communication
satellite, A, We developed six functional constraints amd
eight criteria parameters respecting the candidate HACS
mission. The finctional and criteria constraints were set to
minimize the total power consumptons of the HACS and its
payload while maximising its operatonal times and power
margins. The in-orbit dry mass and core bus power
consumpiion during power-stofing mode operation were also
minimized in the optimisation problem. The results and
discnssion of the system-level multicriteria optimisation of
the SPOT are stated in secton V.

V.RESULTS AND DISCUSSION

In the mmlticriteria optimisation and vector mvestizatdon
(MOVT) process, 2048 tests were performed and the PSI was
conservatively designed to yield 638 pareto optimal
solutions vectors. A pareto optimal solution of 37.119 W for
the payload module yielded highly adsptive microsatellite
(HAM) mass and power margin of 97.021 kg and 23.366 W
respectively. The required maximum subsystem power
consumpiion for the power-storing mode is 25703 W. From
the system-level analysis, the solar armay capability was
calcolated to deliver 116.828 W for the mission and this
forms the beginning-of-life design peoint. The prototype
desizm for the HACS mission vyielded a POT of
approximately 483 minutes for the onboard payload
processing and communication (downlink and uplink).

The results of the multicriteria optimisation of the SPOTs
nsing a3 HAM are shown in Figs. (6-11). Fig. (6) illnstrates
the POT versus the mass of the communication satellite
(HAM system) required. The POTs that satisfy the reguired
payload power (35 W) and operatonal margins yield
spacecraft mass of approximately 97 kg for the payload
processing-overpower mode Fig. (7) states the optimisation
vectors histogram for the HAM system’s mass requirement.
The pareto optimal solution spans 95 kg to 100 kg to meet
the business needs of the highly adaptive commmumication
satellite mission implementation. It shows the histogram of
the feasible and pareto optimal solotions for the first design
variable (mass of HAM) for the HACS mission.

Fig. (8) shows the optimization design vectors that
represent the histogram of the feasible and pareto solutions
set for the secomd desigm wvarable (payload power
requirement) for the highly adaptive ComSat mission. The
pareto optimal solution for the baseline power consumption
of HAM s payload module is mdicated by the zreen dots.
These power consumptions are the minimum that can sustain
the mission given the mission and concepmal design
ohjectives. The optimisation result yielded 37.119 W as the
best  (minimum) Tbaseline payload module power
consumpiion for the mission. Fig. (9) presents the POTs
versus the payload power requirement. To meet the business
needs of the highly adaptive ComS5at mission, the pareto
optimal solutdon reveals a realistic POT of approximately
480 minutes.

Figs. (10, 11} give the optimisation wectors histogram
and POT: for the HAM power requirement during the

Ekpo eral

power-storing mode operation (ie., the third desizm
varable). The maximum service tus power during the
power-storing maode is 25.703 W. This core bus power is
bazaed on the minimmm acceptable data capiuringTeception,
processing and transmission guality for the mission. In some
cases, no paylead processing is camried out and the aim is o
enable the onboard batteries to be fully charged This forms
the S5E desizn point in the choice of the components of the
core bus module for the various mission modes [4, 6, 21, 53-
54]. It iz required for the mission to have enough power
margin @ for emergent capabiliies and operstonal
uncertainties [4].

Table 4. PFower budget apalysis for a commupication
spacecraft mission.
System Enpimeering Techmology & Archirecimre: HASS
Amalyziz: Power Budget; Mizsion: Commumica fion
Parload kolder: Spacecraft dezipn team
PW) =1.1568P, + 55.497
Cop=¥E M wadimw,__=nwks o =15 W
M ir = M oo (1= e |+ N i
F, =0.522M o, #OSR(+C W1 - Cp )+ TTE+ NP,
Eequired pavload power=33W
Orbir: LEQ; Dezign Phase: Conceprual Design
Power contingency (C: 15%
Class of Design: 2 {Next-generation)
Cable lexs factor, Gy 0.017
Sarellite Catepory: Highly Adaprive Microzatellite (ELAL) (97 kg)
Core Bus Subsystem Power Allocation
Core Buz Subsystem Allocarion (%) Power (W)
Thermal control 305 1B.08
Attitads coxtrol 2835 16.59
Elsctrical power 14.6 BEZ
Cop=mand and data handling 19.3 11.44
Compmmnications Q o
Propaliion 71 411
Maockanics Q &
In-orhdt Total Powesr Summary
Parzmater Vabes (W)
Maximmm availsbls payload power in LEC .74
Maxinmm available core tos power in LEC 409
Required payload powear 35.00
Calculated payload powsr 3419
Payload power margin .74
Calcalated core bus powss 3827
Core bus powsr margin 14.82
Total HAM smbsystams powsr requized 94.27
Power savings 313
Maximmes powar of a 97-kg HAM m LEQ 11£.83
Maximmm availabls HAM powrer puargin in LEQ 337
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Table5. Mass buodget amalysis for a commumication
spacecraft mission.

Syziem Engineering Technology & Architecture: HASS
Amalysis: Mass Budget; Mission: Communication
Orbir: LEQ; Payload bolder: Spacecraft desips team
Design Phaze: Conceptaal Design; Mass contimpency (Cj: 25%
Clazs of Design: 2 (Nexi-peneration);

Cablimg mass facior, Cup- 3%

Small Sacellite Catepory: Highly Adapeive Microsatellite (AR
Conventional en-orbit dry mam (kg): 108
Subsystem mass reduction (kzj =3
Equivalent on-orbit dry mazs of 2 HAM (kg) =97
Total subsystem mass for allocation (kg) = (#7/L25) =776
Subzystem Alass Allecation

Subsystem Allocation (%) | Allecated mass {kg)
Structure 216 1676
Tharmal contrel 41 318
Attitnde control 72 i
Elgetrical powar 258 20.ED
Propulsicn 72 im
Commemications
Comemand and data 41 318
bandling
Fayload %0 1230
HAM Maw Allocation Summary
Paramatar Walhe (kg)
Sabuystem badget total 778
Mass margin 194
Mass-saving 30
Maxizme: op-orbit dry meas 270
Launch cost-sanving (5) 30,000
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Table 4 shows the HASS power budget analysis for a
communication mission based on  the mmitcotena
optimisation outcomes. The 5E analysis for the candidate
LEOQ-deployed 97-kg HAM gives a payload power of 34.19
W with a cormmesponding payload power margin of 8.55 W.
Assume that the payload subsystem comsumes 35 W, the
power margin of the payload would be reduced by
approximately 9.5%. This paylead power contingency is
approximately 22% of the actual paylead power and well
above the 10% minimuwm power contingency required for the
subsystem at lift-off [21]. The HASS power budget analysis
for the case study communication satellite in LEQ (Table 4)
shows that the power generation capability of the 97-kg
HAM iz sufficient for it Hence, given the payload power
requirement, no deployasble solar reflectors would be
required. However, to boost the payload power and ensble
more mission functions and operational times, deployable
solar reflectors can be integrated into the four-panel amray of
the HAM. The reflectors would increase the solar intensity
of the solar panels by approximately 51%. The
communications satellite services that can benefit from
capahbility-based adaptive operational times include, but are
not limited to, broadcasting satellite service (L-, 5- and En-
bands), mobile satellite service (L-, 5-, Eu- and Ea-bands)
and fixed satellite service (5-, C-, Eu- and Ka-bands).
Regulating the operational times of the ComSat paylead can
enhance network flexibility, capacity and performance
through shedding-off non-critical routine operations. The
adaptive SPOT algorithm can also be implemented with
payload technologies such as digital channelisation, mmmlt-
beam sntenna,  steerable besm  antenna,  space-hased
inflatable reflector antenna and space-based intermet routers
to achieve a sustainable and reliable space mission.

The functonalities of the power modes are mission-
dependent. In the power-storing mode, only the command
and data handling (CD&H) subsystem is kept active to
enable the Com5at switch berween power modes. The
switching capability can be internally regulated or externally
tmggered (eg., durng flight into eclipse). The
communications-overpower mode activates the downlink
and wuplink subsystems to wapsmit and receive data
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respectively. Similarly, during the processing-overpower
mode, the communication subsystems (ransmitters and
receivers) are deactivated and the spacecraft assigns power
and operational times to the CD@&H and the FFF components
concerned with onboard data processing only.

From Egqn 4, the operational time of the processing-
overpower mode can be negatve for some orbits and hence,
disqualifying such orbits for the ComSat mission
requirements. Moreover, the negative operational fimes
sigmify the excess power consumption of competing power
modes. A case scenario might inwvolve too much power
consumpton by the uplink and'or dewnlink subsystems
during the communication over-power mode resulting in an
ineffective mission sustenance by that orbital pattern In Fig.
(11}, the multicriteria optimisation results show that the

higher the power consumption of the service module during
the ComSat’'s power-storing mode operation, the higher the
operational time that the payload would require to complete
its fll data processing operation. This agrees with Eqn. 4 in
that more power would have to be generated and'or reserved
to meet the needs of the paylead. While the power
consumpton of the core bus module may be relaxed by
shutting down certain non-critical subsystems, the basic
functionalities of the ComSat and its paylead must be
preserved The AMST architecture [10] permits component-
level switching and hence, the ability to enable or disable
power modes for an optimal operational time configuration.
For instamce, for a 26-W power-storing mode’s power
consumption in a single (round-trip) orbit, a 37-W, 40-W,
90-W and 100-W HAM payload module would require the
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maximnm operational times of approximately 494 minutes,
394 minutes, 88 minutes and 7§ minutes respectvely. The
spacecraft mission designer can revise this energy reserve
budget to allow for better orbital patterns to be wtilised or
modify the spacecraft subsystems to enable sustamable
orhital patterns to be explored. Another option would be to
review and modify the mission requirements by decreasing
the required POTs or power consumptions of the power
mades. The payload subsystems can be completely replaced
or redesigmed as the case may be. Thus, an adaptive
spacecraft architechore (such as a HASS system) [1, 8, 10]
which is flexible and easily amensble to this kind of critical
mission objective(s) is required.

For a two-power mode, the minimuwm operationz]l time
ocours when the payload power approximates the in-orbit
generated power. Hence, the mtellizent switching network
must be designed to ensure that the ComSat system does not
overload itself and'or operate beyond its  desigmed
contingencies. The pareto optimal design vectors in Figs. (6-
11) revesal a trade-off of the ComSat’s in-orbit dry mass,
size, power margins and modes, paylead operatonal times,
cost and performance metrics. The candidate pareto optimal
vectors (POWVs) for the SPOT analysis are 1344 (minimum
mass), 1638 (medium mass) and 1791 (maximom mass).
Each vector represents a umigue perfonmance requirement
with recourse to the mission and concepmal desigm
objectives. For instance, the POWs 1344, 1638 and 1791
comrespond to the SPOTs of approximately 194 mimites, 193

minutes and 184 minutes respectively. The in-orbit
spacecraft mass, payload power reguirement and power-
storing mode’s power consumption of the CBM are
respectively given thms: vector 1344 (95.051 kg, 38.003 W,
1.832 W); vector 1638 (97.000 kg, 36.000 W, 0.1367 W);
and wector 1791 (99988 kg, 35706 W, 5168 W). It is
obwious from the optimisation results that the less the
number of power-consuming components that operate during
the power-storing mode of the satellite, the more the energy
stored during a round-wip flight Moreover, the SPOT is
reduced s more powel 5 committed to susmining the
onboard paylead processing operation. The ratio of the
available payload power to the power-storing mode’s power
consumption is approximately 310 for the POV 1638 and 25
for the POVs 1344 and 1791,

The operational times of the payload processing-
overpower mode decreases as  the payload power
consumption mcreases for & constant power-storing mode’s
power consumpiion. For instance, given a communication-
overpower mode (10-mimite downlink consuming 100 W)
and an  uplink-overpower mode (10-minute uplink
consuming 20 W), the maximum operational time available
for a 100-W payload processing-overpower mode i= 64
minutes; a 90-W payload would have a maximum of 74
minutes. This energy budget analysiz is wuseful for the
objective comceptual desipn of payload architectures and
reconfigurable intellizent space-borne subsystems aimed at
realising capability-based missions.
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VI. CONCLUSION

Thiz paper has presented a system-level mmultcriteria
optimization of spacecraft payload operational dmes for
hizhly adaptive commmunication satellites in LEQ. The
business needs and operational constraints drive the payload
technology and architecture deployed to achieve the required
operational times. The power modes and orbitml pamems of
the mission also affect the operational times. The payload
processing-overpower and data commumications (uplinks
and downlinks)-overpower modes are further delimited im
their temporal assignments’slots by the power-storing
made’s poOwer COnsSumption Consraint.

In this research, three payload architectures were
considered in the multicriteria optimisaton process; bent-
pipe, partal-processing and full-processing. With the highly
adaptive spacecraft architecture, the real-time functional
requirements of the communication satellite can be flexibly
accomplished while in orbit. Furthermore, intelligent remaote
switching of payload power modes and subsystems
reconfiguration are key to adapting the payload architecmre
to the dynamic mission requirements. The current business
needs of the communication satellite mission limit the mass
category to at least the upper end of microsatellites. The
presented amalysis can be extended to Dvestizate the
operational times of hybrid missions requiring capability-
based system architecures.

Furthermmore, the highly adaptive satellite system can
adapt its mission capabilities to lengthen the design lifetime
of the spacecraft thereby prolonging the mission andior
enabling a post-mission reuse.
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Abstract: A deterministic multifunctional architecture design approach for a
highly adaptive small satellite system is proposed in this paper. It ensbles Sve
levels of desizn customisation of all categories of highly adaptive small
satellites; adaptive functional modules implement hizher-level customised and
reconfizurable mission functions. Each adaptive multifonctional structural wnit
(AMST) supports the subsystem functions as a “siuchoral and functional bloeck”
and comes either as a baseline or hybnd. Associated functional sub subsystem
components are confained in each AMSU. This removes the cooventonal
structural and functionsl subsystem boundaries. A metsorology spacecraft
mission using a highly adaptive nanosatellite reveals, besides more advanced
mission capabilities, 0.6 kg and 1 W mass- and power-savings respectively
over 4 convenfional nanosatellite system implementation This novelty resulis
in adaptive, reconfizurable and multifunctional architectares with economies of
scale, timely lannch, system-level relisbility, flexible infegration and test
options, cost-effective mass production, post-mission reapplication and optimal
performance at the desired mission objectives.
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1 Introducton

The concept of highly adaptve small zatellites (HASS) (Ekpo and George, 2010z, 20106)
for space apphecations i1s becomung more atfractive with mncreasmg possibilities for all
frontiers of the space world (Ekpo and Eettle, 2009; Ekpo and George, 2010z, 2010k
Caztillo et al., 2010; Frapkln et al, 2006; Withg, 2000; Vladimireva and Brndges, 2008;
Schoitz, 2010; Actel, 2005; Jackson and Epstemn, 2000; Shoer and Peck, 2009; Low and
Lheng, 2007). Satelhte svstems operate mIn an unpredictzble space enviromment and
requre system-level reliability for the onboard complex electronic components. For
mstance, cosmic rays coming from outside owr solar system and charped particles
streaming out from the sun m the solar wind mmpact device reliability in space
applications. These react with gases m the upper atmosphere to produce high energy
neutrons that mteract with semuconductors to produce permanent failures m space
satellites (Schmmitz, 2010; Actel, 2005). Radiation-tolerant devices are imevitable for a
relizble space operatton. Hence, an adaptive device technology that fulfils this
requirement 15 a plus for a suecessful space mission Field programmable gate array
(FPGA) architectures have been studied and qualified for the highly adaptive small
satellite applications. Anfifuse, static random-access memory (SEAM) and flash memory
cell: were apalvsed. The HASS system favours the Flash archatecture because it 1=
reprogrammable and retains its configuration when power s removed from the FPGA.
Furthermere, 3 Flash-based FPGA 1= not affacted by alpha particles and neutron-mduced
errors such as single-event upsets (SEUs). A high performance, robust, and reliable
FPGA architecture combines the key features of existing radiation-tolerant FPGAs. Thus,
a typreal HASS system implements a highly rehable, radiation-tolerant, reprogrammable,
non-volatile, low power (for space apphications), and high speed {(over 350 MHz) FPGA
architecture (Schouatz, 2010; Actel, 2003). A key feature of the HASS swstem architecture
15 the ligh-level mtegration of different device-level technologies. Studies mvelving
S051Ge and Gals-based subsystem integration have been done. Two techmques have
been identified for a possible HASS subsystem mtegrahion These are area-sfficient
soldering bonding techmique and flip-chip approach. The advantages of using the
Gafs-based radio frequency (BF)/microwave subsystems on a Si-based (CMOS) (or
Gafsz-bazed) FPGA substrate are enormons. Theze inchude low interface bandwidth (due
to @ reduced number of possible external connections), super-high reconfipuration speed,
increased useable gate demsity, ‘radiation hardness’, and reduced parasitic properties of
electrical interconnections (resistance, capacitance and skin effect) (Ekpo and George,
2010b; Casallo et al., 2010; Vladimirova and Bridges, 2008; Schoitz, 2010; Actel, 2005;
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Jackson and Epstemn, 2000). A HASS 15 a reconfipwrable, multfinctional and
determimistic small space satellite that has capabibities for dynamic space apphicatons and
operations while retaiming its designed optimal performance (Ekpo and George, 2010a).
The obvious characteristics of a HASS system are complex svstem of swstems (So5),
adaptability, multifinchionality, reconfigurability, and 50%'s foundational attnbutes. It is
envisaged as the key to realising rehable and ophmal structural and functional
reconfigurations for cost-effective small satellites (Ekpo and George, 2010a, 20106b;
Casztillo et al., 2010; Franklin et al, 2006; Withg, 2000; Vladimirova and Bridges, 2008;
Schmatz 2010; Actel, 2005; Jackson and Epstein, 2000; Shoer and Peck, 20:0%). Thus, the
HASS concept spans all categories of small satelhites and supports space applications
with very simngent requirements (Castillo et al., 2010; Franklin et al., 2006; Vladimirova
and Brndges, 2008). The HASS architecture 15 built upon the existing design objectives
for small satellites such as a nanosatellite (1.e., a satellite with a total mass of 1 to 10 kg).
This novelty 1= expected to serve as a technology platform for the space community. The
mdividuzl capabibites of HASS: are far greater than the conventionzl and existing
reconfizurable small satellite architectures (Jackson and Epstein 2000; Muwen et al,
1998; Crvetkovic and Fobertzon, 1993 Lucente et al., 2008). This holds a great prospect
for an expanding HASS constellations applications, robust inherent fault-tolerance, and
reduced cost per satellite (Hassan and Crossley, 2008; Saleh, 2008; Saleh et al., 2002).

Fipure 1 The highly adaptive small satellite desizn methodolozy

Partition the Develop the .
. i Identify the best
conceptual desigm gl algomithms .
problem and codes mthltect.ln.z for
the mssion
& v
&
Develop qualrty of Explore the L
seTvice medrics frada space Ohjectise the
required rasults
) ¥ 3
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The design methodolegy (Ekpe and George, 2010z) for a HASS system 15 shown m
Fizure 1. This methodology addreszes the space mis=ion and conceptual design objectives
with recourse to the service metnics. It also explores the swstem trade space for the best
architecture for the nussion.

Thiz paper present= a funchonal design approach called the determunistic
multfunctional architectore (DMA) concept. It 15 orgamsed as follows. Tradifional small
satellite design techniques and challenges and the adaptive reconfiguration principle are
presented m Sectien 2. Vanous scaling strategies are explained with emphasis on their
respective apphcations and lmitations at the subsystem and system-levels in Section 2.
Section 3 addresses the functional design concept and the functional modules that
constitute a typical small satellite. The emergmg small zatellite design technologies are
discussed m Section 4. The building block of the propesed DMA follows in Section 5.
Section & explains a case study of a meteorology spacecraft mission employmg highly
adaptive nanosatellite (HAN) and tradibonal nanosatellite. Section 7 concludes this
paper.

2 Adaptive reconfiguraton principle and miniaturisation strategies for
small satellites

A discrete component-onented concept has been the bane of conventional satellite dezign
with 2 core structure serving as a mounting platform for single-function subsystems units.
These umiz are electromic boxes and other discrete components that require heavwy and
bulky wire conmections. Considerable difficulfies spanmmg wire harness fabrication,
shortsbreaks with the wire hamess, mstallation, and testing charactenise this techmique.
These challenge: render thiz approach unreliable, uneconomical, and failure-prone
(Jackson and Epstein, 2000; uwen et al, 1998). A secaled-down version of a
conventional zmall satellite can be a feasible platform to start from using existing design
paradigms. However, the resultant outcome wields a decreaszed satelhite zize wnth a
comesponding  disproporhicnately reduced structwral overhead (Jackson and Epstemn,
2000). The differing design objectives of traditional satellite components also lhmit the
use of completely commercial off-the shelf (COTS) devices for the construchion of
satellite systems.

The principle of adaptive reconfipuration beacons on infegrabing the concepts of
kinematics and passive dynamucs (Shoer and Peck, 2009) with adaptive multfunctional
structural wnits (AMSUs) (Ekpo and George, 2010a, 2010%). In the former, deterministic
kinematic constraints are used to realise a stable process of confizurations. This
reconfigures the small satellite system to a desired end state without any recourse to an
active control or power inputs. The proposed adaptve reconfizuration svstem leverages
on the enabling structwral reconfiguration of the flux-pinning interactions (FFI)
technology and the funchonal reconfipuration of the DMA concept.

Consider a multicell HASS system with each AMSU compn=ing a matnx of adaptive
and reconfizurable elements. The adaptive incidence matix (Shoer and Peck, 2009) of
the system 15 akin to the FPI-based stucturz]l reconfiguration mechanism but with an
allowance for finctional reconfipuwration. The developed adaptive incidence matx of a
modular HASS system 15 grven by:
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Hpg =My, May ... Uy ... My of AMSUmand w=1, ... m; C, ..., C, represent each cell in an
AMSU, 54 (where O 15 a fictitious base cell; wy, ... us represent the joints connecting
each cell); 54 15 an adaptive multifunctional struetural unit incidence matrix; Spues 1s 2
highly adaptive small satellite svstem multicell meoidence matix; a, 1= the adaptive
mmeidence matnx jomt mmdex; i, §. k are the adaptive ipcidence matnx cell mdices. 45_‘“ 1
the FPI (hnking) activity state parameter (Shoer and Peck, 2009); it defines the process
state of the flux-pinned mterface specified by joint a,. Consider interface u; lmking
AMSU blocks 5y with 5y, then the values of the activity state parameters in column 4
become:
d,=-1 &, =+, & =0, k=i 3
Furthermore, n cells with interfaces require n” activity state parameters to adaptively
“connect any two bodies and reconfizure the incidence matnx™ (Shoer and Peck, 2009).
Flux-pinned joints with multiple degrees of freedom have been developed and mclude
revolute, cylindrical, and prismatic joints (Shoer and Peck, 200%). It can be deduced from
the above analvsis that both fonchonal and stuctural reconfipurations can be adaptively
realised by mtegrating the FPI and the proposed AMSU technologies. This would
enhance the design of next generation/future small satellites for capability-based, robust,
and rehiable space applicatioms. This paper focuses on the adaptive multifunctional
reconfiuration architecture desizn of small satelhtes; the mterested reader 1= referred to
(Shoer and Peck, 2009) for an in depth treatment of structwral reconfipwration and
incidence matrix generation.
There are vanous existmg lightweizhtng techmiques (Ekpo and George, 2010a;
Jackson and Epstein, 2000; Ekpo and Eettle, 2009; Xuwen et al., 1998; Cretkovic and
Fobertson, 1993) that have been developed to scale down conventional satellite design
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concepts to suit the small satellite system The following section grves the existing and
emerging scaling stategies for small satellite systems. The mmpheation(s) of each
lhightweighting approach 1= explamed relative to the reported DMA concept.

2.1 High-level integration

This strategy mmplements multiple advanced satellite funchions on a single circwt card or
within a single electromics box. The fixed architecture of this hghtweighting techmigue
lmmats the flexabality of mussions operations. Thus, emergent missions and requrements
would be diffieult to mmplement. The DMA design concept overcomes this by usmg an
adaptable architecture that reconfigures the satellite fimetionally and structurally with no
subsystem boundaries.

2.2 Low-level infegration

This hghtweighting prachse implements mulbhple funchions of 2 satellite within 2 single
monohithic mocrowave mmtegrated cwreuit (MMIC). This desipn technique has favoured
customused systems and apphcattons as evident in application-specific integrated
cwrcmits and multichip modules technologies. This design strategy makes mussions
fleibility difficult The HASS system architecture performs m-orbit substrate-level
reconfigurations without the need for a physical module replacement. Thus, once the size
of a HASS system architecture 15 agreed upon, various missions and capabilities can be
implemented onboard it

2.3 Modularisation

This techmque segments a satellite into funchion- or subsystem-specific discrete units.
The presence of subsystems boundaries that characterise traditional small satellite
systems 15 absent from a HASS system. In the latter, the modulanty 15 achieved remotely
at the functonal and structural reconfizwration levels. Instead of having a dedicated
module for a major subsystem, the HASS architecture uzes AMSUsz to mmplement its
unique subsystem function for an emergent mission requirement.

2.4 Microtechnology

This mvolves the wuse of advanced and high-density electromechamical and
micromachined devices. The HASS system architecture favours small microtechnology
applications due to 1ts adaphive stractural and funchonal reconfipwrations. In this case,
no substantial volumetne inefficiency 15 obtained. The respective microtechnology
applicattons for the HASS system are adaptively reconfigured with an excellent electnical
and volumetnie efficiency.

2.5 Nanotechnology and microelectronics

This strategy mmplements satellite functions using devices that operate at the melecular
and'or atomuic level The last decade has witnessed unprecedented developments in
space-qualified nanoscale technologies. However, the design technique that reaps the full
benefits of nanotechnology and microelectronics 15 lacking. Hence, the proposed DAA
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design enables bevond-state-of-the-art capabilifies of the space-gualified nanotechnology
and mucroelectronics systems.

2.6 Repackaging

This invelves structural repackaging by achieving a lighter redesizn of the chassis and
enclosures, using different matenals or completely removing them This scahng strategy
reduces the structural overhead of convenfional subsystem-criented design techmiques.
The HASS architecture mplements most of 1tz electronics on 2 “common-substrate’ and
so adapts existing mission funchionahities within a reconfigured subsystem module.

The above scahng techmigues have advantages and disadvantages. Hence, sach
strategy cannot be wholly switable for achieving a reliable and efficient small satellite
design. Merts such as substantial size, weight, and power reductions can be realized m a
number of subsystem functions. Other feasible subsystem advantages mmclude mereased
reliability, robustness, imherent redundancy, and lower recwmng cost. The obvious
challenges mnclude, but not limited to, mmmature technologies and devices for space
applications, adaptability constraints, and missien-specific lmitations.

The space commwmty has confinued to respond respon=ibly to the ever-widening
demand for cost-effective space missions using lagh performance and relizble satellite
architectures. Thas has crchestrated unprecedented research and development activifies mn
very small zatellites techoologies for distmbuted space mussions and operstions.
Consequently, very small satellites technologies such as microslectromechanieal systems
and mucrofabrication, co-orbafing satellite assistant concept, mmltichip module,
SpaceChip, CubeSat and prnnted circwt board satellite (PCBSat) have been developed
(Bamhart et al., 2007, 2009). Thesze focus on zatellites with mas=es below nanosatellites
and have recerved enommous research efforts and investments across the globe. The
HASS system can be adaptively reconfizured to handle sub-kilogram spacecrafi
applications within its functional substrate network.

3 The functional design concept

Thiz secton addresses the functional design concept (Ekpo and George, 2010az;
Shoer and Peck, 2009) that serves as a beacon for the DMA. It 15 opposed to the
subsystem-oriented desizn approach and leverages on the scaling techmques disenssed in
the previous section. The desizn process ehpunates conventonal subsvstem boundanes
but realises functions. It focuses on the 1dentification and specification of subsystem-level
functional requirements. In this approach, the funcoons of several subsystems are
implemented on a single cureurt card.

The DMA uze:s the modulanty and highlow intepration lightweighting strategies to
achieve an effictent small zatellite design. It uses funchonal modules to reahse high-level
mission-specific and non-specific fimctions. Subsystem functions are mplemented on
struchural building blocks called AMSUs.

Figure 2 shows the fimctional modules of a small satellite that employs the funchonal
design paradigm (Ekpo and George, 2010a; Witnz, 2000; Jackson and Epstem, 2000). A
typical DMA design encompasses fowr finchonal modules (Figure 2). These modules
give the =atellite systems modulanty that supports high-level finctionalhity required for
customised space missions. Each adaptive mmultfunctional structural wmit comprises a
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composite panel that provides mechamieal, electrical and thermal funchonahifies (Jackson
and Epstein, 20007,

Figure 7 Functional moduales of a functionally designed small satellite
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4  The emerging space system design platform

Underlying technologzies and technigues for developing lightweight zatellite systems for
space mussions have been discussed and the respective mernts and demertis identified.
Though some of these strategies can be used for buillding simple small satelhites, the
enabling design for implementmg a lnighly adaptive ligh performance and rebable space
system 15 lacking. It 15 therefore indispensable that a new design approach that hamesses
the volumetnc and electrical efficiency of the strategzies with flexability be developed.

Figure 3 Levels of HASS system desizn customisation
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The proposed DMA 1= a functional design approach that offers and'or perouts five levels
of design customisation (Figure 3) for a spacecraft system. It inteprates and ncorporates
the scalmp stratepies and technologies within a highly adaptive and reconfipurable
platform. The following discussions explain the HASS technolozy framework. Figure 4
shows the system-level techmolomes and design varables sources for developing the
architecture of the HASS svstem.

Figure 4 The HASS technology Tamework architecture
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Microwave infegrated cireuit design technologies have greatly advanced due to the novel
research development efforts in circuit fabncations technologies and stmingent REF
performance requirements (Ekpo and Kettle, 2009; Ekpo and George, 2010a, 2010k,
Caznillo et al, 2010; Vladimurova and Bridgzes, 2008; Xuwen of al., 1998; Bamhart et al.,
2007, 2009). The MMIC technology enables EF and microwave (active and passive
components) systems designs on the same semuconductor substrate. It has been applied in
many space systems (Ekpo and Eettle, 2009; Vladimirova and Brndges, 2008; Xuwen
et al, 1998). The HASS system archatecture sustains the MIC technologies within its
AMSUs without any nigid subsystem boundaries.

FPGA 15 an adaptive technology device that contams a matmx of reconfigurable zate
array logie ewewtry. It 15 highly determmmistic and characterized by hgh speed, high
reliability, and paralle]l hardware. A FPGA chip contams a fimite number of confisurable
blocks (predefined elements) with programmable interconnects geared at implementing a
reconfigurable digital ciremt The HASS system architectwre 15 based on a monolithie
FPGA architecture with allowance for EF and mucrowave and MEMS miegration within
a common substrate platform.

System-on-a-chip (S0} technology has found a tremendous patronage for distributed
satellite systems includmy formaton flymg, clustenng mussions, and virtnal satellre
missions (Vladimirova and Brdges, 2008). A SoC implementation m an FPGA has been
reported for a prcosatellite test mission (Viadmmmova and Bridges, 2008; Schomitz, 2010;
Actel, 2005). This has enabled the development of determimstie processers for m-orbit
autonomous operations of space satellites. The infegration of the FPGA-SoC-based
desizn concept promises to enhance the data and sizmal processing capability of the
HASS system.

Microtechnology applications that would benefit immenssly from the adaphve
multfunctional structural umit design concept of HASS are summansed i Table 1
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(Jackson and Epstem, 2000). The HASS system architecture provides the associated
onboard resources that support these varous microtechnology applications at the
subsystem-level.

Table 1 Microtechnolegy applications in a HASS system

Subrystem Microtecknology applications

Structure Adaptive damping structures and microlaminate souctures
Mechanism Micromirrer actuators and millimachined actators
Thermal conirol Microlouvers

Propulsion Mcironozzle aray

Elecirical power Microturbine and micro switches

Amimde determination and contrel  Micro magnetometer, accelerometer, and gyros
Commmmicaton Micro filters, delay lines, and confirurable array antennas
Command and data handling Micromechanical computer

Varous mucroelectronic and nanotechnology systems that scale down the size, power
consumption and weight margms of a space satellite have been propesed (Jackson and
Epstein, 2000; Xuwen et al., 1998). Theze include molecular, nanomechanical, and
quantum computers, single electron fransistors, quantum dot cells, conducting molecular
wires, self-assembling eiremit arays, and nanomampulators (Jacksen and Epstein, 20007
They can be realised onboard a HASS system due to the substrate confipurations that
embrace the kev application potentials of microelectromics and nanotechnology (Ekpo
and George, 2010a, 2010b).

Active electromically scanned amray (AESA) technology 15 an emerging radar system
platform that has recerved a fast prowing populartty from the asrospace community in the
last decade (Moore, 2010}, AESA 15 an awbormne radar technology that has advanced
capabilities such as fast electromic scannmg, flexible frapsmit power, multple receive
channels, electromic scan array architecture, and adaptve functionabity. An AESA radar
comprises several trapsmitrecerve ('R} array modules with distibuted power
capabilities for multple aw-to-awr and ao-to-ground coverage onboard an awcraft
Fespecting the HASS structural framework, AESA architecture design 1s highly reliable
and holds prospects for easze of mtegration with EF and microwave systems on a common
substrate. GaAs technology 15 the cumrent dnving technology for AESA radar design for
awrcraft swrveillance applications; this favowrs spacecraft missions due to 1ts ‘radiation
hardness’ (Ekpo and Kettle, 2009; Moore, 2010).

Furthermore, the adaptive reconmfipwrable mmlbtifunctional architecture (ARDA)
concept (Ekpo and George, 2010z, 2010b; Jackson and Epstein, 2000 kas been proposed
for designing and developmg the HASS architecture. ARMA 15 3 meodular design
techmque with recowrse to high/low level integration of BF and microwave components.

5 The building blocks of a DAMA

AMSUs are the bwlding blocks of the DMA concept. In this sechon, the emabling
technologies, architecture and functionality of the AMSUs are diseussed in detail The
functional design concept provides a network of funcheonahty whereby the divers
mtrinsic funchons constitute nodes within 1t (Ekpo and George, 2010a; Wittig, 2000).
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Single and multple components-based functions and single/multipwpose components are
possible. The proposed DMA employs this design philosophy 1n its AMST architecture.
Thus, each AMSU board can mmplement virtually all of the HASS functions. Since the
vanous functions mteract in an adaptve manner with one another through a common bus,
the AWMSU architecture promises great desizn meodularity, flesability, reliabibity, and
cost benefits. The reprogrammable mterconnects of the mtegrated FPGA (MNational
Instruments, 2009} blocks can be ‘sofi-wired’ for an adaptive and predicive
performance. The programmable FPGA blocks’ mterconnects are bome on the MMMIC of
the AMSU. Allied technologies such as radie frequency identification (RFID) and
EF-MEMS (Chazelas and Merlet, 2009) can also be used to transfer data withm and
betereen AMSUs thereby elmmating bulky wire hamesses. Figure 5 shows the two
AMSU architectures proposed for the HASS system: Figure 32} and Fizuwre 3(b)
represent the baseline and hybmd DMA bwlding blocks respectively. The baseline
adaptive mulhfinetional stuetural unit has a dedicated non-signal processing and confrol
section delmeated from the FPGA block on a common substrate. The hybrnd adaptive
multifunctional stuctoral unit contains a matrix of FPGA chip blocks with the rest of the
EF and microwave components on the same substrate platform.

Figore § The building block of DMA, (a) a baseline AMSET (b) a hybrid AMSETT (see online
version for colours)
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Figure & dlustrates a multchip AMSU module design with verfical and honzontal
maodule {or cluster) confizurations. The AMSU upgradeabls components include, but mot
lmmirted to, BF and mucrowave subsystems, FPGAs, processors, and discretes. Compared
with fraditional and existng functional design-based satellites (Ekpo and George, 2010a;
ittiz, 2000; Vladuimirova and Bndges, 2008), physically replaceable’uwpgradeable
components of the AMSU are fewer; this 15 a huge cost benefit for any space mussion.

Figure § A mulnchip design of an AMSU module, (a) a vertical baseline AMST moduale
configuration (&) a horizontal baseline AMSU module confiruration (see online
version for colours)

A top-level candidate DMA concepmal design consists of six AMSUs: a top deck
(for providing separation and mountng inferfaces), a bottom deck (for proanding
further mounting surfaces), 2 power control AMSU, an athtude/navigation AMSU, a
communmications AMSU, and a data processing AMSU. Each AMSU board 1=
reprogrammable and'or reconfizurable at the finctional level With appropriate kinematic
mechamzms, structural-level transformations (Shoer and Peck, 2009) are possible with
the DMA block for a full-scale reliable autonomous HASS system. Moreover, each
AMSU block can exhibit *3-D adapoive confisuwration and reconfizuration’. Thus, data
and information flows can be volumetric and planar; the HASS architecture enables the
various sub subsystems and subsystems to share =signals and mtelligence in 2
M-dimen=ional space through itz inkerent novel verfical, honzontal, and obhique substrate
onentations.

A petwork functionality of the AMSUs reveals one common bus and ope internode
bus for a reliable, umnterruptible, and efficient interoperation of funchonal modules.
Figure 7 illustrates the fimctional nodes of a HASS system based on the DMA concept.

Figure 7 A dynamic network of functions
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The proposed DMA concept for designing HASS enhances m-orbit space satellite
reconfizuration at the functional and stuctwral levels. Three regmes of adaptive
reconfiguration are possible based on the mtended’emergent application and crbital
parameters: F (functional), 5 (structwral) and F5 (functional and stuctural). These
regimes of highly adaptrve small satellite reconfizuration can be performed at the
adaptive mulhfunctional souetoral umit cell and block levels. Table 2 summanzes the kev
features of a HASS svstem.

Table 2 A cummary of the charactenistics of 8 HASS system

Parametar HASS system applications

Basic design concept Structural and fonctional

Adaprive design paradipm A daprive reconfirurable mulnfonctonal architechire

ARMA confirurations Baszaline and hybrid

Advanced ARMA confizurations — Multilayered baseline and hybrid

Building blocks of ARMA Adaptive multifunctional stactural onit

Transponder system Adaprive and reconfizurable

Maodel platform Basic systems engineering design process and generalizad
information network analysis

HASS technologies FPGA MMIC, S0C, AESA, microtechnology,
nanotechnology, and micreelectronics

Modules supported Payload, core bus, propulsion and deployment interface

Top spplications beansfits Parallelism and pipelining, high relisbility, high

determinism, in-orbit'Temote reconfiguration, design
flexibility, satellite reuse and cost-efectivenass

6 A case sudy of a spacecraft mission

A case study of a meteorology spacecraft mussion detaibing a possible appheation of the
DMA concept 15 reported m this section. It 15 benchmarked with two contemporary
design approaches. The obvious benefits of the lighly adaptrve small satellite system 1s
judiciously presented and dizcussed. Table 3 compare: two exising small satellie
architectures (Jackszon and Epstein, 2000; Muwen et al., 1998) with the HASS system
employing the DMA. Technology 15 not the 15sue but an enabling archrtecture to harness
the finchionalihes and capabibihes that existng device, subsystem and system-levels
technologies offer.

System enginesring analvses for conventional nanosatellite and HAN designs for a
meteorology satellite (METSAT) mission are presented m this paper Two cntical
resources {power and mass) are considered for a 10 kg nanosatellite design m each case.
Furthermere, cost and rehability analvses are done to assess the competifive advantage of
the HASS system over the emisting small satellite systems. Figure 8 idlustrates an
application of the DMA concept to a nanosatelite desizn. The basehne AMSU
configuration 15 used. Table 4 gzmves the key slements of the desipn for both the
comventional small satellite and HASS designs.
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Table 3 A comparison of traditional small satellites and HASS architectures
Satellite desigm architecture

ipacecrat Silicon Reconficurable Dararminiztic
PAFEIHEIErS I :;‘ e multifunciiomnal mulifunciional

“ofd-stane architecture architecmura
Category Nanosatellite Mamosatellite MNanoszatellite
Design concept Non-fimctional Functional Functonal (adaptive)

(moduale-based) {non-adaptive)
Technology ASIC and silicon ASIC and silicon Fiadiation-tolerant
platform solid-state solid-state flash-bazed FRGA
and Gads
FF/microwave MMIC
Subsystem Present Absent (only at the Absant
boundary functonal moduale
level)
In-orbitTemote Mo Mo Yes
partial
reconfizuration
Transponder system Non-adaptive MNon-adaptive Adaptive
System data flow COme common bus One common bas COme common and one
secondary buses

Functional modules 4 4 4
Crynamic Mo Mo Tes
redundancy
Levels of desien 1 3 5
Customisation

Figure § A nanosatellite desizm using the DMA concept
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Table 4 Eey parameters of the case smdy small satellite desizns

Design paramater Dwazcriptionvalue

Category Nanosatellite

Cm-orbit dry mass (kg) 10

Class of desizn 2 (ie., next-generation satellites with an expanded capability based

om0 81 existing category)
Formal customer review Concepteal design phase

Payload power (W) 10
Spacecraft mission Meteorology
Orrbit Low-earth

A system engineenng analvsis to ascertam the mass and power budgets for both case
study designs was done. Table 4 reveals that the maxmum allowable opn-orbet drv mass
of the =zatellite 15 peaked at 10 kg; this can be worked back to ascertain the propellants
and the launch vehicle adapter required given the launch weizht capabihty (Browmn,
2002). From the ATAS suidelines (Brown, 2002), category AW, conceptual design
review stage, class 2 combinpency 1= 25%. Thus, the total subsystem masz for
allocation = 10/1.25 = § kg; the mass margin = (10 - 8) kg = 2 kg. Table 5 summan=es
the subsystem mass budget for the considered conventional nanosatellite.

Table & Subsystem mass allocaton for a conventional nanosatellite

Subsystem Allocation, % Allocared mass, bz
Stmicture 20 14
Themmal control 3 03
Amimde determination and control o 07
Power 15 13
Cabling B 0.4
Fropulsion 5 04
Comrmmications 4 03
Command snd data handling 4 03
Payload 31 25
Budget total B0
Mass margin 10
Maximum on-orbit dry mass 10.0

The pavload power of the caze study METSAT mission 15 10 W (Table 4). The total
satellite power 15 a strong function of the payload power based on a statistical analvsis of
past spacecraft. This is used for estimating the imitial power requirements of conventional
satellites (Brown, 2002; Helvajian and Janson, 2008). The presented total nanosatellite
power profile 1= based on a four-panel arrav design for past and existing LEQ operations;
it 15 switable for an accurate power esimation of exising nanosatellite systems (Browmn,
2002; Helvajian and Jansen, 2008).
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Fipure ® MNanosatellites power distribution in LEOQ for 2 meteorolozy mission
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The payload power, Py, 13 mission-specific and vanes based on the requrements set by
the customer. Hence, while the total nanosatellite power, Puwy, profile (Fizure 9) can be
applicable to any LEQ mussion, the pavload and bus power regimes are mussion-specific
(Brown, 2002; Helvajian and Japnson, 2008). Figure 9 shows the result of a statistical
analysiz of 2 nanosatellite power profile in LEQ for a meteorology mission.

Furthermore, the power margin or contingency 15 the difference between the total
capability apd cument best estimate while the subsystern power requirement is the
difference between the total estumated power and the payload power. Mathematically, the
power estimating relationship for a METSAT mission (Brown, 2002}, 15 given by:

Fow= 1.96}7“,4 €Y
From Table 4 and equation (4}, the subsystem power allocation 15 9.6 W. From the ATAA
puidelines, the recommended continpency for conceptunal desigm stage, class 2 13 25%.

Thus, the subsystem (bus) power contnpency 1= 96 * 025 W = 24 W. Table 6
summarises the subsvstem power budget for the case study traditional nanoszatellite.

Table 6 Subsystem power budget of the conventional nanosatellite

Subystem Allocation, % Allocated powar, W
Thermal control 48 44
Amimde determination and control 19 1.3

Power 5 0.5
Command snd data handling 13 13
Comrmmications 15 14
Propulsion 0 o
Mechanism 0 o

Total 0.6
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The HAN system emplovs the DMA concept which elimmates cabhing. The conceptual
design analysis resulted mn a mass reduction of 0.6 kg compared with the conventional
nanosatellite (Viadimirova and Bridges, 2008; Jackson and Epstem, 2000; Nuwen et al,
1993; Brown, 2002). Hence, the egurvalent HAN category for the same conventional
10 kg METSAT mussion 1= 94 kg A HAN system has additional data and information
collection, processing and transmassion functionalities. This enhances the achievement of
more pavload capabilities and reliabality.

Table 7 zrves the total subsystemn mass allocation of a HAN system (Jackson and
Epstein, 2000; Brown, 2002). It 15 obvious from the amalysis that a lesser category of
nanosatellite 15 required to achieve a better performance that the conventional one for the
same mission. Given the conditions in Table 4 and class 2 contingency of 25%, the total
subsystemn mass for allocation 15 7.5 kg, Thas results 1n a mass margin of 1.9 kg

Table 7 Subsystem mass allocation for a HAN

Subrystem Allocation, % Allocated mass, kg
Structure 20 1.5
Thermal comtmol 3 02
Amimde determination and control o 07
Power 16 12
Fropulsion 5 04
Communications 4 03
Command and data handling 4 03
Payload ELY 29
Budget total 15
Mass margin 19
Maximum on-orbit dry mass 9.4

For a2 9.4 kg HAN. the total power available using a four panel solar amay 15 248 W
(Helrajian and Janson). From Table 4 and equation (4), the power estimating relation=hip
vields a total subsy=tem power of 9.6 W. The complete subsystem (bus) power budget of
a HAN system 15 shown m Table 8. The commumcation subsystem power includes
cablmg losses as well These account for about 10% of the total subsystem power
consumption and over 13% of the total spacecraft power (Jackzon and Epstemn, 2000;
Brown, 2002). Hence, the HAN power budget reduces by thiz marzin within the
communication subsystem. Actual total subsystem poweri1s 96 - 0.1 #* 96 =364 W. The
actual total power of the HAN system 15 therefore 1864 W. From the ATAA smdelmes,
class 2 contmpency 15 25% and hence, the total subsystem power confingency of HAN 1=
8.64 * 025 =216 W. The first-pass analysis reveals a power-zaving of 1| W uzing the
DMA concept for the HAN design (Jackson and Epsten, 2000; Brown, 2002; Hebrapan
and Janzon, 2008). Moreover, the reported HAN has the capability to accommodate a
12 kg mucrosatellite mussion with a 21.7% mass-zaving and an expendable surphas
maximum power margin of 74.5% (MMeerman et al., 2003).
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Table 8 Subsystem power budget of a HAN

Suberystem Allocarion, % Allocated power, W
Thermal control 53 4.60
Agtitude determination and control 21 180
Power & 050
Command and data handling 15 130
Communications 5 044
Propulsion i} 0.00
Mechamism 0 000
Total 8464

Spacecraft’s cost function relates to its size, complety, technology matunty, hfecycle,
pre- and post-mission objectives, schedule, and other discrete and/or categoncal design
vanables (Saleh, 2008; Saleh et al., 2002; Barnhart et al., 2007; Helvajlan and Janson,
2008). Based on past space missions, spacecraft’s costs have been documented for all
categones of spacecraft (Saleh et al., 2002; Bammbart et al., 2007). This has enabled cost
estimating relafionships (CERs) to be developed based on the phvsical, technical, system
requurements, and mussion‘conceptual design objectives. A ziven CER compnses
recumng and non-recumng costs (Saleh et al | 2002}, Space systems have cost-per-unit
weizht of the order of $70,000%kg (Salek ot al, 2002; Barnhart st al., 2007). Though
specific costs are imsufficient for predicting the actual cost of spacecraft, a cost-saving of
$42 000 m favour of the HAN over the conventional nanosatellite 15 realised Figure 10
gives the cwrent approximate nanosatellites’ cost profile used withm the space
community (Barphart et al, 2007). Though the actual cost profile of spacecraft 1=
non-lmear, this serves the mnihal conceptual desizn estimate for space mussions planming
and development. Based on this historieal database of nanosatellites, the HAN yelds a
cost-saving of $120,000 over its conventonal nanosatellite category (uwen et 2, 1998;
Saleh et al., 2002; Barnhart et al, 2007).

Figure 10 A mass-based cost profile for nanosatellites

2

Cost {USD M)
1

Manosatellie [kg)
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Furthermore, launch costs have a2 great impact on a spacecraft’s cost to initial cperating
capability (I0C) and cost per operational day (Saleh, 2008; Saleh et al, 2002}, This 1=
dertved based on the average specific cost to orbit. For a LEQ nanosatellite, the specific
cost to orbit for both USA and European launchers is about £10,000 (Saleh et al, 2002).
This reveals a cost-saving of $6,000 in favour of the HAMN system over its conventional
nanosatellite category (Jackson and Epstem, 2000; Salsh et al, 2002; Barnhart et al.,
2007; Brown, 2002; Xuwen et al., 1998).

Another aspect of system engineenng analysis for a spacecraft 15 its system-level
rebiability. This 15 a funchon of the payload and bus modules rehabilibes. Spacecraft
rehiability caleulations are used to avold undue logh safety marpin: and system
oversizing. Past spacecraft missions show that an average of 1.7 fallures per spacecraft
within the first 30 days of operation; thereafter, each spacecraft records an average of less
than 0.2 failure: per month (Hazsan and Crossley, 2008). For the purpose of comparing
the conventional spacecraft and HASS architectures, each bus subsystem 15 aszsigmed a
rehiabibity of 0.9999 (Hassan and Crossley, 2008). The pavload subsystem 15 assumed to
contain a sehd-state power amplifier (R = 0.9994) and an antenna (R = 1} (Hassan and
Crossley, 2008). Equation (3) grves the spacecraft reliability, Rouecn. estimating
relationshop (RER) that cumently determines the svstem-level rehability margm of
spacecraft (Hassan and Crossley, 2008).

Rr_pux._m_'ﬁ' = Rp:_'vfﬁm"ﬁsrm.:rhmﬂ.l.fh’?.‘?'ﬁﬁﬁi Rnkma!'ﬁpmpm'mnﬂh.mﬂ &)

Due to the existence of subsystem boundanes, convemhonal spacecraft rehabihty
caleulations are subsystem-bazed Baszed on the published reliability parameters and from
(3), a conventional nanosatellite has a system-level reliabihity of 93.74% at the end of the
30th day of operation (Kuwwen et al., 1998; Hassan and Crossley, 2008). The absence of
the subsvstem boundanes (at the functional level only) results in a rehabibity of 99 80%;
(Jackson and Epstemn, 2000; Hassan and Crossley, 2008). The absence of subsystem
boundanes m a HASS system franslates the rehability caleulaton to a2 functional
module-based one. Assummg each AMSU-bome functonal meodule has a rehabahty
factor of 0.9999, (5} vields a system-level reliability of 99.97% for the HASS zystem
(Jackson and Epstein, 2000; Hassan and Crossley, 2008).

Conclusions

A pew design approach for small satellites called the DMA has been proposed. This new
desizn concept leverages on the existing scabing techmigques and technologies but has the
functional design concept as its beacon. The idennfication and specification of the
functionzal and stuctural requirements of the system mfiate the design process. Five
design eustomisation levels charactenise the DMA appreach. Moreover, AMSUs are the
building blocks of 1tc design paradigm. By sustaming the adaptive technology on the
same ‘substrate’ platform with hghtweighting strategies, a completely robust and reliable
architecture 15 realized. Associated thermal control, embedded electromics, sigmal
processing and control umits and relevant discrete components are contamned mm each
AMSTT

A casze smudy analysis of a METSAT mussion reveals mass- and power-savings of
0.6 kg and 1 W respectively by a HAN compared with its conventional nanesatellite
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category. Furthermore, cost to IOC and launch cost reveal uge cost-savings of $120,000
and 56,000 respectively m favowr of the HAN over s convenmfional nanosatellite
counterpart.

The DMA concept successfully mteprates the vanous satellite modules adaptively.
For instance, the payload subsystems can be seamlessly implemented from the core bus
in an event of module failure. This introduces a sort of dynamic redundancy for the entire
satellite system while maintaimmg an uncompromised ophmal performance throughout
the mission. Hence, real-time space applicationsmissions and post-mission reapplications
are possible with this concept.
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Future-Generations Small Satellites Design
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Absracy—The  conventional peinthased satelllte  system
englneering deslgn procedure 15 Insuffickent o address ihe
dynamie sperations amd postmission meese of capability-based
small satellites. Emerging space systems ond misshons requine an
agaptye archltectungs) that can withstapd the radiation prone
Might environment and respond o (n-si envirenments] changes
using onboard resources whik malntaning s optimal
performance This proaciive amd reactive response requiremsent
[POsES An ENormous conoeptual design task n erms of the trade
space — which can be too large to explore, study, analys and
qualily — for a future.generatlon adapiive small salellite system

This paper Ivolves o careful stedy of the corrent and
emerging space system techmodogles, archllecturss and design
concepts Tor realising sdaptive small sateliltes for fubume space
applkcations. Adaptive mujtifuncional structural anlts (A MSUs)
that gliminate subsystem boundaries and enable [ve keyvels of In-
orbit custymisations at the system level have baen qualifled for
highly adaptive small salelliles (HASSsy The inital system
englneering (SE) analyses reveal that the HASS sysiem has mass,
cost and power savings over the comvenijomal small saiellle
Implementation. The reported novel research Mndings promise to
enable capabillty.-basd, adaptive, costeffective, rellahbie,
multifupctlonasl,  brosdband snd  optimal-performing  space
systems  with  recourse  to posbmission  re-applications.
Furihermore, the mesulls show that the developed sysiem
engineering deslgn process can be extended to Implement higher
saig|lite generatlon missions with economies of scaie.

Index Terms—anaptive system, low earth orhil, sntellle system
enginesring, system el deslgn

L INTRODUCTION

HE curmrent advances in space and allied echmologies that

enable the design, production and operation of capability-
based subsubsystems, subsysems and modules onboard a
saiellite system necessitae a re-evaluation and eassessment
of the conventional sakellie SE margins. Spacecraft SE
imvolves the specification of the conceptual design and
mission ohjectives of a satellite system and the qualification
of the subsubsy sems and subsystems needed to fulfil its

M ammscript morived Maw 15, 1N

The auibors are with the MACE Feseach Group, School of Flacirical £
Fectromc Engineering, The Univessity of Manchesier, Manchesier, Mel
100D, Undted Kingdom (Tel: +3479 5047 824% e-mait cookey_sundsy @
ey, Danie e Georpe @ manchestierac uk)

requireme nts cost-effectively. This inclodes an
umcompromising development of the detalied engineering
tasks in the functional design of a spacecraft The SE prooess
is initized by the validation of the complete requirements that
should characerise the satellite sysem; this includes the
choice of key aspects that satisfy those reguirements. In
satellie SE, observed system-level changes are used to track
and assess key performance parameters [1 — &),

The sysem-level focus of the conceptual design phase for
any given spacectaft mission requires optimality and not
feasibility. Hence, the design model of the spacecraft must
have cost and performance elasticity to chamges in system
requirements and applications for optimal results. The
fundamental motivations for the HASS concept are, bat not
limited to, on-orbit adaptability, reliability, moMfifunctionality,
enhanced portability, system-level simulation of spacecraft,
reduced manufacturing and integration complexities, cost-
effectiveness, safety, low carbon foolprint, post-mission re-
application and flexibility in deployments. This capability-
based space system design will gain increasing and expanding
applications in future deployments of consellations of small
satellies. The novel HASS sysem architecture has am in-bailt
dynamic mdundancy and radiation shield for osboard
semiconductor components which can be reengineened while
in orbit. The caegores of HASSs ame highly adaptive

microsatellites (HAMs), highly adaptive nanosakllies
(HAMs), highly adaptive picosatellites (HAPs), highly
adaptive femtosatellies (HAFs) and highly adaptive

atiosatellites (HAAs); this paper focuses on the fimst four
categories. Moreover, the mass of each category follows the
mass classification comvention used for traditional small
satellies [3, 5, & 9].

This paper is organised as follows. Section 11 explains the
operations of future-generations satellites with emphasis on
adaptive small satellites. The S5E of future-generations small
sak llites focusing on the mass and power properties are stated
in section 111, A case stody of the S5E of four caiegores of
HASSs for a meteorology mission is given in section IV,
Section ¥V features the conclusion of this paper.

IL FUTURE-GENERATIONS SATELLITES OPERATIONS

Considerable works have been ongoing for over ien years in
achieving adaptive circuils for microwave subsubsysems,
subsystems and systems. For instance, a power amplifier that

978-1-4673-4688-7/12/531.00 £2012 |EEE
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operaies on any frequency band adds valpe io the spacecraft
sysem reliability and availability. Hence, achieving the same
performance at broadband as in namowhband frequencies is
highly desirable. Adaptive amplifiers onboard a spacecraft
enabke mmoke reconfigurations to support different spacecraft
mission objectives (such as switching from communication to
radar applications), onboard wning after manufacturing and
selectable nominal operating conditions as opposed to worst
case design margins [T - 9).

Radiation impacts negatively on semiconductor devices
onboard spacecraft in orbits. Cosmic rays and heavy charged
particles streaming out from the sun in the solar wind meact
with gases in the wpper atmosphem to produce high energy
neuirons.  These neotrons impact on  the  onboard
smiconductor devices o produce unpredictable  in-orhit
failures. As a mesult of this, the space systems in LEOQ have
potential replacement timeframe of 10 years. This translates
inte a hoge investment cost that could be avoided through a
juodicions  system-kevel meengineering  Radiation-tolerant
adaptive and reconfigurable devices have been developed and
qualified as independent and integraied subsubsystems for
control, signal processing and mmoke switching applications.
Examples inclede field programmable gate array (FPGA) and
reconfigurable  micro-ekectromechanical sysems (RMEMs).
The monolithic inegration of FPGA, RMEMs and Gahs-
basad RF'microwave subsystems promise to enable meliable
delerministic =atellie operations [3- 5, 9- 1a].

The futwre space activities and payloads spanning satellites,
probes, capsuoles, space shuttle missions and international
space station (I55) assembly hardware across the globe has
been assessed and predicied wsing the Worldwide Mission
Model (WMM) for the past 20 years. The WMM snapshot of
tutume paykads for the period 2011 — 2020 (released in 2011)
indicates that 2,315 proposed payloads are underway; this is
14 % and 4 % geater than the 2009 and 2010 figumes
respectively. These are payloads that have been announced
and intended to be laonched. Small saellite programmes
Spanming mini-, micro-, nano-, pico- and femicsaie lies will
spur up space payloads market growth in the mext 20 years.
This increasing number of spacecraft launched each year and
technical and environmental constraints call for a eassessment
of the curment system engineering (5E) margins goveming their
design, production and operation [5,7, 10].

Highly adaptive space subsubsysems and subsystems are
expected o form the archilecture of the come bus, payload and
propulsion modules of fulure-generation spacecraft [5, 7, 11,
12, 17 - 21]. Consequently, radiation-msistant adaptive and
active devices technologies have been anabysed and gualified
for developing a determimistic muliifunchonal architecture
{DMA) with five levels of in-orbit spacecraft customisations
[18]. Adaptive multifunctional structural units {AMSUs) form
the building blocks of the HASS thereby eliminating
subsystem boundaries at the system level [1E]. The design
methodology established for the HASS helps to enhance the
concepiual design of future-gemerations spacecraft at the

subsystem and system levels [5). A HASS is a mconfigurable,
multifunctional and deterministic small space satellite that has
capahilities for dymamic space applications and operations
while miaining is designed optimal performance. The
architecture a HASS system implements a digitised monolithic
microwave integrated circuit with an analeg functions
capahility. The advantages are, but not limited to, very small
subsubsystem footprint, reduced system weight, synthesisable
digital cores, technology-independent implementations, very
low  power consumption, esase of application, absence of
analog blocks and integrated radiation hardness. Existing SE
procedunes are insufficient to give a complete analysis of this
type of space sysem. Hence, the need to review the existing
SE with respect to the emerging satelliie designs echnology(s)
and applications.

L SEOF FUTURE-GENERATIONS SMALL SATELLITES

TAELE 1
SPLCECRAFT SE PROcsmEs
Requirements definitson
Resouroe budpeting
System- level trade sodies
Syslem iniegraiion
Operations) margins
Prest-mission meappiication assesament

TaELE 2

SPACECHAFT PROJECT REVEWS
Conepaml design meview
Prefimizary design meview
Critical design review
Preshipment madiness moview
Flight readimess review
Azmmily, lesl, anad lsunch aperations
Mission operations
‘Completion of mission
Posi- mission capahility meview

In any given space development programme, the customer' s
requirement drives the choice of technology(s) to meet it. The
major elements of the HASS SE process implements the
phases of a HASS mission {Table 1), Table 2 depicts the major
formal customer reviews that must be condocted in the course
of a HASS mission project development. Each phase details
the Eechnological bassments of the functional modules. Power
and weight affect operating and insertion costs exponentially
and so0 are always critically examined for optimal bedget
parameters. In this paper, mass and power properties are the
two major spacecrafi resources of consideration [14, 17, 21].

A Space Sarellive Mass Rudges Analysis

The parameters for developing spacecraft’ s mass budget
include design phase, class of design, lsunch weight
capability and propellant mass [14]. These specifications ane
used to ascertain the on-orbit dry mass of a spacecraft and
the comesponding mass margin. Mathe matically, the on-
orbit dry mass of the spacecraft is given by
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Mum='ua.w.'_'ua.m_'ur (1)

whene,
M pow = on-orbit dry mass, kg
M|y = launch vehicle mass capability, kg
M|y, = launch vehicle adapter mass, kg
Mp = propellant mass, kg

The launch vehicle adapier scales with the launch vehicle
mass. Based on past spacecraft analysis, this is given by:

M, =DOTEM,,, + 50 2}

From the American Institutie of Aeronautics and
Astronautics (ALAA ) guidelines, the mass margin is given by

C
=-"M_"’“" (%

s,

where Maogg i5 the mass margin in kg and O the mass
contingency factor [14].

Equaticn 3 holds true if the payload is developed along with
other core bus subsystems. In the event that the customer
provides the payload subsystem, (3) becomes:

ColM o — M)
My = e ) ()
1+ C)

where My is the paylad mass in kg. The comesponding
conz bus subsysiems mass, Mens, in kg is thus:

Mo — M,

i5)
1+C,

M =

The next step in the spacecraft subsystem mass budget
analysis is the mass allocation to the individual subsystems. To
deve lop the mass budget mode | of a HASS, a knowledge of the
cabling factor, Cyp, contingency factor and on-orbit dry mass
is required. From (4) and (5), the eguivalent on-orbit dry mass,
My, of the HASS is given by: [14, 21]

Mm=Mrm[l_cw} (&)

R, Space Swellite Power Budger Analyzis

A S5 A SHD SPACECRAFT Hﬂ::l;i'{]flll:um'ﬁ RELATIONSHFS IN LEy
Saedliie Category (k) Power Estimating Eelationship
Microsaiefie (10 - 100) P W)= 1044M = 1556
PoiW)= 2 6M = 344
Fi(W)=5M = 07

P (W)= 103M + Q167

Maznsatellite {1 — 100
Pocreagellites {TL1 - 1)
Femiosatellites (0T - Q1)

Tabke 3 gives the PERs of past spacecraft in LEQ revweals
based on a statistical analysis carried out in this research [17].
This analysis &5 based on a four-panel solar amay and yields
the total power, P of a satellite as a function of its mass, M.

The total spacecraft power { PER-based) can be expressed as
a function of the satellite mass and payload power thas: [21]

B=flE)+if(M)+C T

where k is the specific power constant (W/kg) for each satellite
category and C is a power constant (W)

A nanosatellie designed for 3 meteorology satellie
(METSAT) mission in LEQ rewaled a PER and payload
power given by (&) and (9) respectively:

A =1LI13M +0.98F, +1.72 (8)

B, =LI53M +1.755 (%

For a 10-kg namosatellite, (8) becomes:
B =13.02+098F, (100

TamE4
METHIROLOOY SPACECRA FT POWER: ESTIA TING RELATIONSHIFS BN LED

Saie e Caiegory (kg Perwer Estimating Relationship

MicrosatelSee (10 - 1000 Py (W)= 0522M L 08P, + TT8
Manosatellite {1 - 109 Py(Wp= 1198 +00980 + 1L72
Picosaiedlites {01 - 1) PyiWy=1.5M 098, + 035
Femiosaielliies (01 - L1} Py (W= 515M 4008, = L0835

—4— Total Puwer in LED (W} |
14 | o
120 BA_
Z1m0 s
fe -u:é
3
n
= B0 ars
j g
3 w? 205
z
! a:n| -u:ug
a o
10 20 30 40 B0 &0 70 BO 90 100
Microsatellite Catepory (kg)

Fg. 1. Microsatellie power profile in LEO

Hence, the payload power constraint for (10) is Py < 13.29
W. Table 4 gives the derived PERs of small METSAT: in
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LEC based on past spacecrafit missions. Figures 1 and 2 show
the comesponding power profiles for microsaellies and
nanosaiellites in LEOQ respectively. They indicate the
maximum feasible payload powers for each satellite
classification [17, 18, 21].

. Tivkal Powre rin LECH (W)

Y 14
EE //. 12%
] 'Iﬂg
¥ ]

15
: 6%
310 -
= E
B
= B = E
= |

L o=
12 3 4 B 6 7 8 9 10
Namcsaie B Caiegory (kg

Fig. 2. Nanosatellite power profile in LEC
From (T), the total in-orbit power, Pr, of a HASS system is
eiven by:

P;-=PP|+PM+P;‘_ (1)

The comesponding power contingency is given by:

P =Py +8P (12)
where 4F is the maximum differential power (W) resulting
from the dynamic operation and applicaion of a HASS
SYEEML. Since Pogyg, is defined for the conventional spacecraft
without any obvious recourse to the adaptive power regimes,
P mayin, MuIsL b greater or equal 10 Poey.. Hence, the constraint
on {11) for a HASS system is given by:

Prn S P = P (13

o+ 5P)

Consequently, for a HASS system, (7) becomes:

B=f(BJHM+GR+P+C

Eguation 14 represents the complete in-orhit total spacecraft
pewer budget function for the conceptual design of a highty
adaptive small satellite system. With (14}, the design point of
{7y is satisfied and can be modelled mliably with accuracy.
Hence, undue electrical power system redundancy amd
equipment oversizing can be avoided. This serves to enhance

the mliable SE analysis of small satellies in the congested and
radiation-prone LEQ env ironment [4, 15, 21

Given that a HASS design lifetime (in years) is Tye and
post-mission re- application years, Tim its concepiual system
engineering design would require a system parameters estimate
for Tess given by:

Tinss = 2Ty * T‘;m} (15)

where, T is the overall mission and post-mission re-
application lifetime of the HASS sysiem in years. From (15)
and for a three-year post-mission reuse, the maximuam
capability-basad design lifetime (CIDL) fora 1872 ke HAM is
approximake by seven years eight months.

Table 5 features the highly adaptive satellite subsystems
mass allocation for the communication and planetary missions
for payload is customer-furnished (CF) or spacecraft team's
payloads. The valees are based on past spacecraft missions
analysis and emerging space technologies [14, 17, 18, 21].

TamlE S

HETHLY ADAITIVE 54 TELLITE SURSYSTHME MATE ALLOCLTION

Subsysiems maes allocation

af spececmit mEssons (%)

Communicasion Plametary

Subwsiem 5P CHP ETP Fp
ST 1 HE ITE ]
Thermal comiroi 41 %] 3 a3
AN 712 04 o7 109
Elecirical power 08 a4 24 Frk]
Propulsion 2 04 140 163
Communications: - - [ %] T
e 41 a3 0l 1.6
Payicad 00 - 118

Given a 10-year LEQ mission, the EOL power of a 30-kg
microsat is approximakely 50 W. A reemgineering of this
microzat  would  successfully  enable  amnd  sustasin oA
coresponding 10-kg nanosat LEC mission. For anexira 5-year
LE(} mission, the life degradation of the microsat's Gads-
based solar array yields 0.87. This translaies into an EOL of
approximaiely 43.50 W, Since the EOL is the design point,
(15) yeelds a mission of approximatelty 50 months. For
propulsive missions' requirements, on-orbit robotic efuelling
can be implemented.

Since AMSUs enable saellite payloads to be standardised
te form multfunctional modules (MFMs) which can be
customised whike on orbit, the guality level of the HASS
system is comparasble with the wnits pass. Hence,
subsubsystems ame integraied onto a common platform such
that multiple functions can be derived from the same unit. The
obvious reduction in the materials list of AMSUs implies that
thermal drifi isswes cam be reduced. Momover, the
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developments  in  mécrofabrication and micromachining
technigues such as low-Eemperatune cofired ceramic (LTCC)
and laser volumetric exposure  processing (LVEP) for
materials such as photosensitive glass ceramics (PSGC) hold a
ereat promise for digitised MMICs such as AMSUs.

IV, CASE STUDNES OF SPACECRAFT MISSI0NS

Tables 6 and 7 are mspectively the power and mass budgeis
for & METSAT mission in LEO sing a 18.4-kg HAM. The SE
analyses can be extended to cover HAP, HAF and HAA
categories based on the mission mequirments [21]. The
afvanced capabilities and mass, power and cost savimgs
recorded with the HASS compared with the traditional small
sakellite sysems make HASSs the obvious choice for future
spacecraft missions. Tabde 8 shows the mission comparison
amalysis of meweorolegy, planetary (PLASAT) and
communication (COMSAT) missions using a 10-kg highly
adaptive nanosatellie (HAN), 30-kg highly adaptive
microsatellite (HAM) and 50-kz HAM respectively has been
done; the masses am stated with respect to their conventional
small satellite mass margins,. The mass and cost savings
realisable using HASS sysiems rather than their comesponding
comventional small saellites implementations are given in
Tahble 8.

TARE &
HXHLY ADAMTVE Skt L1 SATELLITE Pow'is BLEKET ANALYSIE
HASE System Engimeening

Analysis: Power Budpet Messon: Meleoraiogy; Fy(W) = Ly

bt LECY, Design Phese: Conae paal Design
Power conttinpency (O 25%; Class of Desige: T (Next- geoemtion)
Sttt L - e microsaied B (HAM

Com Bus Subsvsiem Power A llocation

Coe Bus Subsvsiem Allocation (%) Power (W
Thermal controd E2] [
Attsiude comtrol h 172
Electrical Power & LTE
Command and datz bandling 13 L
Commuzications 3 s
Propulsion [t} o
Medhanics 0 o
In-orhit Toial Power Summary

Parameier Terwer (W'}
Muximum available pavioad power in LEQ 18 6l
Eequimd peyioad poser 1500
Maximum core bus power 17.85
Calculated come bus power 1106
Power margin in
Total mequired power 32
Power savimgs LBD
M poweraf a 20 kg Microsat in LEQ 645
M o alable core bus power in LEQ 1418
M. zvalable power margim in LEQ 137

TamET
HMEILY ADWITIVE SMALL SATELLITE MASE BUTMET ANALYSE
HASE System Exgimening
Anatyse: Mass Budget; Mzssion: Meirorology; Orbil: LED
Design Phase: Concepiual Design; Mass continpency: 256
Class of Design- 2 {Mex | penerationy; Cahfing mass f Cor B%
Small Sakedlie Cae pory: Highly Adaptive Microsasedlite (FLAM)
Comeentional an-orbt dv mess (kg 20

Sabwysiem mass mduction (kg)= 1.6
Equivalent on-arbil dry mass of a HAM = 184
Toial sufwysicm mass for alliocation (kgj= (1841.25)= 14.T2

Suhnvsiem Masx Allocation

Subervsiem Allocation (%) Allocaid mass (kg

St 1T ERLT)

Thermal coméro a3 L4Bs

Mt e controd 0z 1443

Power 174 1361

Propulsion 33 (LE10

Teleoom 43 a3z

cns 43 a3

Py load EEN 4 060

TIAW Mas: Aliocabon memman

Parameier W alue ;Ej

Subwysiem budaet iotsl 1472

Mlass margin 1oE

Mlass sning: 160

Mlaximum cm-orbit dry mass 1840

launch cosl-swving (§) 1AL 00

TamlE8
METSAT, PLASAT AND COMEAT MESIONS LEDNG HASE SYSTEME
saie (i cale gory

Mismion Mevorsiogy ™ Mmmetary  Commumicasion
On-crhit dry mass (kg) 9 My bl ] 455
Sy ms mess (kg) T nil IEED
Mass margin (kgy L3 5358 o970
Mass-saving (kgy s LD o
Specific ol seving (5] SelDi 105000 147000
Launch cost-sxving (%3 EOO0 1 5000 200

It is obvious from Tables & and 7 that no power and 5.5 %
of subsysiem mass have beem allocaked 1o the propulsion
subsystem of the METSAT mission respectively. This follows
past historical database and based on the ALAA gudelines [14,
11). Conemporary mission programmes employing advanced
space Echmology breakthroughs in subsysiem design and
integration have also lent credence to this analysis [17].
Corent minizturised thrsters and MEMS-based  thruster
syslems are able to support translational and rotational
welocities changes of spacecraft. A cold-gas micropropulsion
that yields 34 mfs velocity increment can enable the required
mancevrings andfor orbit changing. A typical LEQ mission
can w30 misec AV b0 easily meet the propulsion
requirements. Based on the rocket equation, HA 555 missions
can be accommodaied. The given margins are for the initial
concepiual design stage of the spacecraft development
programme. Appropriae  propulsion technology mass and
power margins can always be derived to reflect the propulsive
mission requirements [17, 21].

On the mission accomplshment front, charged couple
device (CCDY) chip i the preferred sensors technology since it
can withstand the unpredictable harsh space environment and
has the capability to integrate several functions in the image
sensor. Furthermore, CCL¥ chips are smaller, consume less
power and have higher SNR and betier resolution than CMMOS
Cameras,

Momeover, the cost of a saellite is usually scaled with is
mass as 3 fimst approximation. (dher factors such as payload
complexity, maturity of the design, lifecycle, pre- and post-
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mission objectives and schedule have a direct impact on cost.
Basad on past space programimes, each satellite cost estimating
mrelationship (CER) comprises mrecurring and nonrecurring
costs. Spacecraft have cost-per-unit weight of the order of
£70,00¥kg. Though specific costs ame  insufficient for
predicting the actual cost of spacecraft, HAM, HAN, HAP,
and HAF implementations have achieved cost savings over
their conventional counterparts [21]. Furthermore, launch costs
have an obvious infleence on the cost to initial operating
capability {10C) and cost per operational day of a spacecraft.
For a LED satellite, the specific cost to orbit for both the
United States and Furopean launchers is abowt $10,000Fkg.
Table 7 shows the appreciable cost savings for a HAM
compamed with its conventional counterpart At the concepiual
design stage, Tables & and 7 help the spacecraft sysem
engineer to allocate resources o the varions subsysems of a
spacecraft's functional modules [18].

‘While the presenied 5E process andior analysis is for the
conceptual design of small saellies based on past spacecraft
missions and emerging space  systems design  and
manufacturing technologies, there & an intninsic recourse to
specific mission objectives during the development phase of
the saellie project Amy spacecraft sizimg model is
traditionally optimised for low power, mass and cost. For
instance, the power requirement for the microsat category is
more than the power budget of the nanosats. For the same
technology platform, this is expecied and the respective single
mission ohjectives would definitely be different except where
both  satellite categonies work cooperatively within a
constellation or formation flying sysem. The presented
modular 5E design process for small satellites serves to enable
the transitions of sakellie gererations for emergent missions
and poskmission reapplications. This s the philosophy behind
the functional design concept adopted for HASS systems.

V. CONCLUSION

A system engineering process for future-generations small
saie|lites has been presenied in this paper. Appropriate power
amnd mass estimating mlationships have been derived and
explained for small salellie missions in the low Earth orbit.

Mass and power savings have been recorded |y
implementing the highly adaptive small saillie missions
rather than the traditional small satellite sysems. Furthermore,
sppreciable cost savings have been realised for the imitial
specific and launch costs of highly adaptive small satellites.

The analysis can be applied to study any spacecraft mission
with an established past history/database. The reported sysiem
engineering promises to enhance a holistic design and
development of mnext generation satellite missions and
constellations.  Technical computing and  application
programmes such as MATLAR and M5 Excel can be uwsed to
develop the SE tool based on the derivations given in this
paper. Furthermore, limited freguency spectrum and spatial
capacity (orbital slois), high equipment cost, increased space
debris, and expanding global broadband conmectivity require

adaptive, reconfigurable and multifunctional space systems.
This work can be extended to provide a meady spacecraft
system  emgineering meference  handbook for the space
COmETUnity.
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Absrac—5System-level concepton, desigm amd analysis are
fondamental fo emsuring the relability amd operability of
compler systems. The ever-expanding and demanding global
space activity requires, amengst other performance metrics,
lm]n:l’nl:mnl, reconfizurable  and adaphbve system
architertures. Comsequently, there is meed for developing &
systems engineering toolplatform for assessing multipurpese
space applications and decommissioned satellite svitems
reapplication. Thiz paper presemts a system-based desizm
methodology and architecture for hizhly adaptive small
satellites {HASSs). The developed HASS methodology beacons
on the basic sysems engineering i process and
generalised information network anabysis (GENA) mode. The
HASS methodology and architecture address the space mission
and conceptmal desigm objectves. The iteratve process
provides optons for missions) defimition and combinations
and space system transformation. It alse allows the deszner to
choose from available device techmologies for specific and
imtegrated applications with allowance for frade-off: and
evaluation. Depending on the unique attributes of interest the
small satellite subsystem compoments can be selected for a
specific mission. Forthermore, mission-defined guality of
seTvice metrics are astEned prior to the system trade space
erploration.  HASS5-based molticriteria stodies are them
performed for qualifying the optimal system architectures.
This adaptive space system-level platform allows the desizmer
to optimize device techmologies, systems and smbsystems
configurations and architectures in an intesTated environment.
The attemdamt benefits. are reduoced desipm, lammch and
operations costs, reliability, adaptive remote momitoring and
suppart for breadband and'or moltimedia applications.

Keywords-  adapdve  small sarellive;
methodolegy;, mulffuncdonal; recomfigurable;
design

architecaire;
qystem-based

L INTRODUCTION

Space compmmications technology [1 — 6] has contimaed
o evolve doe to advances i allied techoologies that
characterize the device standards onboard space equipment.
Advances I system and sobsystem desipn,  device
architechme and techmolepy and the need to enhance
portability, cost-effeciveness, safety, relisbility and
flexibility in deployments all testify to this asserton
Adapave small satellites design represents a complex system
design  that requires enormous SYSEDS  enFinesTing

S75-1-4245-5653-7110/526.00 ©2010 IEEE

modelling and analyses. Stamng from the baseline device
techmologies to subsystems and systems imtepratfion the
fimdsmentsl systems engineering desien rouwline  are
required [t imvolves problem definition, explomatiom of
sppriopriate  sobafion  sets, development of options,
evaluaton of alternatives and choice of archipechmre. Desizn
processes such as the geperalised information network
analysis ((FEMA) model [1] and Hall's methodology [2] have
been developed for smdying, desisming and developing
complex space systems. The GEMNA model has been applied
in the omltichjective, omitidisciplinary design optimisation
methodology for the concepinzl design of distibated satellite
systems. Hall's methodology involves seven steps: problem
definition, value systern desipm, system symthesis, system
modelling, system evaluation, decision making and planning
for action Furthermore, reconfimmable pmiltfonctionsl
architecture approach has been developed for nanosatellie
missions [3]. Orher small satellite desizn and cost models
hawe bean developed for desizm-to-cost goals for concepiaal
design [4]. This paper describes a systems-based design
methodolopy and amchitecture fior adaptive small satellites.
Thoush space systems and subsystems technolomies have
recorded unprecedented advances in the last thirty years, the
systenr-level focus of the conceprual desipn phase for amy
Fiven spacecraft requires optimality and not feasibility. Thas,
the small satellite system desipn pmst have cost amd
performance elasticity to changes i system requirements
and applications for optimal results. This is why system
resources adaptability and optimisation pmst be ensured for
reliable space applicadonms. The adspave small sstellite
design methodology seeks to bridze this gap within the space
systems design suites. It addresses the madiments of the
GEMNA modal and Hall's methodology while allowing
cost analysis.

O THEHAS: METHODOLOGY
Fig.1 shows the developed methodology for highly adaptive
small satellites design for space applications. First the
mission and concepmal design objectves are defined. This
iz followed by the transformation of the satallite system mbo
n information network with nodes. Mission-specific quality
of service mefrics are then stated The concepmal design
problem is partitioned to allow for slgorthms snd codes
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and  specificaion  of functiomal
TEqUrEments.

Adaptive multifimctional struchural units (AMSTUs) are the
building blocks of the ARMA concept. This paper presents
the enabling techmologies, architectare and fimctionality of
the AMSUs in detsil A prototype AMSU design for a
nmanosatellite is also shomm. Fig. 3 shows the myo AMSTT
architecnures proposed for the HASS systemc Figs. 32 and
3b represent the baseline and bybrid APMA building blocks
respectvaly. The represented AMSTUs are meant to serve the
comrmmication subsystem function of the HASS sysiem.

subsystem-level

N I N

— ]

\/\/V

BF & MW-hased FRGA-based
COMP-ONEnts

jll

MMIC

{1 Hybrid AMSU

Fignre 3. The Beilding Block of ARMA

The fonctional design comcept prowvides a network of
fimctionality whereby the vanous inminsic fonctions
constinite nodes within it [3]. The beauty of the fimctional
diesipn approach is in the possibility of implementing smgle
md  mulaple componenis-based  functons  and
singe/mulipwpose  components. The AFRMA  deign
employs this desizn philosophy in its AMSU architecture.
Thus, esch AMST board can implement virmally all of the
HASS fonctions. The various fimctions interact om a
comman bus; the AMWSLT architecture promises great design
modulanty, flexibility, reliability and cost benefits. The
reproprammable imberconnects of the imbegrated FPGA
blocks can be “soffware-wired™ for real-ime performamce
The programmable FPGA blocks’ inferconnects are bome
on the MMIC of the AMST. Allied technologies such as
FFID can be used to transfer data between AMSTTs thereby
elimimating bulky wire harnesses.

The AMSU upgradesble components inclnde but not
limited to, FPGAs, EPROM, FAM processors, surface
mount devices and discretes. Compared with taditional and
existing fumctional design-based satellites [5, 6], physically
replacesble'upgradesble components of the AMSU are
fewer; this 15 a bmge cost benefit for any space mission.

A top-level candidate ARMA conceptusl design consists
of six AMSUs: a top deck (for providine separatiom amd
mounting interfaces), a bottom deck (for providing forther
mounting  surface), a2 power coogol AMSU, an
attimdenavigadon AMET, a commmmications AWSTT and a
dats  processing  AMSTUL.  Each AMSUT  board is
reprogrammsble and'or reconfigursble at the functionsl
level. With appropriate kinematic mechanisms, strucharal-
level mansformatons are possible with the ARMA block for
a full-scale reliable sutonomons HASS system

Fadiztion-hardensd FPGAs are required for the successful
implementation of space-based ARMAs for HASSs. The
adapdive devices are ewpected to exhibit high total dose
radiation capability, low single events and latch-up innmune
and high dose rate survivability. Though these key soingent
requirements have been met to a great extent by some
available FPGA mamifacmorers [7], this mew design
paradizm presents & completely new space qualificadon
challenze Fealising space-qualified MMICs with GaAds
mbstrates is a tivial issue since radistion-hardened Gads-
based devices are an existing and mature technology. If is
expected that with the advancement in active device and
mbsoates imtegration technologies, the proposed adaptive
mmitfimctions] stocmral unit architechire based on the
APMA design concept will be a reality.

V. (CONCLUSICN
This paper has explained a novel design methodology and
architecture for highly adapave small satellites systems. It
promises to serve as 3 techmology platform for the space
comnmmity in the desizn of nexi-gensration space systems.
A key benefit of the desizn routine is that it takes info
account the space environment where the candidate mission
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development; this involves the generaton of subsystem
desizn modules and imtegration. The space system desizm
variables are then explored with recourse to performing
HASS-based nmiltcriteria studies. The methodology mext
identifies optimal solutions from the trade space and
qualifies them Osher mission-goaled candidste decision
wvariables are wied and sensitivity anslyzis done. The best
architectures for the mussion are chosen and the design
advanced to the next stage of the space satellite procurement

Jealtty the cptimad HTrrdhlln:nl Chimcina B [dmristy ta b

wThimciz e fr-
rywiam ardhiieciurus| | decisiar varabiea| | routs i

Figurs 1. The HASS methedelogy

II. THEHASS ARCHITECTUEE

A llsed Technologcs -
AESE Sol
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- Dhecizmion Varishlen
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1 Bodualicn —
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Mlul s finctcaal
Archilecturs

Hanolechmol oy
Micrmcicctonics

Figum 2. The HASE famework ‘architectors

The hizhly adaptve small satellite architechmre is showm in
Fiz. I. The drving technologies [5] for the adaptive,
reconfigurable and mmltfimctonsl architecture (ARMA)
are: field programmeable gate amays (FRGAS), monolithic
microwave integrated cirouits (MMIC:), micTotechnology,
nmanotechnolozy, active elecronically scanned amay (AESA)
and system~onchip  (Sel). Momolithic mucrowave
integrated circwit is 4 microwave ciowit fechnelozy in
which the active and passive componenss are fbricated on
the same semicondoctor subsirate MMIC technolozy has
found tremendous applications in the military (phased array
radar, electronic -warfare, passive Imaging achive
elecoomically scammed amay), civil (zlobal positoning
system radio frequency identification taggine, medical
systems, amd cellnlarhandheld dewvices) and space

{astronomy, radiomefers, CODMOMMICANOn, Temote sensing,
reconnzizsance snd passive imaging) [§]. Micotechnology
involves the nse of advanced, hizh density devices such as
application-specific infeprated micromachimes (ASIME]),
micreelectromechanical — systems  (MEMs), DCTe-
optoelectromechanical  systems (MOEM:) and  other
micromachined devices. Nanotechnolegy covers molecalar
or atomic scale devices. Examples are molecalar conguters,
nenomechanical computers, quanfum computers, sinsle-
electron  framsistors, quanium dot  cells, conducting
molecular  wires, self-assembling circwit amays  and
nanomanipulators. FPGA is a device that confains a matrix
of reconfisurable gate amay logic cironimy. Omce it is
configured, the imtermal circoitty yields a  hardware
realization of the code application. Top benefits are software
reconfignrable, high relisbility, high speed, highly
deterministc and parallel bardware, AESA (radar) consists
of several small wanomitTeceve (T/E) anfenna modules
with distributed power capabilifies. These technologies form
the standard subsystem-level components selection snite for
the HASS desigm concept. The beaury of this architecnure
lies in its being the ensbling platform for developing the
result of the HASS methodology. An integrated systems
enginesning design teol requites adaptability in the program
nm and development platform This has been satisfied by
incorporating the HASS-based multicriteria studies in the
design methodolozy and'or process.

The bulk of the space systems work has been on individual
spacecTaft and constellsfons desipms and managernent
issues withow an obvious recourse fo technology-based
systen-level adaptability. Tims, 3 new approach is required
that addresses time dimension of space systems, subsystem-
mnd system-evels techmolemies, cost and system-lewvel
performance, mmiltifimctonality, reconfimurability andor
adaptability.

Technologies and stategies for developing lighoweight
satallite systems for space mussions include repackaging,
modulanzation, high-level integraton, low-level integraton,
micretechnolory, and namotechnology. Thouzh some of
these soategies can be wsed for buildne sinple smuall
satellites, the epabling design for implemenfing a highly
adaptive high performemce and relisble space system is
lacking. It is therefore indispensable that a new design
approach that hamesses the wolumetric and electmical
efficiency of the strategies with flexibility be developed
The adaptive, reconfipurable mmiltfonctional architechre
integrates and'or incorporates the scaling soategies amnd
technolomies within a highly adspive and reconfigurable
platform.

The fimctionsl desiFn concept [3] serves as a beacon for the
adaptive, reconfigurable mnltifimctional architecture It is a
system-oriented design spproach and leverages on the
scaling siatemies. Comventional subsystem boundaries are
sbsent in the desizn process. It fiscuses on the identification
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architectire(s) nmst operate The HASS methodology will
be applied in modelling pmltiporpese small satellites
missions.

A pew desizm approach for small satellites called the
adaptive, reconfizurable omiltifimctional architecture has
been proposed. The ARMA concept beacons on the existing
scaling strategzies and the functiomal desizn concept The
idenfification and specificadon of the fimctonsl and
stuchural Tequrements of the system initate the desigm
process. Five desigm customization levels characterise the
APMA  spproach  Moreover, adaptive nmiltifunctional
siructural units are the building locks of the ARMA design
paradigm By sustaiming the adaptive techmology (FPGA) an
the same “wubsgate” pladorm with Lghtweighting
techniques such =23 highlow level mfepration and
modularnity, a completely modular, robust and reliable
ard:lmecmre is realised. Two AMST designs/architechumas
have been proposed for the HASS systemr baseline and
ybnd. The AMSU developmen: offers gzreat desizm
religbility and fledbility; ifts implementation transcends the
space conmmumity and provides a new desizm platform for
other sipnal processing and control applications. Parallelism
and pipelining, hizh relisbility, high determinizm and
reconfigurability are amongst the top mherent technolozies
and spplications benefits of the ARMA concept The cost
benefits also inclode a buge reducton of space mission
planming logistics constraints.
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Chapter Four

Conclusion and Future Work

4.1 Overview of Research Contributions

This thesis/analytical commentary provides a parametric system engineering
analysis of capability-based small satellite missions respecting the enabling
and emerging space satellite technologies. A new subsystem design approach
for highly adaptive small satellites called the adaptive multifunctional
architecture has been developed. This new design concept leverages on the
existing scaling techniques and technologies but beacons on the functional
design concept. This is important because of the increasing dependence on
cost-effective, reconfigurable space-borne assets (especially in the low-earth
orbit) to complement terrestrial radio access technologies [SE1, SE5-SE7].
The novel system engineering process and design methodology developed in
this research for current and future-generation satellites is currently being
adopted and/or applauded by experts in the space community. The presented
adaptive small satellites SE design process and analysis have been utilised to
design and validate a solar thermal power propulsion system and
communication link budget for small satellite missions.

Furthermore, the HASS system has been developed as a network of
functions with reconfigurable intra- and inter-subsystem and module links.
This eliminates a single point of failure, enhances a deterministic operation
and/or helps to sustain a real-time performance [SE5].

This research work has significant and coherent contributions to
knowledge and scholarship. The following are some of the novel inputs to the
archive of space satellite programmes development for the space community
thus:
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e capability-based adaptive small satellites systems engineering design
process to support additively manufactured components and reduce
SWaP-C penalties;

e design routine and architecture for multifunction small satellite
structures for significant mass, volume, power consumption and cost
savings;

e small satellites systems engineering analysis for sustainable mission
applications and post-mission re-use;

e integrated adaptive small satellite electronic subsystems design,
modelling, simulation, development and validation;

e reconfigurable small satellites' operational times and ubiquitous data
relay analyses;

e advanced beamforming algorithm and beamformer subsystems
development for low-cost earth-space communication applications;

e small satellites communication link margins refinements and
enhancements; and

e multicriteria optimisation techniques development for sustainable small

satellites design and applications.

4.2 Future Work

This research promises to advance the capability-based space systems
designs for next-generation and future spacecraft missions. An aspect of the
future work includes a full-scale implementation of the adaptive
multifunctional architecture at the component-, subsystem- and system-
levels. Moreover, developed adaptive multifunctional structural units will be
tested for satellite link improvement and post-mission re-applications.

A further research extension of this work will focus on implementing the
relevant active and adaptive devices technologies in the additive

manufacturing of HASS subsubsystems, subsystems, modules and systems.
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The presented HASS design methodology features a multicriteria design
variables study. The parameter space integration (PSI) method has been
used for establishing the correct statement and solution of real-life
optimisation problems. Space shuttles, aircraft, rockets and unmanned
vehicles have been designed with this optimisation concept. The PSI
technique will be implemented in a HASS system multicriteria study for 5G-
enabled earth-space communications.

An investigation of the possibility of implementing heterogeneous space-
based adaptive wireless sensor networks (SAWSNSs) shall be carried out for
various formation-flying and constellation satellites. Finally, Advanced radio
access technologies (such as the 5G communication standard) will be
investigated for a sustainable multi-standard satellite broadband backhaul for

integrated earth-space communications.
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Appendices
Appendix 1

A. Statistical Analysis of Mass-based PERs for LEO

Satellites

To validate the mass-based PERs for LEO satellites, a statistical analysis

technique is employed. Consider the data below:

Xll Xlz XIN Yl
(Al.1)
XMI XMZ XMN YM
For a 1-D space, Egn. Al.1 becomes:
f(X)=W, X +W, (A1.2)
For a high-dimensional space, Eqn. 3.13 becomes:
f(X)=WX +W, (A1.3)

where W and X are the vectors and W.X is the inner product of vectors W
and X

The loss function [130] is the amount of residual error obtained after fitting
the linear function. The residual error is the sum of all dependent (system’s
resource) variable values, Y (target design parameter), minus the prediction
which is WiX — W, to the square. Mathematically, the loss function is given
by: [130]
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Appendix 1 Transistor Characteristics

Loss =Y (Y, =W, X, =W, (AL4)

i

This gives the quadratic error between the target tables and what the best
hypothesis can produce. The minimising of loss is used for the linear
regression of a new linear regression problem and can be written as follows:
[130]

W™ =argmin Loss (AL.5)

@

The next step involves the minimisation of the quadratic loss [130].

Let min Y. (Y, -W, X, -W,) =L (A1.6)

Differentiating Eqn. A1.6 with respect to W5 and equating the result to
zero yields:

@LaWO =2 (Y, -WX,-W,)=0 (A1.7)

From Eqn. Al.7, the W, term is given by:
Y, -W, Y X, =MW,

or,

W, = (%4)21/ —(W%AZX ; (A1.8)

where Mis the size of the data.
Similarly, differentiating Eqn. A1.6 with respect to Wi and equating the
result to zero yields:
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aLan =23 (Y, -WX,-W,)X, =0 (A1.9)

ZXiYi _Woin :VVlinz

ZXiK _(%4)222)9 +(W%4)(ZX1')2 = leXiz

Thus, the term W4 can be obtained from Egn. A1.9 as:

g MXY, D XD Y,
oMY x-(Xx,f

(A1.10)
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