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Summary

Satellite desigrhas always been considered am extremely expensive drhigh risk business
which not onlyrequiresvast knowledge and expertibeit alsoextensivebudget.Primarily, this
concept wavased on initial developmeand launching cost. Secondiywasimpossible to repair
and substitute paria space(this was true upo 1993: the first Hubble Space Telepe servicing
mission), which made th@esign more tough because it reqdiaglvanced fault tolerance solutions
and extreme reliabilityWith the pasage of timeacademicentitiesandsmall companiebavealso
enteredthis market. Low cost design techniquesve played an important role in the aerasp
market growth overthe recentyears, but they carstill play an important role in future
developmerd. At present, several private companies are also proviaingffordable launch
services which lowerthe accumulative cost. Many universities &rdall and Medium Enterprises
(SMEs worldwide are trying to further reucethe satellite costs. Onecentexample of these
efforts is the CubeSat concept: a really small satellite, built using commercial components.

This thesiswork also proceedin the same direction: the novel AraMiS (ltalian acronym for
Modular Architecture for Satellites) architecture dtaldifferent tiles(main subsystemill be
described. The goal of AraMiB to progressbeyond the concepif CubeSa and create a true
modular architecture. The main idea of the AraMiS is modularity at mechanical, electronic and
testing levels. Thesmodules carthenbe assembled together to gtsired requirements fahe
targeted mission, which allovisr an effective cost sharing between multiple missions.

This thesis deals with the design and development of telecommunication subsystems for AraMiS
Project and in particular for AraMiS1 satellite on a single CubeSat standard modailed tile
The implementation oS-bandtransceiver over thealf of telecommunication tilés not a trivial
task. Seval techniques were employed to make possiblé sureduction interms of size, weight
and power consumption while still achieving desirable performance for communication link. COTS
componentshave beerused forlB9 CubeTCTsub modulesmplementation. COT$articularly
for RF Front End design were sekedton the basis of performance in harsh LEO environment,
power losses, dimension and space occupied ond@8dCubeTCT In order to copevith such
anomalies orthe 1B9_CubeTCTSubsystemdifferent housekeeping sensors have been employed
at various point fthe tile.

This thesiswork also elaborates on theb@nd antenna designfor both versions of AraMiS
satellites withusesinnovative technique to enhance performance while keep the size, weight and
cost within acceptable margins

Thefirst couple ofchapter presents an introduction to AraMiS project and AraBliSatellite.
In chapter 3 there is a discussion of different satellite design flow configurations.

The chapter 4 comprehensively discusses 1B® CubeTCT which is the CubeSat standard
telecanmunication tile develaggd for AraMiSC1 and otheiCubeSat standardancsatellites It
consists ofS-bandand UHF OBRF modules which provideadio communicationlink between
satellite and theaeth. It alsogives an indeptlexplanaéion onthe degyn anddevelopment of each
submodule omoard 1B9_CubeTCTthat includesCubeTCT S-band transceiver, RF front end,
Housekeeping Sensors, Tile Regulators,-ltthup protection circuit and RF matching network



Chapter 5 deals with ti&@bandantenna design, faloation and testing for conventional AraMiS
architecture and AraMiS -C satellite. It explains in detail, the design, implementation and testing
of single patch antenna and AraMiS patch array that are used for Aradli8n@ Conventional
AraMiS satellites @spectively.

The chapter 6 providdak budgetestimationfor different scenarigsanging for worst ta¢he
best possible casé brief descrption on the Polito ground station and iteey attributeds also
provided The Link budget estimates for otheground stations (GENSO members) aiso
performed and feasibility of develop&&9CubeTCThardware is verified.

Chapter Antroduceghe AraMiS protocgldeveloped in compliances with GENSO projebiich
aims for providingan extended communication liiér a satellite (remotely via internet)y using
a GENSO member groul station around the World. A ndname format is defined which makes
AraMiS satellite compatiblevith GENSQ Leter in the chapter are presentifferent possible
scenario®f AraMiS Prdocol mechanism durghnormal operatiogaseand also in case gfacket
loss(in bothuplink anddownlink communicatior)
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Chapter 1

Introduction

The small satellite domain has been expanding considerably over the last decade tlisologh
cost space missiocharacteristicsThe major reasonbehind this fact igshe availability ofalready
developedreadyto-usesubsystemand COTS components the market.This has made it quite
feasible fromUniversities and SMEfom a financial and development perspectivébtdd their
own satellites.CubeSatwas the first sucmanosatellite which was developed byCalifornia
Polytechnic State University collaboration withStanford University This CubeSat (1U) having
dimension of 100x100x1®m> has evolvedsince, as CubeSat Standarfl]. Many other
universities and SMEs havadoptedthis standrd and aredevelopingsubsystemdor it. The
Department of Electronic & Telecommunication (DEMgre at Politecnico di Torinp also
developed their firshanesatellitecalled PiCPoT[2], whichwas intended to be launched together
with other university satellites by a DNEPR ltbcket in July 2006 whi ch wunfortunat el
deploy due to a launcher failur®ince thenDET begarwork on another project called AraMiS [3].
The key feature of AraMiS dsign approach is its modular and scalable naftirese moduleare
designed tdoe reused for multiple missions that céelps in significant reduction of the overall
budget, development and testing tintesimply requires aeassemiihg of the already developed
modules to achieve thmissionspecific targetAraMiS projectmoduleimplementatios have been
done usingCOTS components whictare low cat and easily available frommarket. AraMiS
satelliteshave beerspecifically designed to witstand the harshness of Low Earth Orbit (LEO)
while providing an expected operatiah life of around 5 years AraMiS provides financially
feasibleand higher performance space missions with dimensions equal to or larger than CubeSats.

AraMiS modularity concept is based on til&hese ites or panel bodiesan bealuminum
panels, Honey comb latersructures oprinted circuit board with solar panel on exterior side and
other electronic subsystems on interior sidée 1B9 CubeTCTis the (UHF and Sband
telecommunicatiorile and 1B8 CubePMTis the power management, attitude determination and
controltile developed for AraMiSC1 and othenanosatellitesof CubeSat standard.

AraMiS-C1 is a CubeSat standardanosatellite developed on the AraMiS project design
approachFour sides of th&raMiS-C1 are equipped with 1B8_CubePMiodules The remaining
two sides are devoted to the telecommunicatitiies called 1B9 CubeTCT modules.
1B9_CubeTCThas RF frontend anchrry a commercial deployable UHF antenna (one side) and a
patch typeS-bandanenna (the other side). Inside the satellite there is room for batteries and
payload boards.



1.1- Problem Statement

1.1 Problem Statement

The major objectiveof this thesisis the design and implementatiadf telecommunication
subsygemon a single CubeSaimensiontile called1B9 _CubeTCT Such a design approach aims
at reducing the weight, cost, power consumption and space occupation of the subsystems in such a
way that carmaintain the system performance and operatithin safelink budgetmarginswhile
providing a communicatiolink between the satellite and ground station.

This work provides an innovativpatch array antenna design for the conventional AraMiS
satellite architecture (160x160x160Mmit also provides a single patch antenna design for the
smaller CubeSat Standard AraMiS1CBoth these designs are done #®band (2.43GHz) and
must comply with the link budget criteria.

Theother goals includproposing a GENSO compliant protocol foraMiS G1 satellite that can
extend the communication link between satellite and ground sfapiona few minutes of an hour
to virtually 24 hours

1.2 Proposed Solutions

1B9 CubeTCTis basedon the AraMiS project design approach. The mabonceptof the
AraMiS design is the scalability and modularity of all the subsystdinese two characteristics
sefs apart this innovative architecture from main stream satellite design. The most significant
approach for cost reduction ofnosatellite missims is to lowe the designcost, nonrecurrent
fabrication cost@and space qualification/testing ceghich usually accounts for more than half of
the overall budgett is madepossible by sharing treamedesign among multiple missions. Design
reuse is the main feawiiof the AraMiS project, that is, to have a modular architecture based on a
small numbepf modules which can be reused in multiple missions.

The use of COTS components also provides a further cost reduction in subsystems design. As
these components aretndesign for space environment, therefore, it is vital to follow a proper
selection proces€OTS components greatly help in reducing mission cost but they required proper
safety margins to be considered during design to allow safe operations in thespacgh
environment.

For miniaturization and wght reduction purposes a single patch antenna and patch antenna array
has been designed and developed for AraMiBahd Conventional AraMiS satellite design.

For enabling the AraMiS @ satellite with GENSO Bject there has been developed a compliant
protocol that provides a 24 hours communication liokthe satellite in LEO by utilizing the
GENSO member ground stations remotely via internet. The protocol has are also been tested with
different scenarios ofgssible errors both in uplink and downlink.

1.3 Thesis Organization

This thesis dealwith the design and developmenttefecommunicatiosubsystemsdr AraMiS
Project and in particular for AraMiS1 satellite on a single CubeSat standard module. The
implementation ofS-bandtransceiver over a half on telecommunication tile is not a triaisk
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Several techniques were employed for reductiiarms ofsize, weight and power consumption

while still achievingdesirable performance for communication lilOTS components were used

for 1B9_CubeTCTsystems implementation. COTS fBF Front End design were selected on the
basis of performance in harsh LEO environment, power losses, dimension and space occupied
onboard1B9_CubeTCT In order to cope with the anmalies of thelB9_CubeTCTsubsystems
different housekeeping sensors have been employed at various point of the tile.

This thesis also elaborates on $iband atennadesignfor both vesions of AraMiS satellites by
employing innovative technique enharce performance while ke the size, weight and cost
within acceptable margins

The dapter2 presens an introduction tdhe AraMiS project and AraMiSC1 satellite Chapter
3 discusseslifferent satellite design flow configurations.

In chapter 4provides comprehensive details abdbe 1B9_CubeTCT the CubeSat standard
telecommunicationtile dewloped for AraMiSC1 and othernancsatellites based on similar
standard It also presents thdesignedS-band Telecommunicationsubsystem providing a radio
communicationlink between satellite anthe ground statianThe design of each submodules
onboardhe 1B9_CubeTCThas been destred in this work. Theyncludethe S-bandtransceiver,
RF front end, Housekeeping Sensors, Tile WRatgrs, antlatchup protection circuit and RF
matching network

Chapter 5 deals with the antenna design, fabrication and testitgtfoconventional AraMiS
architecture an€ubeSat StandarraMiS C-1 satellite.The design, implementation and testirig o
single patch antenna and AraMiS patch array thatlevelopedor AraMiS CG-1 andConventional
AraMiS satellites respectively have also been discussed in great depth.

In chapter 6 theradio communicationink budget calculations are performed for different
scenarios ranging for worst to the best possible case. It also introduces and describes the Polito
ground statiorand its various feature$here is also a comparison witlnk budget estimates for
othe ground stations (GENSO members)

Chapter 7 describes the AraMiS protocol that has been developed in compliances with GENSO
project to provide an extended communication limkich makespossible to tracka satellite
(remotely via internetjrom any GENSQOmember ground station around téorld. A new frame
format is defined whicimakesAraMiS satellitecompatible withGENSO. Also, different possible
scenarios are presented in case of packet loss during communication in uplink or downlink.






Chapter 2

Introduction to Small Satellites

Small satellites market has considerably grown over the last decade. This has been made possible
due to the availability of low cost launch vectors. This cost reduction has made it feasible for
universities and small industries to enter the satellite mark@001, Professor Robert Twiggs
Stanford University, USA, in collaborationvith Professor Jordi Pui§uari at California
Polytechnic State University, hawdefined and implemented the standBrdsmall satellite called
CubeSat [4]. CubeSat identfies the standard fesmall satellitewith dimensios 10x1.0x10 cn?
and a maximum mass of 1 kg, having a structure adapted tlauheherPOD (Pico-satellite
Orbital Deplore). Another feature of CubeSatis the use oflow-cost commercial components
(COTS: Commercial OffThe-Shelf). These featuregreatly help inthe reductionof cost and
developmentime. In addition, the weighteductionallows theuse of less expensive launchers
Satellites based on CubeSat standard have made it possible for potemialtolbuy and assemble
their own satellitesThis (CubeSat) standarddid the foundation for several projeat$ nanc
satellitesby many universities and SMEs throughout the world. Different universities across Europe
such adJniversity ofWurzburg in Gemany, the Norwegian Univsity of Science and Technology
and Italian universities includingthe University of Rome La Sapienza , the University of Trieste
andPolitecnico di Torino.

Practically, any artificial satellite of low mass and low volume cancbnsidered as a small
satellite. However, the definition can be extended to any system designed with the small satellite
philosophy. This may include features such as commercial oféhké components, modular
systems, less redundancy, open sourcimggeimental missions, etc.

Over the past few years, small satellites have revolutionized the landscape of space exploration.
They facilitate quicker, cost effective and reliable access to the space. This provides a potential
opportunity to have smallgroject groups and encourages new actor to develop their capabilities in
the space domain. Small satellites are encouraging spacecrafts to test and try novel methods and
technologies€.g. open source hardware and software, formation flying), which mahienunder
the purview of large scale satellites This remains the reasons as to why small satellites have been
considered a disruptive technology by numerous space mission experts. Small satellite programs are
particularly attractive since they are "affable”. There shall be no surprises in the near future, if
more and more developing countries, groups from the academic world or even small teams of space
enthusiasts develop their own space mission based on small safefigesnall satellite platfornsi
catering to new actors such as developing countries, students, and amateurs.



2.1- PiCPoT

2.1 PiCPoT

The Department of Electronics &elecommunication Engineeringy collaboration with the
Department of Aerospace Engineering at Politecnico di Torino started work &Cter (Small
Cube of Politecnico di Torino) project in January 2004.The major objective of the project was to
design, implement and launch experimental satellite into LEO with the aim of:

- Check the operation and reliability of COTS components in space

- Acquire and transmit to Earth Station several images and measurements carried into orbit
by the onboard sensors

- Taking Earth's surface images

- Encouraging and creating interdisciplinary activities to enhance the interaction and
coordination of various depaments, faculty, PhD students and other students of the
Politecnico.

Figure2.1: Photograph of PiCPoT satellite

PICPOT is a satellite of cubic structure with dimensions 13x13x “@ngha mass of 2.5 kg.
The six external faces are made of aluminum alloy type 5000 AIMn. Photograph of PiCPoT is
shown inFigure2.1. Solar panels are mounted on the fexgernal faces which provide power to
the PiCPoT. The sixth face $igest connector and three cameras. There are tteoraas (for 437
MHz and 2.4 GHywhich are used to communicate with the ground station. PICPoT also contain
two Kill-Switches which calguarantee the absence of power until the satellite is not completely
detached from the launcher. The interior of the satdiliteses two types of batteri@diCd and
NiMh) to power the satellite in the absence of the solar power.

The satellite hathefollowing electronic circuit boards:

- Power Supply: recharge the batteries by converting incoming voltage from the solar panels
and also maintain the temperature of the satellite.

- Power Switch: converts the battery voltage to different voltage levels edqoyr all the
other subsystems onboard PiCPoT.
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- RxTx: receives and transmits signals between the ground station and satellite via 437 MHz
and 2.4 GHz channels that operate in half duplex mode.

- ProcA and ProcB: are the two-tward computerimplemented oneparate PCBs. They
duplicate the same functions. These processors and boards are built with different
technologies and different components that provide redundancy to avoid possible failure.
They both also acquire telemetry data and communicate with Bagloh RxTx. These
processors are not operated simultaneously for efficient utilization of the onboard available
power.

- Payload: is responsible for acquiring earth images via onboard photo/video cameras. It also
compresseghese images to JPEG aseindsthem to the ProcA or ProcB, which manages
their transmission to the ground.

2.2 AraMiS Project

Modular architecture for Satellites (AraMiS) is a project that wants to take further this concept
and create a true modular architecture. The design approaatalMdiS architecture is to provide
low-cost and high performance space missions with dimensions larger than CubeSats. The feature
of AraMiS design approach is modularity. These modules can be reused for multiple missions
which helps in significant reductioof the overall budget, development and testing time. One has
just to reassemble the required subsystems to achieve the targeted specific mission. Design reuse is
the rationale behind the AraMiS project is to have a modular architecture based on a siail nu
of flexible and powerful modules which can be reused as much as possible in various missions.

This architecture is intended for different satellite missions, from small systems weighing from
1kg to larger missionslhe Figure 2.2 depicts a number of configurations that show the potential
capabilities of the proposed architecture. Modularity has been implemented in different ways. From
the mechanical perspectivarder satellite structures can be conveniently realized by combining
several small modular structures. The modularity concept has also been intended from electronic
standpoint. Most of the internal subsystems are developed in such a manner they carobedcomp
together to enhance performance. One such example is the power management subsystem. In
conventional missions: to get maximum solar power, solar cells are mounted on all the available
surfaces but their number can be different inota missions, thairequiringredesign each time
this system. This new modular approach makes use of a standard module, as can be seen from in
figure 2.1 which can be replicated many tate fit mission requiremen{$].

2.2.1 AraMiS Satellite Subsystems

The AraMiS satellites ¢a achieve the desired flexibility level by combination of several
subsystems together. The main subsystems of this architecture are:

- Mechanical
- Power management
- Attitude determination and control

- Telecommunication
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Figure2.2: Different AraMiS satellites architecture

2.2.2 Mechanical subsystem

The mechanical subsystem is the backbone of a satellite. It provides physical structure to the
satellite and holds in place all the subsystem together and also protecfraheranvironment
conditions. The main material used for building the AraMiS structure is Aluminum, used in
particular for its light weight. The structure skeletal is made by metallic square rods while the
power management and telecommunication subsystemsmaunted on thin panels that are
screwed to the rods. The power management tiles cover the satellite with solar panels mounted on
the external face. The number of these tiles mainly depends on satellite size and power requirement.
This provides a degreffreedom to mission designers since size and generated power can be
increased by simply adding more modules.

All the tiles are connected on the external faces of the satellite and the payload is mounted inside
which can be altered by the mission requiremé&ngure 2.3 shows the Aluminum frames of
AraMiS structure.

Figure2.3: AraMiS mechanical structures
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2.2.3 Powermanagement subsystem

The power management subsystem is responsible for generating, storing and delivering power to
all the other satellite subsystems. It is one of the most critical subsystem as a failure here can lead to
shutting down everything. Fault lemance is an important parameter and most of the design
solutions were selected for this reason.

Conventionally, power management is mission dependent which requines aévelopment for
the specific needs. This tends to increase overall system cosgsdind time. For this reason the
AraMiS project uses modular power management system that can be adapted for various missions.
Figure2.4 shows different solar parsebf AraMiS satellites.

Figure2.4: AraMiS solar pansal

2.2.4 AraMiS Telecommunications Subsystem

The AraMiS telecommunications subsystem follows the modularity concept. There is a basic
telecommunication tile that is provided in a standard AraMiS satellite. In case of special
applications, dedicated tilgas shown irFigure 2.5), can be added to meet mission criteria. This
module is used to receive command and control packets from the ground station and to send back
telemetry and status information. The bandwidéeded to exchange this kind of information is
usually low, so the RF link was designed for low speed and low power. The module has been
designed using COTS components which were selected to achieve good fault tolerance level. There
are two different fregency bands used for satellite and ground communication: the UHF 437MHz
and theS-band2.4 GHz To reduce occupied bandwidth, both channels are implemented using half
duplex protocol, sharing the same frequency for downlink and uplink.

Figure2.5: AraMiS telecommunication module
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2.2.5 Tile Computer subsystem

Tile Computer (OBC) used in AraMiS satellites consist of redundant MSP430 microcontrollers
and FPGAs, that are mainly responsible for overall satellite mystanagement. Some of key
responsibilities perform by OBC includes:

Creating and transmitting (by dmsceiver board) Beacon packets
Decoding and executing commands

Execuing attitude control algorithm

Storing housekeeping data

Controlling Payload subystens

2.2.6 Attitude determination and control subsystem

This subsystem is mainly responsible for sensing and modifying satellite orientation for keeping
thetile subsystems pointing at their targets. Attitude control can be performed in passive or active
way: pasive attitude control is usually achieved by mounting a permanent magnet in the satellite
which acts as a compass in the Earth magnetic field. This system is extremely simple andsconsume
no power. The main drawback is lack of spin control due to the \arzdrth magnetidield.

Active control is performed using controlled actuators that modify satellite attitude on OBC
commands. In AraMiS, attitude control is automatically performed by the satellite using
magnetorquer and reaction whefgs shown irFigure2.6).

For attitude determination, three types of attitude sensors are used: magnetic, spin and Sun
sensors. These sensors consist of COTS components whiehselected on the basis of small
dimension, light weight and low power consumption while achieving better performances.

Reaction

Attitude
Control

Figure2.6: AraMiS ADCS modules
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2.2.7 Payload

The payload is heavily mission depentl and the architecture was developed to allow high
flexibility on it: the main requirements that the AraMiS architecture poses on the payload is its
compatibility with thetile power distribution and data b(ss can be seen Figure 2.7). Different
payloads can be fitted in the various configurations but mechanical fixtures should be developed to
connect them to the mechanical structure.

Figure2.7: Payload inside AraMiS

2.3 AraMiS-C1

AraMiS-C1 is a 1U CubeSat standandnosatellite built as a demonstrator of the AraMiS
modular architecture developed since 2007 at Politecnico di Torino. Four sides of the satellite are
equipped with identical "tiles" that mount solar panels on the exterior and a combined power
management, attitude dool and computing subsystem on the interior. The other two sides are
devoted to the telecommunication links and carry a commercial deployable UHF antenna (one side)
and a patch typ8-bandantenna (the other side) on the exterior. Inside the satellite itheoom for
batteries and payload boards. Once deployed, the-IB&ployable Antenna System for CubeSats
will release four antenna baffles. No drag augmenting device and no other deployable device
(except antennas) is installed.

AraMiS-C1 is based orthe modular architecture AraMiS, which is modular at electrical,
mechanical and software level. In this architecture, major bus functionalities are split over a number
of identical modules that are placed in a proper manner in each tile (integratedthessEme
PCB), making the design, maintenance, manufacturing, testing and integration very simple. The
modules interconnect and dynamically exchange data pmwder in a distributed and self
configuringarchitecture, which is flexible because standardinégtfaces between components are
specified. Product variations can then take place substituting modular components without affecting
the rest of the system. AraMiSl is made by assembling a number of tiles developed at
Politecnico di Torino, as detailedirther, plus a few commercial etfieshelf subsystems from

11
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ISIS's CubeSat shop. Photograph of 1U Aral@iB with four 1B8 CubePMT and two
communication tiles is shown Figure2.8.

Figure2.8: Photograph of AraMisC1

The AraMiSCL1 is designed to be functional over a period of two to three years on an orbit in
the 500 km range, but even lower orbits with highenospheric drag that will guarantee a few
months in space are acceptable for our purposes. Obviously longer orbital life (at least one year)
will be more appropriate for the scientific objectives of the mission.

AraMiS-C1 haghe following subsystems:

- ISIS-1-Unit CubeSat Structure
- 1B8_CubePMTmodules

- 1B9_CubeTCTmodules

- Payload

- Battery pack

- UHF antenna

- Harness

- Onboard data handling

- Tile Processor

- Tile Computer (OBC)

2.3.1 ISIS - 1-Unit CubeSat Structure

The ISIS tUnit CubeSat structure is developed as a generadular satellite structure based
upon the CubeSat standard. The design created by ISIS allows for multiple mounting
configurations, giving CubeSat developers maximum flexibility in their design process. The stack
of PCBs and other flight modules can naild up first in the secondary structure and integrated
with the load carrying frames at the end of the process, ensuring accessibility of the flight avionics.
In addition, the use of a load carrying frame and detachable shear panels allows for agltess to
parts of the spacecraft avionics, even after final integration by removing one or more of the shear
panels. The modular structure allows up to tworiit stacks of PCBs, or other modules, to be
mounted inside the structure. 1S18Jnit CubeSat structeris shown irFigure2.9.

12
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Figure2.9: ISIS 1-Unit CubeSastructure

Parameter Value Unit
Part production tolerances 0.1 mm
Maximum supported mass (total) 2000 gram
Primary Structure Mass 100 gram
Primary + Secondary Structure Mass 200 gram
Outside Envelope $wxh) 100 x 100 x 113.5 mm’
Inside Envelope gwxh) 98.4 x98.4 x 98.4 mm’
Thermal Range (minmax) -40 to +80 °C

Table2.1: Characteristic parameters of the I1318nit CubeSat structure

2.3.2 1B8_CubePMT Module

EPSand attitudeADCS are the most essential elements of any aerospace mission. Efficient EPS
and precise ADCS are the core of any spacecraft mission. So keeping in mind their importance,
they have been integrated atelveloped on a single tile callé®8 CubePMTmodule.lt is built
on an 82.5x9&1.6 mm® FR4 PCB which also acts as mechanical structure. It has solar panels and
sun sensor on the external side while internal side contains components of power management and
attitude subsystem#lodular power management tiles (PMTs) are already available in the market
but they are less efficient, heavier in weight, consume more power and contain less number of
subsystemsCOTS components have been usedl®8 CubePMTimplementationwhich is low
cost and easily available from the markehas beemleveloped on the design approach of AraMiS
architecturd?7].

13
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1B8_CubePMTsubsystems include:

- 1B111B Solar Panel

- 1B1121D Boost converter

- 1B1251 Switching and linear regulators
- Housekeeping Sensors

- 1B221 Magnetometer

- 1B211B Gyroscope

- 1B235 Sun Sensor

- 1B222 Magnetic torque actuator)

- 1B223 Magnetorquer coll

- 1B4222 Tile Processor

2.3.3 1B9_CubeTCT

1B9 CubeTCTis a four layered PCB with dimensions 98.0mmx98.0mmx1.55mm. The
components are mounted on the bottom layer (layer 4) while the top layer (layer 1) contains a feed
point for mounting detachable-tiand patch antenna (2.4 GHz). The routing for RF, Power and
other analog traces are performed on the bottom surface. All the digital traces are routed on the
third layer (3). The second and fourth layers are ground planes which help in shielding RF, Power
and analog traces from digital signals. Therefore, ensuressiderably better signal integrity. The
1B9_CubeTCTcommunicates with onboard computer (OBC) through a 6 pin SPI connector. Power
Distribution Bus (PDB) is made available using a separate 4 pin connector. Two 8 pin connectors
are available for separafrogramming and debugging of the Texas Instruménts CC2510
Transmitter(Tx) and Receive(Rx). The data processing, monitoring and control operation for
1B9 CubeTCTis also perforrad by these commerciallavailable transceivers which haem
internal 51 core microcontrollerA photograph oflB9_CubeTCTmodule is shown irFigure
2.10.

SRAHIS-CI Bk1B31B_2_4CHz_OBRF Vi

ET - Politecnico di Torino 1@/13

Figure2.10: Photograph o1B9_CubeTCTmodule
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The main focus fodB9 CubeTCTdesign is to realize a high bandwidth communication link
using low cost COTS components which are available in market. This has made it feasible for the
universities and SMEs to enter the field of satellite design. Moreover, a modular architecture
approach has been employed for complete saellite design. This adular approach makes the
redesign convenient by the reuse of the identical modules.

2.3.4 1B31ATile Radio Frequency Module 437MHz

UHF Module is used both as a transmitter and receiver, in half duplex configuration mode. It
consists of MSP430 microcontrollerrpming protocol functions and two CC1020 transceivers
that are configured separately as a transmitter and receiver respectively. As showFRigurhe
211, the RFfront end consists of Power Amplifier, LNA that are connected tostnéting
CC1020 and receiving CID20 which is then fed to a four element monopole antenna via Solid

State Switch.
’—b CC-1020TX m| P&
SPI l

OBC |g—» MSP430

Antenna

Switch

L CC-1020 RX -d—l

Figure2.11: UHF bandCommunication Block Scheme.

2.3.5 ISIS - Deployable Antenna System for CubeSats

The ISIS deployable antenna system contains up to four tape spring antennas of up to 55 cm
length. The system can accommodate up to four monopole antennas, which deploy frotethe sys
after orbit insertion.

The wires are melted using two redundant hgatiements per wire. RF phasiBglun circuitry
ties the antennas together in for instance a turnstile configuration, two dipoles, or just one dipole.
ISIS can configure the antensgstem to be compatible with all UHF and VHF radios which are
typically used for CubeSats.

Depending on the configuration, one or two radios in the CubeSat can connect to the antenna
system by means of miniature RF connectors. Furthermore, the topf theeamtenna system can
accommodate a two solar cells solar panel and provisions have been made such that it can be
customized for customers who require sensors or other systems to protrude to the exterior, e.qg.
camera apertures.

The antenna system hashedesigned for maximum compatibility with existing COTS CubeSat
components. It is compatible with any UHF and/or VHF radio system. It can be mounted on top and
bottom faces of all ISIS CubeSat structures and PumpkirCrand revD CubeSat structuresoF
custom made structures, which adhere to the CubeSat standard mechanical envelope, mounting
should also be possible.
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2.3.6 1B31BTile S-band Radio Frequency Module

Consist of CC2510 transceivers thare configured separately a&snsmitter and receiver,
respetively. Thetile functions are performed by the 8051 copéeach CQ510 transceivers. The
RF front end consists of PA, LNA that are connected to transmitting CC2510 and receiving
CC2510 which is then fed to a four element monopole antenna via SokdS8tiath as shown in
Figure2.12.

Antenna
CC-2510TK —= PA —+
T Switch
QBC !UAHT
—
Pl | coasiomx e LNA [-—

Figure2.12 S-bandCommunicatiorlink Block Scheme.
2.3.7 1B3211 Single Patch Rodgers

For Shand communication Link, single patch antenna has been selected that is operated at 2.45
GHz. The compact desigallows it to be mounted on external facel®&9 CubeTCTIt is fed via
coax feed from the internal-t&nd Module. Among the availabl®matrials, Rodgers' Duroid
Substrate 6002 wa s selected @whiczhh 94asand t &l ak
6 t306mil/0.762mm.

2.3.8 Payload

The payload is a scientific/technological payload composed of three independens, board
developed by different groupéll of them have the common aim of comparing the sensitivity to
radiations of commercial microcontrollers in order to make results available to the scientific
community. The same (or a similar) program will run on all the boards, aimed at counting the SEU
which accumulate during the lifetime of a microcontroller in LEO orbit, under similar conditions.
The three boards will host:

- Payload Board 1: a Texas Instrument's MSP430F5438 microcontroller
- Payload Board 2: a Microchip's PIC microcontroller

- Payload- Board 3: a few flavors of Xilinx's PicoBlaze safire on an Actel ProAsic
FPGA, with different levels of HW radiation hardening. This payload has been developed
at University of Alicante (E)
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Characteristics common to PayloaBloard 1, Payload Boad 2 and PayloadBoard 3 are:
- mass: 35¢
- size 80x80x8 mm
- power consumption: 100mW average
- data rate requirements: about 50B every minute
- Harness
The harness of AraMi€1 is very simple. Each AraMiSC1 has:

-  MOLEX - 4 pins PicoBlade header connector fawer Distribution Bus; 12V nominal;
max 200mA, except for th&#B9 CubeTCTtile, which can sink up to 800mA. This also
shares ground node and kill switch connection.

- MOLEX -5 pins PicoBlade header ftile data busl@C)

-  MOLEX - 8 pins PicoBlade header fdTAG programming of microcontroller, to be used
only on ground for microcontroller configuration

The power harness therefore a bus connection foower Distribution Bus; one plug for each
tile and the payload (7 plugshhe data harness is therefore a bus connectiol2@rone plug oér
each tile and the payload pfugs).The RF harness is a coax cable from1B8& CubeTCTile to
the opposite ISIS Deployable Antenna System for CubeSats.

All harnesses are tied to theemal Structure of the AraMi&€1. Connectors are fixed by means
of appropriate silicone resin.

2.3.9 Battery

It consiss of 10 rechargeable secondary batteries from SANYO. They are assembled in two
packs of five batteries each.

- Nominal Voltage = 12V

- Capady = 900mAh

- Mass =230g

- Min Temperature =-20 C
- Max Temperature = +60C

2.3.10Tile Data Handling (OBDH) and Software

On Board Data Handling Subsystem is one of the critical sudmgsof any satellite mission.
Lot of design effort needs to loene forreliade data handling among different modules (sensors,
actuators, etc.). The following sections show deéailed documentation On Board Data Handling
and Software sections of AraMiS1[8].

Tile Data Handling Bus

All the data handling of AraMi€1 takes placen accordance with the Basic Protocol for
communication between one onore subsgtems developed at Politecnica Torino, which
supports in a transparent way, several physical layers.Mdster is any processor willing to
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communicate (exchange data asmmmands) with a Slave. Master may either be theBGard
Computer o a Tile Processor (MSP430F5488m Texas Instrumentg®]. The Slave may be a
Tile or any othersubsystem. Master communicates with the Slave via SPI, OBDB2@r
protocols. The Mastevja the interface, can &ast:

Send/Receive designrdefined messages to/from the Slave (namely, Read Data/Write Data
operation);

Send Designedefined commands to the Slave (namely, Command Only operation);

Acquire Designedefined housekeeping infortman from the Slave (e.g. internal voltages,
currents, temperatures; see use case Housekeeping Management);

Set the Slave to sleep mode or wake it up

Configure the Slave (e.g. enable/disable subsy3$tems

The Basic Protocol supports the following actions

Write Data- when a Master wants to transfer up to 256B of data to a Slave;

Read Data when aMasterwants to read up to 256B of data from a Slave;

Command Only when a Master wants to deliver a deas command to a Slave.
Broadcast Write Datawhen aMaster wants to transfer up to 256B of data to all Slaves;

Broadcast Command onifCommand aly - when a Master wants to deliver a dbdas
command to all Slaves.

Most data transfers contain an appropriate START element:kénMaster address;-Bit Slave
address ; a 1bits commandan 8bit data length field (only for Write Data and Broadcast Write
Data); data (1B to 256B; except read data); ®il&RC check and an appropriate STOP element.
For AraMiSC1, we selecl2C physical layer for all conndons.

2.3.110n-board Computer

On-Board Compute(OBC) is the heart of gnsatellite mission. Be case diagraraf Figure
2.13 shows the main functions of OBGome salientdatures of the OBC to provide the satellite
flight segment with the following features:

Processing resources for the flight mission software
Telemetry and telecomyaind services and interfaces with the RF communication chain

General communication servicesthwthe Avionics and payload equipment through an on
board communication bus.

Time synchronization and distribution
Failure tolerance architecture based on the use of redundancy implementation principle

Managing payload data on the satellite and thenrrdinsg it to ground station in proper
format and efficiently.

18



Chapter2 - Introduction to Small Satellites

One of thelB8_CubePMTile processors acts as the OraBb Computer (OBC) for AraMi€1.

Visual Paradigm for UML Standard Edition(Politecnico di Torino, Elettronica)

OBC 2fPU

Software

e S I —

(@)

Visual Paradigm for Ul itecnico di Torino, Dij

Kill switch Power Management Tile

Software for Power

(b)
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Visual Paradigm for UML Standard Edition(Politecnico di Torino, Dip. Elettronica)
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Figure2.13: Major functions of OBC (a) OBC use cases (b) OBC power management (c) OBC
communication (d) OBC supervision
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Chapter 3

Satellite DesignFlow

3.1 Introduction

In this chaper we are going to discuss the design techniques of AraMiS tiles and modules.
Basically three types of design configurations are used. These configurations are discussed here and
at the end a tradeff analysis of using modules in different spacecraftfigonations has been
given.

3.2 Design flow Configuration

The design technique of the AraMiS tiles and modules is quite flexible and a number of
spacecraft configurations are possible including physical, logical and satellite on demand. The key
design flow squence is described as follows:

- Design the new subsystems either on single, double or quadruple module configuration.

- Test the subsystems on ground using development board. The tiles having processors
and pluggable connectors can be transformed very easilyhe development boards
for the functional testing of modules.

- Integrate each module on the tile connectors in a physical module based satellite
configuration. The specific module can be used only if the desired mission needs it.

- Embed the logical modes in the main tile for a logical module based satellite
configuration. This configuration is permanent and cannot be altered after the design
phase.

- Integrate physical and logical modules on a single tile for a custom satellite on demand
configuration. "his approach takes advantages of both physical and logical
configurations.

3.2.1 PhysicalModule Based Configuration

This configuration uses standard tiles hosting multiple connectors and the individual subsystems
are developed on physical daughter boacdsinected to the tile via pluggable connectors. The
subsystem modules are used only if the specific mission needs it. This configuration achieves high
level of design flexibility, testability and upgradability. The testing of modules, tiles and the whole
satellite is needed in this type of configuration. This configuration is mostly employed for
teaching/research purposes because the integration of the physical modules causes highly
integration complexities.
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3.2.2 Satellite on Demand Configuration

This configuration embeds the already developed and tested modules inside the PCB of the tile.
In such a configuratiorthe design of physical modulés donepermanenry. Testing at tile and
mission level is required and not at the module level. The Guls&ndard tile is built using this
approach

3.2.3 Reusable Design Configuration

The reusable design configuration is an optimized spacecraft configuration based on the customer
requirements. This configuration reuses the satellite on demand configuratiomindhaddition
or removal of specific subsystems on customer demands. This configuration actually follows the
CheapefFasterBetter philosophy. The testing is performed only at mission level as the modules
and tiles of the previously tested configuratians used in this spacecraft.

A design tradeoff was performed for using different types of modules in the above mentioned
satellite configurations. Physical module based configuration has high level of design flexibility,
testability and can easily be upged but the shortcomings are increased mass/weight because of
using separate modules, less space for payload and difficult integration of physical modules on the
tile connectors. Logical module based configuration cannot be upgraded once designed.rMoreove
it has lower testability than the other schemes. The detailed comparison of the above configurations
is depicted inFigure 3.1. In [1(], we have presented designdatest of bus interface circuit on
single module emphasizing the concept of plug and play approach.

Relative trade off analysis

[

Relative Comparison
=
Ln

]

Sizef Mass Design Testability Upesradability Integration
Flexibility
W Physical Module based W Zatellite on demand Reusable design

Figure3.1: Trade off analysis of using modules in different spacecraft configurations
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Chapter 4

TelecommunicationTile: 1B9 CubeTCT

Communication subsystem is\tal functional element for angatellite and it cannot be
overlooked.The ever increasing bandwidth requirements have driven the Designers to move for
conventional VHF/UHF bands to more high frequency bands. This shift is more fluent for medium
and largesatellites which havabundant resourcésterms ofpower budget and ape available. On
the contrary, for micraanesatellitesthis technological shift is not so convenient mainly due to
scarcity of available space and power budget. For CubeSats standard this shift is even more difficult
because of hard constraints on spgwmverbudgetand cat The aim of this work i$o implement
a feasibledesign solution that could cater for bandwidth requiremewtsile satisfying thee
constraints.

4.1 Overview

The AraMisC1 is the most recent implementation of AraMi&hétecture that iased on
Cube&t StandardThe design process of AraMiS is based on tiles. Tiles are printed circuit boards
that also form the outer structure of the Satellite. They hadeal functionality; (i) provide
mechanical strength and structure to the satellifeprovide operational functionality (such as
power management, telemetry, telecommunications, &tsjde the satellite there is room for
batteries and payload boardgaMiS-C1 consists of 4 power management tileB§ CubePMT)
telecommunication tile€lB9_CubeTCTJ with S-bandpatch antenna (One Side) and a commercial
deployable UHF antenna (the other side) mounted on external fapbstograph oflU AraMiS-

Cl1lis shown irFigure4.1.

Figure4.1: Photograph of AraMi&C1 with fourlB8CubePMT and twdB9_CubeTCTiles
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The main approach for designid®9 CubeTCTis to realize a high bandwidth communication
link using low costCOTS components which are available in market. This modular design
approach of AraMiSC1 makes the redesign convenient by the reuse of similar mdaj[a4].

Each CubePMTas shown inFigure 4.2) contains electrigpower supply (EPSand attitude
detemination & controlsubsysten(ADCS). The externakuiface of CubePMTconsists ofsolar
panes and sun snsorwhereasjnternal surface contains components and conneciidre. current
version of1B9_CubeTCTonly consists of {B31B) S-bandsubsystem. In futuréB9_CubeTCT
design will also incorporatd1B31A) UHF subsystem The regulator/ sensors module and
connectorgequired bylB9 CubeTCThave been implemented on the same communication Tile as
shown inFigure4.3. From here onwards tHEB9_CubeTCTwill refer to the curentversion which
only contains 1B31B) S-bandsubsystem.

Sv_Switching 5 3\, gyitching

Boost Converter
Regulator Regulator

Inductor Magnetometer

J0108UU0) suld GT  JaAuq Janblolaubep

Plug&Play ~ MSP430  Gyroscope 8 pinsJ_Tag 3y Reference 3-3V_Linear
Connector Microcontroller Connector [ inear Regulator Regulator

Figure4.2: Photographsf 1B8-CubePMT modulé solargpanebnd components sidgg

1B9 CubeTCTis a four layered PCB with dimensions98.0nmmx98.0mm<1.55mm. he
components are mounted on ti@tomlayer (layer 4)while thetop layer (layer 1)ontains deed
point for mounting dtachableS-bandpatch atenna (2.4 GHz)The outing for RF, Power and
other andbg tracesare performed on the bottom surfaédl the digital traces are routed on the
third layer. The second and fourth layease groundplanes whicthelp inshieldng RF, Power and
analog traes from digital synals. Therefore, enseis a considerablybetter sigal integrity. The
1B9_CubeTCTcommunicatewith onboard computer (OB@hrough & pin SPIconnector. Power
Distribution Bus (PDB) is made available using a separgi@ 4onnector. Two 8 pin connectors
are available forseparateprogramming and debuggjnof the Texas hstruments CC2510
Transmitter Tx and ReceiverRx [12]. The data processing, monitoring andrious control
operation forlB9_CubeTCTis also perform by these commercially available transceivers which
has an internal 8051 core microcontroller.
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SPI CC2510 CC2510 PDB

DEBUG Connector Rx Tx Connector
Connector g ARAMIS-Cl Bk1B31B_2_4GHz_OBRF Vi
A DET - Pollitecnico di Torino 10/13 /
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DEBUG
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Figure4.3: 1B9_CubeTCTPhotograph

The main focus fodB9 CubeTCTdesign is to realize a highandwidth communication link
using low cost COTS components which are available in market. This has made it feasible for the
universities and SMEs to enter the field of satellite design. Moreover, a modular architecture
approach habeen employed for cortgte nancesatellitedesign. This modulaaipproach makes the
redesign convenient by the reuse of the identical modules.

The 1B9 CubeTCTmodule subsystems names are according to the nomenclature used for these
subsystems inside UML diagrams3[1

UML (Unified Modeling Language), a widely used modeling language in high level object
oriented designs is becoming a standard in vast application areas. UML provides a lot of
independent diagrams, including the usecase diagram, class diagram, sequence diagram,
requrement diagram, state diagram etc. Different diagrams exhibit system properties in different
views. The choice of the diagram usually depends uporhtiracteristics of the system [14

UML has been used for the design and documentation of the AraMigprall the subsystems
blocks and their functionalities have been described using the UML. Hardware/software
architecture of AraMiS, detailed documentation of each subsystem has been implemented using
UML. The design methodology employs UML class diagifar every module. With the proposed
approach, every subsystem is composed of a hardware (HW) part and a corresponding SW support.

1B9 CubePMT UML class diagram is given lrigure 4.4. All the subsystems names are
according to the nomenclature used for their classes in UML. In this thesis, we will use the
corresponding UML names of all the subsystems.
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Figure4.4: UML Class diagram fotB9_CubeTCTshowing association will all other subclasses
and modules

4.2 1B9 CubeTCTDesign Overview

To ensurea consistentommunication radio linkthe 1B9_CubeTCThas been designed as a
separatesubsystemfrom satellite stand pointt can communicate with other subsystem @n® n
Boar d Co @ORCY\tiaeSPlointefface 1B9 CubeTCTdraws powerfrom onboard Power
Management &tem(EMS) via Power Distribution Bus (PDBRower Regulation is performed by
1B9 CubeTCTPower Regulation made. There arehree power regulators that provide voltage
levels of6V, 3.3V and 3V Ref 01B9_CubeTCTAnti-latchup protectiorsystemis thereto protect
CMOS circuitry against radiation hazards. Realtime monitoringpttbge,current andemperature
is also performed by voltage, current and temperatuwensorson 1B9_CubeTCTio ensure proper
functionalityand housekeeping

1B9_CubeTCTcommunicate with OBC and other modules using SPI interface d®th&he
Rx is always periodically sniffing for radipacket from the ground station. In the case, when a
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packet is received bR, it performs a CRC check and FEC. The received packet is decapsulated
and sent to OBC. For transmission OBC forwards daltehich is encapsulated and transmitted

to the groundstation. Besides performirmgdio communication th&B9 CubeTCTransceiver also
performs various status monitoring and control tasks. Different Sensors (temperature,, voltage
current sensors), PA and af#tchup circuits are monitored by these transeeswia analog and
digital /O ports. The PA load switch, Regulators (3V Ref, 3.3V and 6V), PA and RF switches are
also controlled byrx andRx as shown irFigure4.5.

Most efforts for use of COTS components in space environment are aimed to protect the CMOS
circuits against fatal events such as latchup due to radiation hazards. To protecsaghiasents,
a commercial anfiatchup circuit component (1B127% beirg used onlB9_CubeTCTwhich
isolates power to the load for a finite time to ensure latchup is extingyisbled

The main subsystems d8B9_CubeTCTinclude

CubeTCTTransceive(1B31B1_OBRF_CC2510
CubeTCTPower Regulator & oad Switch
HousekeepingSensors

1B9 CubeTCTANti-Latchup protectiorflB127A)
CubeTCTRF Front End1B31B1W_OBRF_FrontEnd)

5v 10V 20V
Temp | | voltage | | Voltage | | Voltage | | Qurrent
Sensor Sensor Sensor Sensor Sensor
| ‘—l J
8-pins Debu ]
P g TCT Transceiver
Connector RX | .
- RX
8-pins Debug 02510 —-@h—
Connector TX]T » RE —2
C > QN I
o-pins 1 e PA > RFFont End
Gonnector | 2510 | |-
4-pins PDB 3 PA Load
Connector } o L_A— Switch
Latchup ) | | |
Protection 3.3V Mixed 3.0V Ref 6V PA
Regulator | | Regulator | | Regulator

Figure4.5: Block View of 1B31B1WS-band1B9_CubeTCTsystem

4.3 CubeTCT Transceiver (1B31B1 _OBRF_CC2510)

1B9 CubeTCTtrans cei ver consi sts of t wo
transceiver chip is separately configured as a transmitter (Tx) and a receivert(i®x@.ldwcost,
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4.3- CubeTCT Transceiver (1B31BOBRF_CC2510)

wireless communication applicati@t low power and low voltagdts main features ardescribed

as [13:

© N OhWN

9.

10.
11.
12.

Synthesis of high performance RF transceiver with the microcontroller, based on the
architecture of the 8051 Enhanced

Ability to program thelaish memory blocks 8, 16, 32 KB
Frequencyange 24002483.5MHz

1, 2, 4 KB of RAM

Supply voltage range 2.0t0 3.6 V

High sensitivity betweerl00dBm at 10 kbps

Possibility to program the data rate over 500 kbps

Low power consumption (22mA received, 23mA in transmission) with a
microcontroller unning at 26 MHz

Programmable output power up to 1dBm for all power

2 USART Interfaces

4 Timers

14-bit ADC upto 8 inputs

The 1B9 CubeTCTtransceivehave 8051 core which for Hx setup as a master, while fox T
is configured as slave diB9_CubeTCT Both Rx andTx communicate via UART interface which
is configured as a null moderhere is also debug interfaces available for the flash programming
and debgging each of the CZ510 chipsThe analog and digital /O pins available on each of the
chip are utized for the housekeeping dB9 CubeTCT The monitoring of temperature sensor,
voltage sensor,current sensorspower amplifier output level onboartiB9 CubeTCTis also
perfomed by interfacing thesgignak onto the analog ADC input pins @C2510. Alsq the RF

switches,

PA load switches, PA enable signals and Regulator enable signals are interfaced via the

Digital 1/0 pins of C@510 as shown iRigure4.6 below:

2.4 GHz Transceiver

RE CC 2510 Rx =
1 Module = AEuReE
sos1 ||& (|8
= [=]
oou || core | |2
(%)
OBC Pl 2 =
=T hemor W
[T
ADC B % - BF SW Rx
Channed z
i | PA LD SW
CC25107T
G]ecmon o
8051 % ‘% Sensors
RF Care = [=1 =
M Module 3 | feme
2 — 20
pesug | | Memery =] =
= T —
aocs || = i
Channel <L

Figure4.6: Block view of 2.4 GHz TransceivglB31B1 _OBRF2.4GH2 along with interfaces
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In order to interface and connect the chip with the other devices onboard the
1B9_CubeTCTthey were mapped into two modulgemed Module A and Module Byhere set of
available signals on each pin were mapp#td theexistingAraMiS modular architecturas shown

in the followingTable4.1[16].

Connector Pin A B
DO/RX/SOMI 11 PO.2 P1.7
D1/TX/SIMO 9 P0.3 P1.6
D2/SCL/SOMI 7 P2.0 P2.0
D3/SDA/SIMO 5 - -

D4/CLK 3 PO.5 P1.5
D5/PWM 1 P1.2 P1.1
D6/A0 12 PO.0 PO.6
D7/Al1 10 PO.1 PO.7
D8/ID/INT 4 P0.4 P1.0

DO9/EN/PWM2/INT 2 P1.3 P1.4

Table4.1: Mapping of C@2510 pins onto AraMiS Module

el
o
3

M21005Y241C

© 1 yo|
8 SL c AL veeceru_t o VCC_CPU
213 S s 3 g
© g & © 5 g s O @
& 4 2
A BEEIREIRE =
o |=lg g L 0 5] S q m | 3V3_SUPPLY_DBG
e} O__ _ L L L L -
OO o T — - - =" =
Q
R10K
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P DEBUG_DATA
DEBUG_CLOCK

A_D2_SCL_SOMI

1|
|
12
2B
=

Cip

<

— 1 — 1
\_JI_JUJJJ\_II[_I

A_D5_PWHM | 1. — | | —
9 A_DG_EN_PW M2 Z=95 g s gy [} g
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Figure4.7: Mentor Schematic of 1B31B CC25I®@ansceiver.
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4.3- CubeTCT Transceiver (1B31B1_OBRF_CC2510)

4.3.1 CubeTCT Regulators& Load Switch

The PDB voltage level (:28V) needs to be downconverted to low voltage levels (i.e. 3V Ref,

3.3V and 6V) inorder to be used by different subsystem components. For this reason
1B9 CubeTCTuses a linear (3V Ref), switched regulator (6V) and a mixed (3.3V) regulators. The
linear regulators in general have smaller dimensions and require fewer auxiliary components. The

main disadvantage associated with using linear regulator is of low pdieerefy which increases

the power losses. These power losses can be minimized by reducing the down conversion step
between the regulator input and output stage or if low current is drawn from the regulator.

Switching regulators have higher efficiencied take larger space on the PCB for implementation
and requie more auxiliary components Ll The choice of whether using linear and switching
regulators or mixed regulator depends on the desired application.

1B1252A Reference_Regulator_ 80

A linear reguéitor (COTS component) is used for the 3V reference voltage supply. The output of

this regulator provides a stable input reference toltB® CubeTCTcurrent sensor.
converts 5V input to 3V reference voltage. Output current and input/output vdiffgrence is

low which results in negligible power loss, therefore a linear regulator is used. It can be enabled
from the transceiver core via EN_REF. The schematic of the 3V reference voltage supply is shown

in theFigure4.8.

WL
@ REF_LM4128AMF-3.0
TP1
WAL Uil |_—_|
. VINM TF
W R.EF| )i
EMN_REF
(- EN 1
X GHND
C64 —— t T
Cau7 —T— |
v
A0MD

Figure4.8: Schematic of the 3V reference liner voltage regulator

1B1255A Switching_Regulator 6V

As, in AraMiSC1 the power amplifier is the device that draws the most power (when satellite is
transmitting inS-band, therefore, a very efficient and stable power supply is required that can

provide 6V and current of upto 2.5A.uBk switching regulato( Tl 6 s

downconversion of PDB to 6V and feeds the power amplifier (PA). Can be enabled/ disabled using

EN_6V control signal from transceiver cqds].
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Figure4.9: Schematic of 6V switted voltage regulator for PA

1B1254A Mixed_Regulator_3v3

The switched regulators have high efficiency but at the same time have poor EMI characteristics
which make them unsuitable fdriving microcontrollers and CZ510 in particular. Also, a linear
voltage regulator has an efficiency issue which makes them undesirable for our application.
Therfore, a combination of switch and linear regulator called mixed regulator has been designed to
provide an acceptable solutiofThis regulator has two stages. The first is switching stage that steps
down voltage from PDB to 5V. It is a high efficiency stage that minimizes the power losses. The
second stage is linear and it further takes down voltage to 3.3V and mitigates sifyepEM|
issues. Both these stages can be controlled by an ENa3¥/&N_5Vsignalfrom the transceiver
core as shown iRigure4.10.

VAL
REG_LTC3631-5 13 ’% REG LT1761.33 TP3
@ — mec}u _u19 VCC_CPU
o2 wvin SW—01—4— —OE- = . 1 " 1 5 =
}-‘—O—EN_SV = {run  out—e ™ ) "
I NC I LT1761-33
| @l eue ows—ke 3 | T EN3v3
N 81‘\] Mss 8 - 1 3 |nsHon TP
o GHD o - GHD c70
f f Cc69 i T
+ Clu C10u
ENDi 3
o GND .
Switching Stage = £ Linear Stage

Figure4.10: Schematic of 33 mixed voltage regulator with switching and linear stages
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1B121D Load_Switch High_ Voltage

The 1B9_CubeTCTdrawsconsiderable amount of power when fimver amplifieris enabled
for transmission (4W)ln order to control tis power consumptior load switchis mounted at the
PDB input of 6V switching regulator to control PA more effectiveRhis load switch can control
the supply and cutoff poweto the PAthrough enable signdEN) from thetransceiver are as
shown below irFigure4.11.

IRLMLG6402

Q2

PCE ” POB_Pa,

(s —
R15

e VAV AV o

R9

R100K R200K 9
o B

Em | © g
J |<£

=

> 9

[y}
=
=

Figure4.11: Schematic of the load switch

4.3.2 Housekeeping Sensors

The 1B9_CubeTCT contains voltage, current and temperature senstitat can provide
housekeeping and monitorinffhese sensors are mounted at different points ortiltheThese
sensors are connected to tealog (ADC) ports of the transceiver core which takesessary
counter measures icase ofany abnornalities or anomalieso protect system from any possible
damage.

1B131X Voltage_Sensors

1B9_CubeTCTconsists offour voltage sensors having voltage limag 10V, 20V and (two
with) 5V (1B131B Voltage Sensor 1B131C Voltage_Sensor 1B131A Voltage Sensors
respectively),which constantly monitor the output voltadgevels of Switch Regulator, PDB, 3V
REF and 3.3V Schematic of the0V voltage sensor mounted on tRBB inputis shown inFigure
4.12.

C51

Ci0n
AGND

Figure4.12 Schematic o{1B13C)20V voltage sensor
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The analog output voltage {4 connected to ADC of théransceiveris given by(4-1);
® O —— (41

By observing schematic from the output side, it behaves as a low pass filter. The sampling
frequency fsamping is determinedoy the value ofCs; and Req(Rid//Rx). In order to avoid aliasing,
the criteria given in4-2) should be satisfied;

Q ¢ —— K C ——— (42

From (4-2) it is evident thafsamp”ngc') 3Hx 4n orde to avoid aliasingFigure4.13 shows the
internal ADC circuit of theCC2510microcontroller has a resistdR) and acapacitor C)).

Vin v T T T =
ADC Vin
MDA |
Re=105K | R |
G:=10n— T : c=10p | |
oo oo |
Figure4.13: Equivalent circuit of BV voltage sensor attached 6&2510ADC pin
Rhas a small vaad| canee neglectedwhile C; s  Yarallel withCs; and can

add error. It can add aliasitny changing the sampling frequency poi@hoosing asuitable value
of Cs; prevent this aliasingrhe charge tend tadistribute betwees; andC;: The charge atC; (Q)
is zerowhen switch is opeandCs3(Qs;) accommodates thetal chargdQ,) as given in4-3):

0 6w mM #& #81 TH

0 6w 0 (4-3)

When switch $W is closed,C; stars to charg from Q.. During transitional state the two
capacitors are @he same voltage as given by4y

Q=CGV,=IRQ
Qi =Q - DQ=CV, @4
WhereV, is theCs; voltage afteiSW closing and is given by (8);

v, =\, s

—i 4-5
a 51 C51+Ci ( )

To find outthe relative error introdudeby C;, we compare the differencéd/{-V,) andoriginal
signalV; which isgiven by @-6):
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B V51 V51 (:I +C51

=DV :N51_Va‘: C

(4-6)

For reducing thirror, Cs; should have a very high value as compare@;tdhe CC251Qwith
12bit ADC and supply voltage of 3.3V has a quantization €@805%.The voltageerror €ys)
should be smaller than dhquantization errorlt reflects thatCs; value should be very high as
compare tdC;, in order to keep the error smaller. The sele@gdalue is 500 times greater th@n

1B132F Current_Sensor

1B9_CubeTCTcontans a current sensor thatonitors the total tile current consumption at the
PDB input. It has a maximum current rating of 5.68Eiyure4.14 shows current sensechematic
where output voltageQS_\OUT) is connected to the ADC difie transceiveand is given by4-7)
[19];

6 ‘ ‘ ‘ (4-7)

P21
OA_INA138NA
u22 M C5_vOoUT
ROR0O22 ——>
T | cs52 R14
—__ C10n
ano R100K
aGND |
Vi

Figure4.14: Current sensor at PDB input B9 _CubeTCT(Mentor Graphics schematic).

By observingaboveschematidrom the output side, it behaves as filter. The sampling frequency
(fsampiing 1S set by the value dfs; and Ry, In order to avoid aliasing, criteria {@#-8) should be
satisfied:

1
fsampling2 23 ———— (4"8)

ZmoutRout

4.3.3 1B133B Temperature_Sensor

1B9_CubeTCTmodule has one temperature sensor which is a glass protected NTC thermistor
and has a temperature range frone C 130 e C. Out put voltage of
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proportional to temperatur@nd it is sensed by the ADC of Transceil&s resistaoe ran@ varies
bet weenl®kKk,Y~highly accurate with 1% of tolera
linearly proportional to the temperature. Mentor Graphics schematic of the implemented

temperatureensor is shown iRigure4.15.

REF_3V

R18

R22K
TEMP

=
NTC
R13 R17
R100K NTC_100K

AGND N/

Figure4.15: Schematic of the temperature sensor

4.3.4 1B12 Anti-Latchup

The NeOhm Latchup and overcurrent protection systBd27 [15] has been used onboard
1B9 CubeTCTio protect components or systems against {afrland to prevent system damages
that can be caused Isyriking of high energy particleThese kinds of everttan be discovered by
monitoring thedevice supplhcurrent and bybservinga sharp increas@ it. Such a scenario can
result in Single Event Latchy®EL) [20]. The only solutionmn such case will be tturn poweroff
as quick as possiblelt prevens latchrup damages on ICly turning them fi before they can
becomecritical. The particle strike is detected bysadden increase in current consumption which
exceeds a programmed threshold. Poswaply is then cuaff in a short time and it is turned on
again after anfb time has elapseth ensure that the device wilelzorrectly operating afterwards
as

Vee
3-18V Rs

IN+ IN-|  SW+ SW-

vce

OFF

cTo

— LUP

GND i

Figure4.16: Basic 1B127anti-latchup protectiogircuit [15]

The circuit used onboatB9_CubeTCTatch-up protection system implementation is depicted
in Figure4.16 havingonly one external componesénse resistoR§). The latchup threshold
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curren{l) can be programmed by means of Rs according to the eqU&®rwherethreshold
voltage Vi) has a typical value of 30mV [15Rsresistor could also withstand the Joule effect

Y — (4-9)

4.3.5 CubeTCT RF Front End

The RF front End is the most important subsystem ofLlB@& CubeTCTile. In transmit chain
it is comprised of the transmitting CC2510 RF matching network and Power amplifier that connects
to the (external) patch antenna using two RF switches. The retwirestarts from antenna that is
connected through two RF switches to the LNA that further connects tedéiging CC2510via
RF matchirg networkas depicted ifrigure4.17. This is a halduplex system using same antenna
for transmit and receive. The receiver and transmitter chains are isolated together using two RF
switches. The concept behind using two RF switches is to provide a better isolation to the LNA.
The matching network of CC2510 has been designea symmetric fashion to avoid amelays
and lags.The RF front end consists of COTS components which have been selected according to
certain design requirement§he LNA, PA and RF switches tend were testedividually for
compliance. The passive components used in the overall design of matching network are chosen on
the bases of least parasitic behaviors and to ensure optimum matching (according to the
manufacturer specifications).

/ -~ RF Matching Network —_ \
’ \

cc2s10 ")
Tx

RF_R

ccas10 ",
Rx |

RF_P

Figure4.17: RF front end Block diagram

The RF frontend consistsf following major modules:
4.3.5.1.Low Noise Amplifier (LNA)
4.3.5.2 Power Amplifier (PA)
4.3.5.3.RF Switches
4.3.5.4.RF Matching network
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435.1 1B316B Low_Noise Amplifier

From thecharacteristics shown on the datasheet for the CC2510 transceiver found denotes the
value that cannot be transmitted over a certain amount of data rate, but the sensitivity is better to
have a value of81dBm allowing a data rate equal to 500kbps.it was necessary to use a low
noise amplifier, LNA, to mitigate the noise power than sighalke purpose ofising LNA is to
provide a high gain and the least possiiiése figure For LNA design ofLB9_CubeTCTdifferent
COTS componentarere analyzean the bais of gain and noise figureAmong them thévlaxim
MAX2644 was chosen as the best suitable opiecause it provides a maximum gain of 17 dB and
a noise figure of 2.2 dB (at Z&Hz) [21]. It can be useth two different configurationsoneasa
high gainoptionbut is not very linear, save have a value of [IP3 «¥dBm. The second allows for
a gan of 16 dB and an IIP3 of 1dBavhich has been chosen for our design, as depictédyure
4.18. A length of 10.16im has been added between bypass capacijigan G to mitigated3.3V
supply noises to the LNA.

R28 Length=10.16mm

 —

Ce2 Cce1

Iczpz C33p

&

e

= -t

C60
RFE_IM c33p RFE_CLIT
— RFin U25 —

@ﬁ }—'3—*— MAX2644

Gndl Gnd

Figure4.18 LNA Schematic oflB9_CubeTCTRF front end

4.35.2 1B315B Power Amplifier

The power amplifie(RFMD SZM-2166Z) selectedis COTS component [221ts a high
linearity Class AB poweamplifier designed technology HBT (Heterojunction Bipolar Transistor)
with both InGaP GaAs semiconductor devices used i Higquency (suitable for space
environment) The power amplifieprovidesan output power 083dBmand a gain of 36 dBlhis
poweramplifier incaporates an active bias circwhich gives designers the flexibility to optimize
performance in specific appations There is gpower detector and a powenable signal available
for its control and monitoringIn our cas@ power of2W is generated at the and the voltage source
of 6V at afrequency of 2.4GHas shown irFigure4.19.
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4.3- CubeTCT Transceiver (1B31B1_OBRF_CC2510)

R44
R5K76

The PA was tested for actual output powercloyinectingCC2510 at lie input powerwhich
provided a maximum power of 36dBm at 2.43 GHhe input power was veried and the
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Figure4.19: Schemati¢mentor graphicspf Power Amplifier (SZM21662)

corespondant output power values are reported as unflabia4.2 .

Table4.2: Power Amplifier;Input vs. output power (dBm& corresponding consumed current (A).

Rn POUt I (A)
-10 dBm 24.1dBm 0.606 A
-9 dBm 25.1dBm 0.63 A
-8 dBm 26.05dBm 0.66 A
-7.dBm 27dBm 0.7A
-6 dBm 27.9dBm 0.75 A
-5.3dBm 28.5dBm 0.79 A
-4.2 dBm 29.38dBm 0.855 A
-3.2dBm 30.25dBm 0.931 A
-2.1dBm 31.14dBm 1.01A
-1.1 dBm 32dBm 111 A
0 dBm 32.9dBm 1.2A
1 dBm 33.74dBm 1.33A
2.1dBm 34.6 dBm 146 A
3 dBm 35.3 dBm 16 A
4 dBm 36 dBm 1.75A
5dBm 36.55 dBm 19A

38



Chapter 4 Telecommunication Tile: 1BLCubeTCT

Using thesemeasurd values, the GainddB) and Efficiency () was calculated using the
following equations:

GdB= P ,dBm- P.dBm (4-10)
P
and h=-2u (4-11)
I:)al
where: P, =VI (4-12)

Figure 4.20 depicts the measured gain of the PA which is acceptabléB@r CubeTCT The
efficiency is also reported iRigure 4.21 which seems t@agree withthe manufacturer values in
reported in thelatasheet [2

345 T T T
335

Gain (dB)

32

i 1 i I 1 i
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Figure4.20: Measuredsain of pwer amplifierSZM-2166Z
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Figure4.21: Efficiency dell'SZM2166Z
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4.3- CubeTCT Transceiver (1B31B1_OBRF_CC2510)

4353 1B317B RF_Switches

The RF switches designed fdB9_CubeTCTfront end uses two COTS components TriQuint
(TQP4MO0010)[23]. These ardigh absorption GaAs SPDT switches that providemet suitable
results among the otheontendersEach switch can sustaimaaximum input power of 36dBm and
providesan isolation of45dB between each RF port with an insertion loss of 0.9 dB at 2.43GHz.
The RF switch operates on 3.3V dmath them areontrolled by the enableontrol signalsV, from
the transceiver core as shownHigure4.22. WhenV, is low Rk and Rk are connected, wheag
RFc and Rk are isohted or in other words the receive chain is enalfledthe contrary, iV, is
high Rk and RE are connected while RFand Rk gets isolated therfore, the transmit chain is
enabledas shown in figureHere, a precautionary measure is mandatory to enablerpamplifier
only once the transmit chain is enabled to avoid high power dissipatioin the RF switch which
can caus@hysicaldamage to th&B9 CubeTCT

3V \‘/rc Sf\f
RF SW Tx I RFSW Tx
10nF

—_ —\_J?e‘
RF, 10nF RFc
wron e (g < D R o)
Plas
ANT

_— /
RF
RFSWRxIRFl ‘h . - — . _n .
f——0 VC  — =t ¢ —o0 Vc
RF Rx LNA 10nF RF Rx LNA 10nF 1
o—{z= 500 o—{z=s0n
RF¢ RFe
oW —o3av [—o33v
RF2 RF SW Rx | RF2
J_ —L—

Figure4.22:(a) RF switches: transiminode {.=Low); (b) RF Switches receiving mod€dg=High)
4.3.54 RF Matching Network

The1B9_CubeTCThas been realized on a 4 layer PCB, as already illustrated finsthe=ction
of this chapterThe RF traces have been placed on the top most layer offEfBont end network
has been designed on an enhancedtBRbstrate with dielectric constdf) of 4.7 and heighth()
of 0.36 mmwith an operating frequency of 2.43 Gldg shown irFigure4.23. This increases the
need for proper RF matching network to yield acceptable results. Thus, all the selected RF COTS
components were closely analyzed and for each of them a matching network was designed in close
compliance wit the manufacturer specifications ahB9 CubeTCTdesign requirements. The
matching impedances for CC2510 chips RF front end, PA, LNA and switches were transformed
into equivalent trace width along with electrical lengths into physical lengths using AWR
microwave office tdine tool [24]. The matching impedances usedliB9_CubeTCTdesign are
tabulated with their equivalent trace widii)(and in followingTable4.3.
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Microstrip

Top layer partial ground Plane
Element

Dielectric
Substrate L

Figure4.23: 1B9_CubeTCTPCB layout top two layers

Impedance ¢ | Trace Widthw
(Y) (mm)
15.8 3.17
24.8 1.71

50 0.6
80 0.12
95 0.10

Table4.3: Computedtrace widthswvith AWR Txline toolfor RF front end matching

To further improve the shidlitg of RF traces from othemeighboringcomponents and noise
sources a top laygpartial ground plane igplaced invacant spaces. Also, fdretter isolation
between théransmissiorand receive chain have been places at a separation of 3mm, with top layer
ground plane. Also for proper impedance matching the Gap (G) of 0.3mm has been placed between
the RF traces andehtop layer partial ground planéhe matching network passive components
selection has also been done while considering the COTS with least amount of parasitic such as
ESL and ESR values that can give rise to mismatching and shidt matching frequency
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Chapter 5

AraMiS Antenna: Design, Fabrication & Testing

5.1 Introduction

Innovative antenna design has recently become as one of most vital subsystem of Satellite
Communication. In small satellites however, this subsystem is often overlooked, either due to
consideration of weight or available space. Using traditional desigmagpis not feasible and
does not offer any significant benefits. With increasing availabilit¢©T Scomponents irfs-band
and higher bands it is now possible to design Antenna and RF subsystem which comply with given
requirements.

Space is a vast undgped territory and it is important not to lose track/control of a satellite. As
payloads become more demanding in terms of bandwidth requirements it is desirable to have a high
data rate communication link. This has led to the development of antenna y&te has
acceptable gain, Wider Beamwidth and sufficient bandwidth. Therefore, such an antenna subsystem
is required that can address solution for this problem. Such provision is made in the antenna design
of AraMiS Project.

These antennas have been dgvedas part of the AraMiS project {3]: the basic idea behind
the project is to develop a set of small separate modules that can be then combined to create bigger
structures. This antenna is part of the external face of the telecommunication modldegsiit is
assembled on the aluminum panel used also as part of the mechanical structure). Another module
developed in same framework is a power management tile, designed to be put in parallel with other
modules.

This chapter introduces two such an@miesigns at center frequengy 2.43 GHz for and
communication and tracking which fulfills the link budget criteria and provides reusability for
future missions:

5.1.Single Patch Antenna: Designed for newer CubeSat compatible AraMiSS&tellites
(100x100x100 mr). It is a linearly Polarized (LP) rectangular patch antenna that can be
accommodated over a single 100 x 1007tite. It provides a wider beamwidth, adequate
gain and acceptable bandwidth.

5.2.Patch Antenna Array: Designed for Conventional AraMieflites (160x160x160 nitn It
is a right handed circularly polarized (RHCP) patch antenna array that provides acceptable
gain, beamwidth and bandwidth.

Now | et ds have a more detailed | ook of t hese d
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5.2- Single Patch Antenna

5.2 Single Patch Antenna

The AraMiS G1 Satellite tas dimension of 100x100x100r° where each face has ardinsion
of 100xL00 mn?. This limited availability of space onboard AraMiS1Cimposes a critical
constraint on antenna dgsiinterns of size, mass and dimension. To resolve this issues different
antema technologies and structures were considered among which patch anssnoangidered
suitable for our$and antenna design.

Some of the key advantages of patch antenna include compact structure, small dimensions and
low cost. Another important advageis simple and convenient manufacturing process (compared
with other antenna manufacturing technologies). It is a type of antenna that can be realized with
same procedure aPLB.

Patches, however have a few disadvantages such as low efficiencyzgtiaarimpurity, low
power, spurious radiation due to power supply and difficulty to obtain high bandwidth. In the given
antenna design as we are operating at a RF output power level of 2 Watts, linear polarization and an
RF matching network that supprebs supply spurious radiations. The bandwidth limitation can be
reduced using a thinner dielectric with lowdielectric constant Mor eover, t he
associated with our design between advantages and shortcomings are acceptable.

5.2.1 Design SpecificationfMaterial Selection

Substrate materials considered for our design is Rodgers (6002 Duroid) substrate was chosen for
the design. Here the design process is explained in detail. For the design of Patch antenna following
specifications were considered:

1 Center operating frequency)é 2.43 GHz
1 Return Loss (RL) <10dB (for 20 MHz band)
! Gan(Gu)y & 6dB

Rodgers Duroid Substrate 600Bm) was selected suitable for the design that provides a relative
permittivity (J) = 2.94 and has a height (h) = 30ril762mm.

As patch antenna characteristics are governed by its dimensions. Choosing these dimensions
accurately and precisely can determine the performance of the antenna itself. As shown below in
Figureb.1, these dimensions/parameters consist of:

1 Length of Patch (L)

1 Width of Patch (W

1 Guided wavelengtheg

1 Feed Position on Patch.

Having decided on the shape of the patch we can now understand the working prineiple of
microstrip antenna through a comparison with the transmission lines model. In reality the
microstrip itself is a guiding structuf@5]. Therefore, equivalence can be made between the patch
and a transmission line radiating from both ends, as showe feltbwing Figure5.2.
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Microstrip
Hement
h
v
W K
/ . f——
Dielectric ‘ ad = e
Qubstrate 6?("‘\
\‘1 Go\)(\
- 3
. We
Feed Point
Figure5.1: Rectangular Patch Antenna
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Figure5.2: Patch and its equivalent transmission line model

In aboveFigure 5.2, the L is the lengtlof the transmission lingvith very low characteristic
impedance4.). One of the main problems with the patch antennas is the fringing effect, as shown
in Figure 5.3. Due to which the fieldihes do not travel inside the dielectric but part of it is
subtended outside (i.e in air), thereby increasing the size of the[Péltch

Figure5.3: Microstrip Patch field lines under the influence of the fringing effect.

This phenomenon is related to the size of the patch and substrate, in particular to the_fatio of
a n q. The effect of fringing can be reduced wHeh >> 1. It must be kept in imd that this
phenomenon can affect the resonant frequency of the patch itself. Since, the field lines are no
longerconfined in the dielectric substrate below the patch which varies the valliodfffective
dielectric constantls) as defined by #owing equation:

¥
- — — P P& (5-1)

The aboveexpressior(5-1) of Uk is valid for our design as there is only single type of dielectric
layer under the patch. Thus, thg: is formed by Duroid 6002 and air.
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5.2- Single Patch Antenna

5.2.2 Design Calculations
At first the g)isicacelaed with folowireg fogmuld: ( &

- = (52
. —= Xfﬁ)l’&)d (5-3)
Now, oO6L6 can be approximately calculated wusing

0 ™ nEB)VT—_ o® @ A&

The dimensionLi s t he comparatively the mo/byasritical
amountp L The width must be kept less than a wavelength in the dielectric substrate material so
that higher modes will not be excited. In our case we chdbse5.18 cm that which is relatively
lesstharyand provides a radi at i o rnhigfiges wescandindy, e o f 192. 7
can computdls using equatior(5-1). The new guided wavelengthy® is also recomputed with
&0=7.22m. let us now compute the change in length) fvhich must be removed from the patch
designL to account and compensate for the fringing effect as showigime5.4 [27].

AL i L .+

—_——— g —a—

Figure5.4: Change in lengtlp Ldueto fringing effect.
The lengthgql. can be obtained through the following relationship:

g — 8
— T8 p<§

3 — M wu wo(54)

Once,ql is known we can compute the effective lenigthas:
0 0 ¢Y0 08 wda (5-5)
Similarly, the feed pointd = 1.1518 cm was calculated by following relation:
Y ® —p G i— (5-6)
5.2.3 Simulation Analyses & Measurements

Now having all the necessary patch antenna parameters we proceed with its modeling, design
and simulation using HFSS CAD td@8]. Patch antenna 3D layout model was created as shown in
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Figure5.5. With a slight modifications of calculated patch parameters sugltaadL the antenna
was simulaéd and desirable results were obtained interms of Return Loss RL, Gain, HPBW.

Figure5.5: Simulated patch antenna structure in HFSS.

The simulated for patch antenna gain pattern(for 0°, 90° and 180° wre performed as
reported inFigure 5.6. The 3D gain pattern, as depictedFigure 5.7, was also computed as for

which provides a more detailed visual perspective of how the gain is oriented in space around the
antenna.

Curve Info
0 — Gain (dB)
Freq="2.43GHz Phi="0deg’

- Gain (dB)
Freq=2.43GHz' Phi="90deg
—— Gain (dB)
Freq=2.43GHz' Phi="180deg’

Theta Ang Mag
m1 0.0000 | 0.0000 |6.8386
m2 |-56.0000|-56.0000 |3.9362

m3 | 56.0000 | 56.0000 |4.1913
-180

Figure5.6: Single patch gain pattern for azimuth angle& ef0°, 90° and 180° 4.
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Figure5.7: 3D gain pattern for single patch element.at

The gain pattern for the antenna is broader with a HPBW of 110° in the broadside and the
simulated antennal5dB RL badwidth of 20 MHz. The gain pattern is depicted in the above

Figure5.7. Maximum simulated gain for patch antenna is 6.8dRi at2.43 GHz.

Once the simulation yiettl adequate results the patch antenna was then realized on Rodgers
6002 substrate as shownHigure 5.8. The return loss (RL) was measured usiegtor network
analyzer(VNA) and measurement results were found in close agreement with the simulated data as
shown inFigure5.9. The patch antenn@ain pattern was also measuretide anechoic chamber

and was comparable with the simulated data as shotigume5.10.

Figure5.8: Realized patch antenna on Rodgers 6002 substrate (tm)
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Figure5.10: Patch Antenna Gain comparison: Simulated v. Measured

This large HPBW of patch antenna can help the satellite to keep tracking for longer instants as it
has a broader horizon to sight a particular ground station even if having an acute orientation at that
instant.

5.3 Patch Antenna Array

The antenna array consists of a four (2x2) patch array antennas each fed with a 90° phase shift
with respect to adjacent patch. All these patch array elements together provide a circularly polarized
(CP) electromagnetic wavds, satellite maintains its rotational and translational motion in the
orbit, circular polarization of electromagnetic wave is employed to ensure a more stable
communication link. Using such configuration of patch arrays makes it possible to create a CP
electromagnetic wave with efficient utilization of available area and also making it low cost. It has
comparatively higher gain and provides a narrower beamwidth.
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5.3- Patch Antenna Array

5.3.1 Theoretical Overview

In arrays circular polarization is conventionally realized by usingddiating elements where
each element generally requires two feed ports with a hybrid coupler to obtain the required two
orthogonal polarizationand a 90° phase differential [R%or wider bandwidth applications, often
four feed ports with 0°, 90°, 180hd 270° phae differentials are employed [30

° ¥=90° =0 Y=270% W= 180°

W=0° o ¥=90° Y=0° e Y=90°

Figure5.11: 2x2 grid configuration ofour LP Patches (a)090°,0° & 90° ; (b)0°, 90°, 18@& 270°

The CP patch array can also be realized by placingathiating elements each linearly polarized
(LP) in a particular manner in terms of orientation and phase shift. For instance CP is generated in a
simple case of four LP patch elements by arranging them on a 2x2 square grid configuration with
all 4 elementaving adjacent phase shift of 0°, 90°, 0°and 90° respectively; introduced by feeding
network as shown ifrigure 5.11(a). Final phase shift of 0°, 90°, 180° and 276f the four
radiating elements is obtained by proper orientation of each element as sheiguréb.11(b). It
is accomplished by placing diagonal elements on array grid inverted to each other. This ensures
excitation of adjacent patch elements with 90° phase delay which creates two orthdgyoinat
collectively produce CP. Such angular orientations are also useful in suppressirejeimiemt
coupling and cross polarizati [31].

5.3.2 Array Structure Design

The array structure comprises of four patches placed in 2x2 grid witkeleteent spacipof d
= 0.428a (52.5 mm) fr om triguee5.BdAs theavailable spaceane nt  a s
the external face of AraMiS satellite is quite limited (less1th&0 mm x 150 mm) which makes it
difficult (in terms of size and input impedance matching) to use conventional rectangular patches as
radiating elements for the array structure design. Thus, specially optimized butterfly patch
structures are selected widlimension L = 25.4 mm and W =10 mm of each arm as showmein
Figure513. Thi s particular choice of patchOo sftrraurmct ur e
400Y in case of conventional rectangul ar patch t
impedance strip lines. It also helps in confining and accommodating the array structure over the
limited available space on board AraMiS sate[l&2].
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i = 180°

Figure5.122x 2 Patch array with OA, 90A, 180A & 270A

&

Figure5.13: Single Patch Element

RT/Duroid 6006substratey= 6.15 and thickness= 3.8 mm) has been selected for fabrication
of both array elements and feeding network to provide a bandwidth of over 30 MKZThis
selection of patch element dimension together with employed substrate makestarcayre
highly suitable for our application.

Each patch element is fed 90° out of phase by a linear phase shifted BFN structure that is
realized over the same microstrip substrate together with the antenna elements as shewn in
Figure5.14. The BFN consists of three 3dB Wilkinson Bridge couplers and a series of quarter wave
length transformers tuned fat A coaxial SMA connector feeds the BFN. As in the firsgst8dB
Wilkinson Bridge coupler splits the power equally into two branches of microstrips which are
further divided equally in second stage of BFN by two n3oif® Wilkinson Bridge couplers [33
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Figure5.14: Block View of Patch Array BFN

A 90° phase shift is introduced by extension of microstrip physical length as shdvigure
5.14. The BFN feeds each patch with a phase shift of 0°, 90°, 0° and 90°. In order to obtain a
further phase shift of elements as 0°, 90°, 180° and 270°, patch elements are oriented such as each
patch is inverted with respect to the opposite diagonal patch elewenthe array grid. This
particular orientation of the array structure provides an additional benefit of cancelling inter

element coupling between the patch elemestf [

5.3.3 Array Structure Concept

The patches are oriented in a particular angular arrangeimesrder to create two orthogonal
polarized fields. Different feed phases are employed to further create the required phase delays for
CP generation. CP field can be attained in broadside direction of an array by using linearly
polarized elements withri@nging then in the following manner with angle and phase arranged in a

0°, 90° (as shown iRigure5.15) [34].
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Figure5.15: Two element microstrip array with 0° and 90° arrangement.

Figure5.16: Two-element microstrip array: Spatial phase déay o V:iP

The CP produced in this manner deteriorates at angles larger than 10° from the broadside
direction in the »xz plane as depicted Figure5.17. The spatial phasdelay ¥+ oV R
seeFigure5.16), is mainly caused by that is created between the two orthogonally polarized array.
This spatial phase delay affects the required 90° phase differential which results in poor CP quality.
This spatial phase delay can be resolved by using a 2x2 array as sheigargb.11(a).It is due to
the fact that within the two principal planes, the spatial phase delane array dimension is
opposite to that of the other and hence they cancel each offigure 5.11(b) depicts an
arrangement that provides considerable polagmaimprovement in comparison to figure. By
symmetry, the two principal plane patterds<0° and 90°) are identical to each other. Therefore,
only one is shown in followingigure5.17.
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Figure5.17: CP patterns of the twelement array shown in Figure2wghpaci ng 0. 428 @&

This behavior of 2x2 array can be theoretically explained by consideignuge 5.19. The far
field patterns in the two principal planes (the ylane or the ¥ plane) can be calculated by
directly adding the individual fields from alléHfour patch elements. If the total far field in the x
plane can be denoted Bywith the horizontal field component for patch 1Hg, and the vertical
field component from patch 2 bk,,. Similarly, for patch 3 and 4 have contributing field
componentslenoted a&,; andEy, respectively. Then, the total far field can then be evaluated as

follows:
I 3

O 0 Q Q° 00 0’ 00 Q 0 Q 0 (57)
(@) 'Oqa'dﬂ] Qy 'Qh)ﬂ 0 o0 EF OQ,Q@J % d@)ﬁ . (}:%'QO E1
Since, all array elements are excited unifornly< En, = Huys andEy= Evz = Eva);

Therefore:

J J

o o0’ oq ' Q o) (5-8)

J J

(6] 0Q  0Q ° ¢AilQQOE+
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Figure5.18: Calculated principal plandiE 0° or 90°) CP patirns of the 2x2 array shown in
Figure5.12with adjacene | e ment spacing of 0.428 &.

Above equation(5-10) represent a circularly polarized wave with the cosine term is a two
element array factor. This total field is equivalent to that generated by two CP elements. The

radiated far field is basically equivalent to that generated from two circularly polalestnts
created by pairing of the top row elements with the bottom row elements. Using a relatively thicker
substrate for 2x2 microstrip array arranged in the 0°, 90°, 180°, 270° fashion for both its element
orientatiors and feed phases as shownFigure5.20(b) the axial ratio bandwidth of the array can
be increased substantially. Its due to the fact that most of the undesired radiation (due to higher
order mode®f the thick substrate) from the 0° element cancels that from the 180° element, and
likewise for the 90° and 270° elements. This behavior is graphically depictddure5.20. The
solid arrows represent the field at the edges due to fundamentginidde which creates the co

pol radiation.
The dotted arrows denotes field at the edges due tg fdde which is depicted here as an

illustration of the many modes thatntabute to crosgol. Figure5.20 (a) shows the 0°, 90°, 0°,
90°arrangement in which both gl and crosgol fields from the two diagonal elements support
each dber. On the contrary to this arrangemdtigure 5.20 (b) the cepols are sumsip but the
crosspols gets cancelled. As a result of this cross pols cancellation we are allowed having wider

axial ratio frequency behavior [31
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(b)

rPrrr
rrrrnd P

Figure5.20: (a) 0°, 90°, 0°, 90arrangement depicting crepsls support each other. (b) 0°, 90°,
180°, 270° arrangement describing crpsts cancel each other effect. Solid arrows represent co
pols, dashed arrows represent crpsks.
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260 Ohm

Figure5.21: Simulated patch array structure in HFSS.
5.3.4 Simulation Analyses & Measurement

Once the parameters for array design are known, a series of simulations were performed using
Ansoft HFSS electromagnetic CAD simulation tool [8s a primary step a 3D CAD model
(according to scale) for array structure was developed in HFSS (as shdwiguie 5.21) and
simulated within the frequency bandwidih2 GHz to 3 GHz. Different antenna parameters such
as return loss (RL) in dB, Gain pattern (in dBi) for certain azimuth planés 0f, 90° and 180° at
f. were computed forgich array as depicted Figure5.23. The simulated patch array provides a
maximum gain of 8.14 dBi d¢which tends to reduce b@dB gradually from the broadside till 24°
on either side. Thus, the array computed half power beamwidth (HPBW) of 48° as depicted in
Figure5.23.

To observe the far field pattern of the array in more detail a 3D Gain pattern was also computed
and shown below ifrigure5.24. As the gain is concentrated imetmain lobe and there are no side
or back lobes so most of the power is transmitted and/or received within the desired beam with very
few overspill in other directions.

Once the simulated array yielded adequate results the patch antenna was then aealized
Rodgers 6006tm) substrate {J= 6.15 and thicknesgs3.8 mm) as shown iRigure5.22. The return
loss (RL) was measured usingctor network analyzg/NA) and measurement results were found
in close agreement with the simulated data as depictédgure 5.25. The patch antenn&ain
pattern was also measured inside anechoic chamber and was comparable with the simulated data as
depicted inFigureb.26.
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Curve Info

—— Gain (dB)
0 Freq="2.43GHz' Phi="0deg’
: -== Gain (dB)
Freq="2.43GHz' Phi="90deg’

-+ Gain (dB)
Freq="2 43GHz' Phi="180deg’

T

e

Theta Ang Mag
360.0000 | -0.0000 |8.0576
24.0000 | 24.0000 5.0184
m3 |330.0000 -30.0000|5.1279

Figure5.23: Patch array gain pattern for azimuth angled of0°, 90° and 180° d
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Figure5.25: Patch Array RL comparison: Simulated v. Measured
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Figure5.26: Patch Aray Gain comparison: Simulated v. Measured
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The BFN designed for patch array has been considerably well matched. It is evident from the
fact that the RL is less thai5dB for a bandwidth of 48Hz around the center frequenayth
minimum inband RL =-20.5B. Similarly, the RL for single patch i®wer than-15dB for a
bandwidth of 20MHz around thig with minimum inband RI=-28.5B. Figure 5.27 provides a
comparison of simulated and measured RL for both patch array and single patch. Similarly, the
Figure5.28 provides a comparison of simulated and measured RL for both patch array and single
patch.

The bandwidth measured for single patch is relatively lower than for the patch array but at the
same time HPBW for patch antenna is relatively higralamost twice. This means interms for
performance that patch antenna can maintain radio communication link with even poor antenna
orientation towards the Ground station at a relatively lower gain then the patch array.

0 e PRI S LT PP s D S T e
: : : : : : : Gain Array (Simulated)
8 cow-Gain Array (Measured)
—+— Gain Patch {Simulated)
6 <o Gain Patch (Measured) |
4 ; '
2
m
=
= 0
™
]

Theta (Deg)

Figure5.27. Gain comparisons for single patch vs. patch arréy at

Return Loss: Patch v. Patch Array Antenna

treetrbrr i bt rer et bl e sttt s it trang, I ,l.oo.oo¢oo$ooooo¢ooo+000000000+000000000+0000000¢o

-25

-30

Return Loss (dB)
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-40
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50 i i i i i i i i i
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Frequency (GHz)

Figure5.28: RL comparisondr single patch and patch array
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Gain Max. | HPBW RL -15dBBW
Antenna Type
(dBi) (Deg) | (dB) (MHz)
Single Patch Simulated 6.8 76 -28.5 20
CubeSat (LP) | Measured 6.2 74 | -26 18
Patch Array Simulated 8.11 42 -20.5 50
AraMiS (RHCP) | measured 8.1 40 | -18 45

Table5.1: Measure v. simulated parameters for both Patch and Array antennas

5.4 Conclusion

The above table summarizes the significant characteristics of patch antenna and AraMiS array. It
also reveals that they are in compliance with the expected link budget requgdarehem. They
yield considerable link budget margins and can suppoi$thendcommunication data rate of upto
500kbps. Tough the single patch array is a LP antenna design still its gain is acceptable and has a
larger HPBW which means it has a flel@lpointing profile with any given ground station and thus
maintaining a more line of sight link in each orbit revolution around earth.

The array antenna which is RHCP has been designed for a high bandwidth communication link.
Although having a narrower HBRV it provides a wider bandwidth and relatively higher gain which
can be useful for missionisat requires high bandwidth communication.
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Chapter 6

S-band Link Budget Estimation for AraMiS

Satellites

The linkbudget is the most important stepthe feasibility of a telecommunication system
design. It is even more essential in case of Satellite communication which takes into account many
kinds of variable that can affect the radio communication link. The Link budget criteria for the
AraMiS satdlites have been carefully evaluatd&kfore moving further on the link budget criteria
lets first discuss the available ground station capability of the (AraMiS) Polito ground station.

6.1 Polito Ground Station

6.1.1 Introduction

The ground station at Politecnicdi Torino is a GENSO specifications compatible radio
communication system that can communicate with orbiting satellites in the given radio amateur
satellite service band89). It includes two separate antenna systems in the VHF/UHF an@ the
band as depted in Figure 6.1. It also consists of the electronic and radio communication
equipment and a PC for ground station control and communication. It also runs tbategpthat
connects the ground station to the GENSO.

Figure6.1: Antennas of the Politecnico Ground Station
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6.1- Polito Ground Station

Figure6.2 presents a block diagram of Polito ground station. It consists of many sub blocks and
operates in VHF, UHF an&-band Here is a briefly overview on th8-band communication
system of the Pitb ground station and its associated attributes which are important interms of link
budget estimation. This includes following features:

- Parabolic Antenna (F/D=0.3, G= 35dBi. RHCP polarization)
- PA: Pout=25W

- LNA: 16dB gain, 0.4dB NF

- RF f e e d attrenuati¢rio1(B ¥B)

- EIRP =45 dBW
Ampli SHFDS
Ant UHF 22 dBi Ant VHF 14dBi 13dB (max 3W IN) N
4x 18+18 el yogi 2x 14+14 el yagi Preampli VHF Ant banda S
2048, NF 0,848
Combinatore antenne UHF

Preampli UHF
2048, NF 0,848

Transverter —P@TX SW 3 | Parabola 34 dBi (2m) o
RX g RX 2.4ghz Parabola 37 dBi (3m)
SW2A SW 2B 40w, 28V
J 0,8dB NF
™ S-band LNA
16 dB, NF 0,4dB
DS

RX sw 1B

T®

Alimentatore
28V 54

Perseus SDR RX
0-30 MHz 1MS/s

230V

RTX Icom IC-910H

Ay
cAT TNE USB

1,2-307kb/s
DLC7/DM307
usBk

PC dati + tracking

Figure6.2: Block scheme of the Polito ground station
6.1.2 Link Budget Calculation

In this section we calculate the link budget in the uplink and in downlink.al orderractérize
interms of BER of the transmission quality. The calculation of the link budget is based on the
eguation(6-1) of the transmissiof86-38]:

PRin = PTGT - (6‘1)
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Whereas

- Py, :input power level at the input of receiver
- P! transmitted power
- Gg and G, gains of the antennas in reception and in transmissiepectively

- U, attenuation opropagation in free space
- Uy polarization loss
- U, medium loss (accounts for atmospheric and ionospheric losses)

The expressiof6-2) in logarithmic form becomes:

P (6-2)

Rin|d|3m - T|db a

+GT|dB- a0|

dB - p‘dB B am|d|3

Considera satellite equipped with single patch antenna with gain 6dBi communicating with
Polito ground station with parameters already defined in previous section. For the antenna reception
we further assume attenuation for polarization loss of 3#Bereas thd-igure 6.3, by Carnot's
theorem we can calculate the distance R of the satellite as a function of elevation and of the altitude

by the following expressio(6-3):

R=-Rgsingg +\/R§(sin2 Oa - 1)+ R, (63

With;

- Rg: radius of the earth

- de: horizon elevation

- Rsy: remote satellite and the center of the earth

- h: mean height of ®atellite from earthébés sur:

Figure6.3: Distance and elevation of the satellite as a function of altitude

Recall that the LEO orbits are between 160 and 2000 km altitude. For our calculations we
consider an altitude of 800kmardl evati on f or t B =l0°wrothesetcondit®rss e |, t ha
R can be evaluated l{g-3) and the path loss is calculated us{6gt):
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6.1- Polito Ground Station

=167.7dB (6-4)

Finally, we can now estimate thmeceived power g£by substituting(6-3), (6-4) in (6-2). This
received power is then used to compute the Figure of Merit for the Receiver using foll6wing

G =Gl +1000g(T. +Te)  (65)

T dB/K

where:
- Tga noise temperature of antenna
- Teq €quivalent noise temperature of receiver
The Noise temperature calculated for ground station antenna is evalugi¢6-as

(L - 1290+ T,
L

a

(6-6)

Where:

- Tgy: effective sky temperature

- L : Transmission line coefficient (not irBj

To measure the carrier to noise ratjgNg we can use the following relati¢f-7):

_ G

- Rin|dBm + ?

E

+K|
N,

dB/K

- 10logB|,.,,, (6-7)

dbWHzK
dB

Where:
- Ey/N,: signal to noise ratio
- K represents B228.6tdBWildzK)n 6s Constant (
- B: bandwidth in hertz

Thus the computed B, is 14.8 dB. When using GFSK with 1dB implementation loss and a Bit
error rate (BER) of 1.008, the estimated link margin is 1.4 dB for downlink communicatio® in
band for the worst case scenario oéth lo s sg =10Y Following Table 6.1 summarizes the
calculated link budget estimates.
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Sband Downlink BUDGET AraMiS1 (Polito GS)
Transmitter Power Output 33 dBm
Transmission Linkosses -2.0dB
Satellite Antenna Gain 6.2 dBi
EIRP 8.7 dBW
Antenna Pointing Loss -1.0 dB
Antenna Polarization Loss -3.0dB
t 0K L2A6AE o0 -167.7 dB
: Atmospheric Loss -0.3dB
_Radlo lonospheric Loss -0.2 dB
Link Path —i63 c
Ground Station Isotropic Sigrizgvel dBW
Antenna Pointing Loss -2.0dB
Antenna Gain 35.0 dBi
Transmission Line Losses -1 dB
LNA Noise Temperature 125 K
Transmission Line Temp 290 K
.| Sky Temperature 200 K
Ground Station Transmission Line Coefficient 0.7943
EffectiveNoise Temperature 344 K
Figure of Merit (G/T) 8.6 dB/K
S/N, Power Density 71.8 dBH3
. 500 Kbpd
System Desired Data Rate 570 dBH
E/N,(~Spectral efficiency 1bps/Hz) 14.8 dB
Telemetry Requirgd BER(Assume GBR_UH FSK 1 00EO5
System N, Coding; 1dB Implementation Loss
Required EN, 13.35 dB
System Link Margin 1.4dB

Table6.1: S-bandDownlink budget forAraMiS-C1 computed for Polito ground station

For the uplink communication the link budget can be estimated in similar manner for the worst
case scenario which can be summarized in the giedte 6.2 The link margins estimated in this
case is 7.1 dB with an elevation angl@ =10°).
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6.1- Polito Ground Station

SbandUplink BUDGET AraMiE1 (Polito GS)
Transmitter Power Output 44 dBm
Transmission Line/ Sw Losses -2.0dB

Grom_Jnd Antenna Gain 35 dBi
Station

EIRP 45.0 dBW
Antenna Pointing Loss -2.0dB
Path Loss (Elevation angle =10°) -167.7 dB
Radio lonospheric Loss -0.2 dB
Link Path Atmospheric Loss -0.3dB
Isotropic Signal Level -129.2 dBW
Antenna Pointing Loss -1.0dB
AntennaPolarization Loss -3.0dB
Antenna Gain 6.0 dBi
Transmission Line Losses -2.0dB
LNA Noise Temperature 500 K
Transmission Line Temp 270 K
Satellite Sky Temperature 290 K
Transmission Line Coefficient 0.7943
Effective Noise Temperature 788 K
Figureof Merit (G/T) -24.0 dB/K
S/No Power Density 77.4 dBH
: 500 Kbps
System Desired Data Rate 570 dBHA
E/No(~Spectral efficiency 1bps/Hz 17.2 dB

Required BER(Assume G3RUH FS
Telemetry Sys.| No Coding; 1dB Implementation 1.00E05

Loss)

Required EN, 13.4 dB
System Link Margin 7.1dB

Table6.2: S-bandDownlink budget forAraMiS-C1 computed for Polito ground station

The measured link margin is an indicator of the communication link and the amount of losses
that can be endured during communication. The system link margins tend to improve as the satellite
start to move from the horizon towards the ground station ahe z&nith it is the maximum value.

The following Table 6.3 depicts the estimated link margins for different valuegzpfogether with
the corresporidn g es t.i mat ed U
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Link Margins (dB) Path Loss| EI. Angle

Uplink | Downlink (W) )
6.3 3.9 -165.2dB 20°
8.4 6.0 -163.1dB 30°
10.7 8.3 -160.8dB 45°
12.1 9.7 -159.4dB 60°
13.2 10.8 | -158.3dB 90°

Table6.3: Link Margins estimated for differet, a n d

t her e

GOoOrrespondi ng

As the AraMiSC1 S-bandcommunication subsystem (in downlink) must also be compliant with
GENSO ground stations. It is important to estimate linkbudged fmost generic GENSO ground
stations. An online survey was conducted inorder to have a general estimate @&-tihen
communication link parameters such as antenna gain (aroud8l @B) and ground station losses
(1-2 dB). It was observed that at a lewdata rate (10020 kbps) and elevation angles larger than
50°, lead to acceptable link margins as reported i &ide6.4.

Ground Station| Transceive Link Margins
Ant. Gain Data Rate (dB)
G
( R) dEL: 50° dEL: 90°
128 kbp{ 0.2 1.8
20 dBi
100 kbps 0.8 2.8
128 kbp{ 4.8 6.8
25dBi
100 kbp{ 5.8 7.8

Table6.4: Downlink Margins estimated for differedt. a n d

ther e

GOoOrrespondin

From the above calculation it is evident that the Arailg&andcommunication link is not only
feasible and practical for AraMiS ground station communication but also with the GEigber
ground stations which providgbanddownlink facility.

In next chapter we will discuss in modetail about the design amadchitecture of GENSO

compliant AraMiS Protocol.
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Chapter 7

AraMiS Telecommunication Protocol

This chapter describethe AraMiS telecommunication protocol particularly developed in
compliance with GENS@Global EducationaNetwork for Satellite Operation®roject. The major
constrain for LEO orbit is limited visible telecommunication period from a specific ground station
(maximum 20 minutes). AraMiS protocol overcomes this limitation and is designed to ensure
compatibilitywith GENSO (a European Space Agency Project) that supports worldwide network of
amateur ground station§herfore,extendingthe communication u 24 hours aday by tunneling
traffic over nternet. The AraMiS communication subsystem uses two differembowizeind
channels, completely independent aeadundant: UHF at 435 MHz andband at 2.4 GHz. GFSK
modulation scheme is used for both bands and in particular AX.25 protocol with 9600 bps data rate
is used specifically on the 435 MHz channel for complianith hamradio operators where as a
high bandwidth 500 kbps data rate for 2.4 GHz. The main attributes for this protocol is to provide
communication between satellite and ground station with main focugi)ofThe Basic
Housekeeping Telemetry, that contaithe value of each eboard sensor acquired just before
transmission, (ii) Extended Housekeeping Telemetry, which contains some information about basic
telemetry (iii) Payload Telemetry, which has mission specific contents. Remote Command and
Telemetry fomon GENSO communication are handled by proprietary protocol classifiednag ad
ARQ protocol, where acknowledgements and timeouts are used to achieve reliable data
transmission over an unreliable service. Sucinaa protocol allows us to design packefthout
needless overhead information and to optimize parameters to maximize efficiency and reliability.
For LEO satellites there is a limitation of visibility from a specific ground station. To overcome this
deficiency we decided to develop a new AraMiBtpcol desigrcompatible with GENSO project
[35]. This protocol is quite similar to th&X.25 connectionless protocol [Bfor communication
between satellite and any GENSO ground station.

This chapter also provides a detailed level description of AraptiGocol which is also
compliant with both UHF and-Band communication subsystematthre used by AraMiS project
[40]. At first we have a brief overview of GENSO Project. Then we describe the Protocol
Architecture and frame formats. Later we explain @rot mechanism and a performance analyses.

7.1 Project GENSO

satellites in LEO orbitas theCharacteristido be visible from the same ground station for a
very limited period, sch that geneally a clientis able to communicate with its own satellite in
LEO orbit for a time not more than 15 minuteseachpass. In the case of CubeSat, this limitation
is added to that relating to the Idoit ratethat typically characterizes the channels of the uplink and
downlink of this type of satellites.
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7.1- Project GENSO

The GENSQprojecthas been created based on following considerations:

i.  Each university ground station, when not used with its own satellite (approximately 97% of
the time), could be made available as a remote station to other organizations to allow access
to their s#ellite when you do not have a view.

ii.  There is the possibility of involving the amateur radio community, widely spread all over
the Earth.

This section describes the basic operation of the project GENSO, taking into account that this
project is still in deelopment. In 2006 the project GENSO was created to provide such a ground
communication system that maximizes the benefits by joint collaboration of project partners (as
discussed above). It is coordinated by the Education Office of ESA (European Spacg)Agen
GENSO aims to create a joint network, via internet, for amateur radio stations and universities that
are located across the Worlds represented in tHeigure 7.1). Its main purpose is to provide
universities an extended access to their scientific satellite, even when it is not them directly visible.
The involvement of remote stations primarily concerns the reception of telemetry data, but the
university missionmanagers have the possibility of using some of trusted stations for remote
control in the uplink, according to the system described ifollmving section

Figure7.1: GENSOsystenrepresentation

7.1.1 GENSO Architecture & O peration
GENSO The system consists of three distinct comporastshown in followindrigure7.2) [35]:

7.1.1.1. Authentication Server (AUS)
7.1.1.2. Ground Statiorserver (GSS)
7.1.1.3. Mission Control Client (MCC)
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GENSO

v
oy

= —-\v’: uce )
Internet .,
.

AUS

Figure7.2: System components GENSO

Authentication Server (AUS)

Managed by the directors of GENSO, AUSHhse central core of the networkhe role of AUS
is coordination and mediation between the generic MCC who want to avail of the services offered
by the system GENSO and a certain set of GSS. During the development phase of the GENSO
network, different architectures have been taken into account, from tightyalized to peeio-
peer networks. Both architectures have their advantages and disadvantages. In first case a Central
Server was considered that can perform various tasks such as validation of the identity of the GSS
and MCC instances when they log ¢ém maintain updated lists of the statuses and other attributes
of all GENSO ground stations and spacecraft and their distribution to instances of the GSS and
MCC as per request and requirement. This topology appeared simple to build, but had several
drawhacks that made it unsuitable for GENSO. One major drawback was the lack of scalability. A
central server, in fact, can only accept a limited humber of connections from other computers. This
fails to comply with main objectives of GENSO that is possibiityallowing the participation to
an arbitrarily large number of organizations. In future, this could mean hundreds of thousands of
satellites and ground stations. Clearly a single central server cannot handle the amount of data
generated by thousands ohtibns, and in each case represent a critical point in case of problems or
maintenance.

In the second case, the central authority has a role only during the registration and access of the
different actors in the system, while in the service of they work pgefto-peer system. The
benefits are limited reliance on a central server. The disadvantage is that central authority having
poor control over managing GENSO internal system.

Therfore, an intermediate solution has been adopted between the prevesjghatshave some
servers whose function is to authenticate the nodes of the network, perform encryption, maintain an
updated list of satellites and ground stations authorized and distribute this information when
required by respectively GSS and MCC, tisafunctions that do not require an intensive use of the
available bandwidth.
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Ground Station Server (GSS)

It is the application running on each amateur station that intends to offer its service to GENSO
system. It allows the computer to take contraihaf rotor antenna, transceiver and the TNC modem
to enable the Mission Control Station to communicate with their sat@dlitTo interface with the
hardware, the GS uses the appropriate driverad Library). Just activated by means of the
controller trat connects with AUS to provide the characteristics of the station (frequencies and
operable modulations, geographic location, etc.) that are added to the list of available ground station
(GSSL- Ground Station Server List) maintained by the AUS and betkive a detailed list of
satellites GENSO (PSLParticipating Spacecraft List), @an be seen in 1 and 1.2kigure7.3.
From that moment on, the MCC can book3S38 connect with satellite (Scheduler).

Mission Control Client (MCC)

It is the application running at the control center of the satellite (Mission controllers). Using a
graphical interface, operator responsible for the mission is allowed to use the GiEN&@s.
When enabled, the authentication phase provides it the characteristics of its satellite (frequency,
modulation, etc.) and receives the updated list of all the available ground station (arrows 2 and 2.2
in the diagram from AUS. At this point, the MCC can predict when its satellite will pass above
which ground station. It can now contact the relevant GSS for usage reservation (arrows 3 to 3.1.1.1
in the diagram). There are different wayscmmmunicatewe consider thatluring that period
booked, the communication between MCC and satellite takes place in a transpareray fnead
time (as depicted by 4.1 and 4Rigure7.3).

SMCCar - - ' Bssa AUS

T I
| . . |
| 1: First connection: tx features

1.1: add to Ground Station
1.2:rx PSL Server List (GSSL)

1.2.1: GSS ready

2: First u%onnection: tx features

i P>
| I N
12.2: rx GSSL 2.1: add to Partecipating
} Spacecraft List (PSL)
| -
2.2.1: MCC ready | |
| |
| |
. |
3 n%servanon request DI—
|
3.1: reservation request
3.1.1: reservations accepted
T D
3.1.1‘1‘lreservat\uns accepted
T

4: Basic protocol

4.1: Basic protocol bu

———

TR

Figure7.3: Sequence diagram of the operation of the system GENSO

74



Chapter 7 AraMiS Telecommunication Protocol

7.2 AraMiS Protocol Architecture

This proposedhigher layered protocol is implemented on OBC and manages functions related to
control of duplication/ repetition in different ways depending on the type of command received as
can be viewed in the transport layer and applying sheond ¢rosslayer appoach.[42] We
observe that the peer entity to the other end of OBRF is a generic ground station (GSS equipped
with transceiver and TNC in kiss mode), while the peer entity of OBC is the Mission Control Client
(POLITO), as shown ifrigure7.3.

The protocol is compliant to the architecture showrFigure 7.4. The ground segment is
constituted by a satellite Mission Controller (MCC), e.g. Politecnico di Torino (POLITO) and a
certain number of radio amateur ground stations (GSS). We consider the hypothesis that GSS is
able to receive via Internet commands from Mission Controller, tapestate it transparently into
AX.25 frame and can also receive AX.25 frame i.e. transmitted from satellite, decapsulate data or
message and further transmit it to Mission Controller MC@].[4nh Figure 7.6 is shown the
encapsulation and decapsulation proc&ss.AraMiS Architecture(as shown irFigure7.5), apart
from the memory also includes other modulaich are (i) On-Board Radio Frequency (OBRF),

a hardware module responsible to receive and transmit frame AX.25 and to execute backdoor
commands; (ii) Telemetry Command Processor (TCP), a software in execution On board computer
(OBC), responsible to read, interpret and execute ordinary commands, put in the memory data
generated by their execution and to command the transmission staHp(isekeeping Processor,
another software in execution on OBC, responsible to collect measures from satellite sensors and to
put those in the memory.

-"f‘.
S
. =
Mission -
AUS Controller [ === =====--=------c-cccoooo-d > OBC o
(MCC) "5
A a5
. et R Bt
Ground =
Station On-Board Radio —
< A
Server [€—————® Frequency Module =
(GSS) (OBRF) =
A A a
————mim i P e m 2
I
én
Radio Channel -
_’ i —_—
(UHF’ S-Band) [* 8
;'J_‘
o
~

Figure7.4: Layers and entities of the architectkeaMiS GENSO in reference to the (88|

To describe the proposed protocol we refer to which shows different blocks of the satellite
involved in the development of the protoesl depicted ifrigure7.5. Consider the ground segment
of the Mission Controller, which in our case is the Politecnico di Torino, and a GENSO generic
ground station is a remote participant. These two actors are tednét internet.
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7.3- Protocol Structure

The satellite, as well as memory and peripherals, we consider the modules:

7.2.1 On-board Radio Frequency

It is responsible for receiving and decoding the frame in uplink and encoding and transmission
of the downlink frame.

7.2.2 Telemetry/Command Processor:

Its main tasks are to read the received commands in uplink, interpret and execute (or run them
to a specific device), to perform memory management (allocating space, enter or retrieve data),
and to initiate the transmission of the downlmlssbn data(Data generated by the payload of

the satellite) antiousekeeping daf@nformation related to the Eemonitoring of the satellite)

7.2.3 Housekeeping Processor:

It is responsible for collecting measurements from various sensors distributed in Hitee sate
inorder to generate tH@ousekeeping datansert them into memory. Some examples of such data
are, those related to the orbital position, temperature and state of charge of the batteriespfthe rule
availability of peripheralsstc.

Generie OBRF Telemetry

5;:;::&‘1 UHF/S Band Conumand Peripheral 1
ota Processor
Peripheral 2

Memory SPIT2C

Mission
Controller |

(POLITO)

Peripheral n

Housekeeping
Processor

AraMiS C-1
Satellite

Figure7.5: Global Architecture of the system

In general, for each command that is received by the satellite, at the end of its execution results
in data or messages that needs to be sent back to Earthtdfeoommunications perspective, the
protocol provides to define the format of the commands, messages and data together with the
manner in which these are exchanged between the MCC and OBC.

7.3 Protocol Sructure

The commands from ground station are broadlggatized into two main classes based on their
execution time:

7.3.1 LONG execution time commands (LONG):

These commands either have execution that can last for a considerably long time (fde @xamp
the case of a command ofientation) or the execution isteeduled in a future moment (such as
command that requires acquiring an image the other sidefdghe erth).
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7.3.2 SHORT execution time commands (SHORT):

They simply require the retrieval and transmission of data from satellite. These can consist of
data alrady residing in memory due to periodically generated (housekeeping functions) or the
result of a previously sent long command.

One of major requirements this protocol must satisfy is its ability to control when to start the
transmission of data or messagelownlink in such a way that they can reach a specific member of
the system ground station GENSO of which the MCC has booked the use, possibly, but not
necessarily, the same one that forwarded the command.

For SHORT commands the requirement are autoaibtisatisfied by allowing the transmission
of data to earth as soon as it become available. In fact, by finding the difference in time between
command and its response, it can be estimated that for how long the ground station that has
transmitted the comamd will be visible to receive the response, except the last command that is
just sent before the end of the satellite visibility period. However, two other approaches were
considered to satisfy requirement in reference to the LONG commands:

(1) Data retainedn memory and automatically transmitted in an instant determined by
the satellite itself, for example, when it reaches a certain orbital position;

(i) Data retained in memory and transmitted only upon receipt by the earth by a further
request commandjétDat). Among these two approaches,

The latteroptionis chosensince it is considered simpler and more robust for our system.

7.4 Packet Format Definition

Figure 7.6 shows the process of (dencapsulation where N(S) refers to sequence number of
sent frames, N(R) is sequence number or ecei ved f r a DaaMessaysid theCo mma n d
information field in he frame AX.2539]. The dashed line represents the interface between the
OBRF that controls the functions of the physical layer/datalink manages the functions of transport
and application layer protocol. This section shows the packet formatsprnmanduplink and
downlink messages handled by the TCP.

N(SY N(R) Packet (Command / Message)
1B (255 B max)
TCP side
OBRF side
Destiation Address Source Address Ctrl PID Info FCS AN25
7B 7B 1B IB (255 B max) 2B frames

Figure7.6: (Decapsulation) encapsulation phase
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For the protocol operatipthefollowing types of packets have been defined with respect to
uplink and @wnlink communication.

In the uplink:
7.4.1.1 backdoorCommand
7.4.1.2 ordinaryCommand
In the downlink:
7.4.2.1 pureNACK
7.4.2.2 ordinaryDownlink

Each packet has its own format having predefined division into subfields where each occupying
bit/byte provides a different meaning. This allows us to increase the efficiency of the pimtocol
avoiding the transport of unnecessary information, such atslabquantities and units of measure.

The destination entity must be able to distinguish the type of message received to decode correctly
according to its format.

7.4.1 Packages in uplink

In uplink there are two types of packet formats.

backdoorCommand

The lackdoorCommand perform a number of basic functions directly by MCU of OBRF. Their
usefulness comes during recovery or management of some countermeasures in case of malfunctions
in the rest of the system. The fornadithe backdoorCommand is represeriteHigure7.7

(2+255B)

CommandType Parameters
16-bit

Figure7.7: Format backdoorCommand

CommandType: Contains the code that uniquely identifies the commianthe command set
supported by OBRF. Using a table of correspondence, the MCU of OBRF can identify set of tasks
that must be followed when receiving such a command. For Backdoor command the first bit of this
field is always 0bD

Parameters: It specifiesthe valueof any parameters thiat associated with command.

When OBRF decapsulates the packet from the frame, it reads the command code field to recognize

a backdoor command, to interpret and execute it locally. Different commands are understood as
ordinary commands and they are put in the output in the way that TCP can perform read by a
pollingl oo p . I't is important to know that backdoor
field of AX.25 frame is fixed at the value 0x03.
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ordinaryCommand

Ordinary commands generally includes SHORT and LONG commands. They are forwarded
transparently from OBRF to OBC to be handled there. Its structure generally consists of two fields
(as shown irFigure?7.8 andFigure7.9)

(2+255B)

CommandTyvpe
16-bit

Parameters

Figure7.8: Format of & ordinaryCommand

(4+255B)

CommandType Parameters: AppINum + other parameters
16-bit 16-bit +..

Figure7.9: Particularization ofnordinaryCommand when it contains a LONG

CommandType: The first bit is equal 0B1 indicates to OBRF it as ordinaryCommand and is
then forwarded transparently to the OBC aridrlacquired by the TemetryCommand Processor.
The remaining bits are coded for unique identification of command in the command set supported
by the satellite. Using a table obrrespondence the Teleme@@mmand Processor will identify
task needed to be executed by suchroamd In following Table7.1 is an example of encoding for
some commands (taking account of the first bit to 1).

ordinaryCommand ypes COMMAND_code
GetData 0x8000
GetFrag 0x8001
BasicTelemetry 0x8002
BatteryLifeStatus 0x8003
Orientation 0x8004

Table7.1: Passible encodings for the fieldommandType

Parameters: Specify parameters values accompanying the command. For LONG commands
first value that is added is always the Application Number, a number that will be used to assign
name to the data generated from the execution of this LON€quires dater requestf the data
Therest of parameter values that follows are specific for thisncand. For example rientation
command, will have as parameters the Application Number followed by an argument that indicates
a value in degrees. GetData and GetFrag, asrshelow are the commands by which a request for
data or a fragment is made, the first added value is the Application Number of the previous LONG
command for which data call has been generated and in the case of GetFrag follow the numbers of
the fragment tht needs to be received in the next transmiss$tgu(e7.10 and Figure7.11).

(4B)

CommandType Parameters: AppINum
16-bit 16-bit

Figure7.10: ordinaryCommand when it contains GetData
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(4+255B)

CommandType Parameters: + AppINum next FragNum expected
16-bit 16 bits + 16 bits + 16 bits + ...

Figure7.11 ordinaryCommand when it contains a GetFrag

Given the critical nature of commands, @mor could affect the outcome of the mission itself
which is beyod the CRC check of AX.25 FrameTherfore, a threefold repetition of
ordinaryCommand within the field provides as an additional mechanism for data integrity. Info
more complex forms of cody are evaluated.

7.4.2 Packages in downlink

In the downlink, there are two categories of packet formats.

pureNACK

It is the only event of note that is generated in a completely autondashisnby OBRF when
a command is received that does not exceed the @RECK, but it is properly addressed to the
satellite. The format of the pureNACK has single field messageigaré7.12). Its first bit is set
to 0bO0 to distinguis this NACK generated by OBRF, and then to the datalink layer, of any other
type of message level generated From OBC (ordinaryDownlink).

messageType
16-bit

Figure7.12 Format for pureNACK and all messages that contain no data

The Table7.2 illustrates the behavior of OBRF based on the validity of the destination address
and the CRCThis action has been defined in order for avoid frames from other users which might
arrive at the satellite and can excite the OBRF. It afarms the mission controller when the
transmission of a command fails because of CRC Check and then passeticijpata
retransmission without waiting for the expiration of the tioog.

Destination Address CRC Behavior
NO NO Ignore
NO YES Ignore
YES NO Send to Ground pureNACK
YES YES Forwards the Decapsulated
Packet to TCP

Table7.2: OBRF actions according to the destination address validity and CRC.

ordinaryDownlink

This category belongs to the majority of application layer messages generated in response to
commands and beacon signal. These messaggmssed transparently from OBC to OBRF. Its
structure is generally formed by two fiellgure7.13.
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(2 + 255 B)

messag_eType Payload
16-bit Max 254 B

Figure7.13: Format of a ordinaryDownlink

messageType:The first bit is equal to OB1 to distinguish this message from a pureNACK
generated irnthe datalink layer, while remaining bits constitute a code that uniquely identifies the
message within a predefineshnnerTable7.3 elaboratesn example of coding for the major types
of message (taking into accouhatfirst bitis 1).

Type of ordinaryDownlink messageType_cod
BEACON 0x8000
ACK_DATA 0x8001
ACK_FRAG 0x8002
CMD_RECEIVED 0x8003
CMD_DUPLICATED 0x8004
DATA NRDY 0x8005
BAD CMD 0x8006
CMD_NOT_EXE 0x8007
PER_ERR 0x8008
MEMORY_FULL 0x8009
UNKNOWN_COMMAND NUM 0x8010

Table7.3: Possible encodings for the field MessageType

Payload: This is the field that contains any data that may accompany the message, as will be
explained below, presenting the main types of message types.

BEACON

It is a packet that is transmitted at regular intervalg @vey 30 seconds) in order to
communicatehe state of operation of the satellite and facilitate tracking. The Payload field in this
case carries a basic form of telemeffig(ire7.13).

ACK_DATA

This messagis sent in response to SHORT commands and in particular to a command GetData.
It is an acknowledgment message that carries the same payload in the data produced by the
command Figure7.14).

(2 + 255 B)
messageType Payload: DATA
16-bit Max 254 B

Figure7.14: Response to ordinaryCommand that contains ACK_DATA

ACK_FRAG

This is the packet message in response to GetFrag command. It is similar, but the first two bytes
of the Parameters field indicate the number of the remaining fragments of the total requested data
(Figure7.15).
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(2 + 255 B)

messageType fragNum Payload: FRAGMENT
16-bit 16-bit Max 252 B

Figure7.15. Message sent in responseotdinaryCommand that contaiACK_FRAG

All types of messages that follow share the same forasagifown irFigure7.16 below), since
they require only one field of the messageType.

messageType
16-bit

Figure7.16: Format for all messages that carry data

CMD_RECEIVED
The Message that TCP provides the Mission Controller for the acknowledgment of successful
acquisition ofa long command.

CMD_DUPLICATED
The Message that TCP provides the Mission Controller for the acknowledgment of successful
acquisition of a copy of a long command.

DATA_NRDY

This is the message that the TCP, upon receipt of a GetData or GetFrag, conaaumoicat
Mission Controller that the requested data are not yet ready in memory. This situation normally
occurs when execution of LONG command is not yet finished.

BAD_CMD
The message through which TCP informs the Mission Controller that it has received an
unrecognized command that is not supported by command set.

CMD_NOT_EXE
This is the message that the TCP informs the Mission Controller has received a command that is
not executable.

PER_ERR
This is the message that the TCP informs the Mission Controllerebased a command that
refers to a nomesponding device.

MEMORY_FULL
This is the message that the TCP informs the Mission Controller has received a command whose
data cannot be stored in memory because it is full.

UNKNOWN_CMD_NUM
This is the message ththe TCP informs the Mission Controller has received a GetData or
GetFrag Application Number which does not reference any LONG command previously received.
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7.5 Defined Functions
Before elaborating further let us summarizes (as follows) the list of funsctimt were defined
for the operation of the protocol and system.

sendCon(N(S), comType, params)is the message with which the MCC sends a command via
the Internet at GSS to be transmitted to the satellite. Its arguments are:

- N (S): sequence number gént frames (3 bits)
- ComType: identification code of the command (2 bytes)
- Parameters: covers topics specifiers command.

frame(destAddr, sourceAddr, N(S), info): repreents the transmission of radathannel of the
frame in the uplink and downlink. Its angents are the fields of AX.25 frames:

- destAddr and sourceAddr: are the sendef@rakstination statioaddress
- N (S):is the number of frames transmitted sequence
- Info: The maximum field size of 255 hytes that contains the package.

sendMessage(fR), mesageType, payload)When eferring to the ground segmemgpresents
the message with which the GSS sends the frame content via the Internet received from the satellite
to the MCC. Its arguments are:

- N (R): number of the last frame received from the sadB bits)
- MessageType: identification code of the message

- Payload: contains the data in the case of ACK_DATA or a fragment in the case of
ACK_FRAG.

readCom(N(S), comType, params):Represents the operation of poll by the TCP outguthe
OBREF. If nocommand is present returns false, otherwise it returns true, and arguments:

- Sequence number N (S)

- ComType

- Params: optional arguments of the command specifiers.

The following functions are involved during a command request SHORT telemetry.

get(command, datg: the HP is running periodic queries of the generic device in order to collect
housekeeping data. Its arguments are:

- Command: the code that requires a specific telemetry
- Data: data collected.
put(command, data):represents that part of the HP memory teggndata collected.

getShort: TCP is that after receiving a command SHORT request telemetry data, makes a memory
read.

The following functions are involved in a LONG command:
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exe¢command, arguments): is the TCP LONG after receiving a command, the device
communicates with the responsibility to educate them. His arguments are

- Command: The instructions for the device
- Argumentsary data that specify the command

put (appINum, date): TCP is that after an exec atle space in memory to hold data that will be
generated after the execution of a command LONG. Returns true if there is space in memory, false
if the memory is full. Subsequently represents the TCP which, after a get that makes the data,
inserts the data in memory. Its arguments are:

appINum: Identifies the command and the data generated when inserted into the memory
Date: is the data generated by the execution of the command.

get (command, data):lt is the TCP periodically queries the devices on which waits a given after
the execution of a LONG. Return NULL if the data is not present; otherwise it returns the data. Its
arguments are:

- Command: Specifies the device that data type is expected
- Data: conins the data returned

getLong (applLong, date):is the TCP after receiving a command SHORT request data from a
previous LONG command, makes a memory read. Return NULL if the data is not present,
otherwise it returns the data. Its arguments are:

- AppINum: identifies the data element is required to recover from memory

- Data: the data is retrieved.

7.6 Protocol Operation

The operation of the protocol can be illustrate by means of sequence diagrams that represent the
temporal sequence of events involved in the chsmmmand SHORT management. Then there is
an illustration in the case of a LONG command management, both in the case of transmission in the
absence of errors. Subsequenggame sequences are reconsidered with assumption of errors.
Finally a diagram is siwn that represents the situation in which LONG and SHORT commands are
combined together, it represents the situation for the protocol common opd#idjonThe
following use cases are also elaborated according to the exact sequence diagrams theédre deri
from the original function oVisual Paradigmsoftware used by the working group of AraMiS in
UML to describe the entire projelct3].

7.6.1 SHORT command

The aboveFigure 7.17 shows the sequee of events related to a SHOR®mmand in the
absence of errors. TH&. ge) is the Processor Housekeeping function while maintainiggeay
for aperiodic output of the various sensors distributed in the satellite in ordelidct¢he data and
the (2. putShort) and places them in memory. In a generic instant assume that the Mission
Controller decides to request, for example, the Housekeeping Telemetry data through the message
(4. sendCom), Via the Internet to send to thatigdostation.
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sd 01 Basic Protocol - Short command

POLITO GSS OBRF TCP timer MEM HP perl
MCC

} 1: get(command =
2: putShort(command = SHORT1, data =
3.1: readCom(N(S) = -, SHORT1, data = DATA) DATA)
comType = -, params = -} o B — >
: bool: false 3:isr_timer() }
- |
4 sendCom(N(S) = 000, 4.1: frame(defoddr = ARAMI?,
sourceAddr = ISOXGL, N(S) =
comType = SHORT1_code... Lo _
="+ 000, info = ordinaryCom, crc = ){> 4.1.1: check CRC
5.1: readCom(N(S) = 000,
comType = SHORT1_code, 5: isr_timer()

no command

arams = -) : bool: true
< p )

5.2: check N(S'
5.3.1: rame(destAddr = ISOXGL, | 5-3: sendMessage(N(R) = 000, ;‘ (S)
sourceAddr = ARAMIS, N(R)=  messageType = ACK_DATA_code, 5.4: gelShort(command =

000, info = ordinaryDown, crc = ...) < payload = DATA) SHORT1. data = DATA)

<
! . ;l 5.3.1.1: check CRC
L 53.1.2 enee 6.1: readCom(N(S) = -, comType 6: isr timer
| =-, params = -) : bool: false Q—();
=<t
5.3.1.2.1: check CRC 55 T

Figure7.17. SHORTcommandsequence of eveniis absence of errors

When the ground station receives it, encapsulates the AX.25 frames by inserting in the various
fields according to thearguments and in particular: AraMiS in the destination address field, its
CALLSIGN in the return address, the sequence number in field N(S) and the Info field is the
command format of the commands will be described later. The ground station then trémsmits
frame on the radio channel in the satellite direction (4.1 frariég).frame is received by OBRF
Module which ontrols the CRC (4.1.1 CRC verificatipand address of the recipient. Assuming
that the CRC and the recipient address is correct, the rssmumimber and the command are
decapsulated and made available in output so that they can be read from the Command Processor
implemented on OBC by the function 5.1 readCom. Here it should be noted that the connection
between the OBRF and TCP is based @oliing loop Where OBRF is the hardware module and
TCP is software module The TCP then performs periodic readings (readCom) from OBRF output,
initialized by a timer. Once the TCP has acquired the content from OBRF output, it decks t
sequence number (52heck NS)) and then interprets the command according to its own table.
Finding that it is a SHORT command and is executed regardless of whether it is received for the
first time or not. Its execution consists in the simple recovery of the requestedratatdhe
memory (5.3 getShort), and packet generation which has the dual purpose of acknowledgment of
the of frames reception coming from ground and transport of the required data. This message is
passed to OBRF (5.4 sendDatahigh then transmits on theownlink with a procedure
symmetrical to that used by the ground station for the uplink.

7.6.2 SHORT command with loss in the uplink

The Figure 7.18 illustrates the case iwhich the frame is lost in the uplink containing the
SHORT command (1.1 frames). In this situation the Mission Controller will never receive the ack
with the data (ACK_DATA), for which an elapsed time interval equal to the-dmeetransmits
the same ammand with the same sequence number (5. sendCom). It assumes that reception and all
other activities continue to take place as described in the ideal case.
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['sd 016 Bheid PPIGEST SHort eommhand il s in uplink ]

GSs

Mcc
POLITO

1: sendCom(N(S) = 000, !

first time

5: sendCom(N(S) = 000, |
comType = SHORT1_code, !
params = -)

5.1: frame{destAddr = ARAMIS,
sourceAddr = ISOXGL, N(S)

1.1: frame(destAdd=ARAMIS,

(=]
‘

[«

i
!

!

=000, |
0

ol

info = ordinaryCom, crc =

i
send a ;
duplicate: | !
same N(S)

{RTT for a short command } |

| 6.4.1: frame(destAddr = ISOXGL, |
sourceAddr = ARAMIS, N(R)= |

6.4.1.1:

<

:] 6.4.1.1.1: check CRC

000, info = ordinaryDown, crc = ...) ﬂ<}
<

I

I
J 7.

r

5.1.1: check CRC

6.1: readCom(N(S) = 000,
comType = SHORT1_code,

6: isr_timer() s

params = -) : bool: true

6.4: sendMessage(N(R) = 000,
messageType = ACK_DATA_code,
payload = DATA)

1
1
1
|
L
|
|
|
|
|
|
|

6.2: check N(S)

6.3: getShort(command = 1

SHORT1, d

I 1
i [ 1 ]
comType = SHORT1_code,... sourceAddr=ISOXGL, N($)=000, | | 2: get(command |
info=ordinaryCom, crc=...) ! | 3 putShort(command =/ = SHORTH, data |
L4 i | SHORT1, data =DATA)|  =paTa) |
I I
i i 1
senda 1} i i :
SHORT ! | 4.1 readCom(N(S) = -, comType | o
commanc {time-out} } } =-, params = -) : bool: false : 4:isr_timer()
for the | hy ki |
I
i
i
I

1: readCom(N(S) = -, comType = -,
params = -) : bool

I
!
i
I
|
|
U
i
i
I

T:isr_timer()

ata = DATA) =D

Figure7.18: SHORTcommandsequence of eventgth frames lost in uplink

7.6.3 SHORT command with loss in the downlink
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Figure7.190 SHORT Command sequence diagram with frames lost in the downlink

The aboveFigure 7.19 illustrates the case in which the ACK_DATA is lost in the downlink
(5.4.1 Frames). Compared to the case where it is lost in the uplink, now the satellite has received
and executed the command. From Miss@@ontroller stand point the situation is the same as the
previous case: after a timmait interval without having received the ACK_DATA, the Mission
Controller retransmits the same identical frame containing the same command (7. sendCom). When
it reaches ta satellite, the TCP from the control of the sequence number N(S) is able to recognize it
as a copy of the previous command. Since this is a SHORT command i.e. a command that requires
only data together with aACK, therfore, it is reexecuted identicallyfrom 8.3 getShort until the
end).

86



Chapter 7 AraMiS Telecommunication Protocol

7.6.4 LONG Subsequent request with command
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7.4.1.2: sendMessage(N(R) = 001, Data not yet
MessageType = DATA_NRDY _code) ‘i 7.4.1.1: check CRC available
f 8.1: readCom(N(S) = -, comType 8: isr_timer()
‘L = -, params = -) : bool: false .
9: sendCom(N(S) = 010, | 9.1: frame(destAddr = ARAMIS, F mcummandﬁ 3 8.2: get{command = LONG1, data = DATA)
comType = GetData_code, sourceAddr = ISOXGL, N(S) = 010, || 8.3 pul(appINum = 74, data = DATA) : bool: tue | DH
h params = 74) info = ordinaryCommand, cre = ...) i
J 9.1.1: check CRC v put data generated into L
‘Q 10.1: readCom(N(S) = 010, ! the memory allocated ! the peripheral
retrieves next | comType = GetData_code, L 10: isr_timer() has finished
command from list: \4 params = 74) : bool: true
another request of ] 10.2: check N(S)
command 74 10.4.1: frame(destAddr = ISOXGL, ‘T 10.4: sendMessage(N(R) = 010, _ _
| sourceAddr = ARAMIS, N(R) = 010, messageType = ACK_DATA_code, 10.3: getlong(appiNum = 74, data = DATA)

i messageType = ACK_DATA_code, Data now
[IC payload = DATA) 10.4.1.1: check CRC available

POLITC has received
data of command
LONG1

1 . -
1 10.4.1.2: sendMessage(N(R) =010, | info = ordinaryDown, arc = ...) m-:: payload = DATA) 1
‘E = N

I
I
I

I
|
I
|
I

Figure7.20: LONG command sequence of events with no errors

The sequence diagrarkigure 7.20) shows events for a LONG command without errors. In a
generic instant it is assumed that the Mission Controller decides to request, for example, perform
the image acquisition at a later ingtaThrough (2. sendCom), as in the previous case, the ground
station sends the command accompanied now by a parameter, Application Number, which is a
sequential number that identifies each command transmitted. It also serves as a reference in a
subsequentequest command for the data generated from its execution. The command is delivered
to the TCP in the same fashion as the SHORT command. TCP verify the sequence number 3.2
Check N(S) to see if the command is received for the first time and then intehgretsmmand
according to a specific table. Assuming it's the first time it is received, the TCP communicates with
the peripheral device responsible for its execution (3.3 exec) and immediately allocates space in
memory to hold data that will be generatddhe end of its execution (3.4 put). LONG commands
for the Mission Controller still need to know right away if it has been received. Therfore, upon
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reception of a LONG command, the TCP immediately generates a pure acknowledgement, that
contains the mesga "command received" to be transmitted in the downlink (from 3.5
sendMessage until 4.2 sendMessage). TCP from this moment onwards periodically queries the
concerned peripheral device for its end of execution and data acquisition. The function Get 5.2
shows one of these queries for which the execution is not yet finished.

After an adequate time interval (in relation to the previously sent LONG command), the Mission
Controller may decide to inquire about the given data. Then generaté3etBatacommand
accompanied by the Application Number as a parameter of the command we want to retrieve the
data and sends it to the ground station (6. sendCom). The command after reaching the TCP is
interpreted and it inquires the memory (Get 7.3) according to the mettaggtn belonging to
Application Number specified. Incase if no data is yet available it returns a NULL. The TCP then
creates a packet containing the message "data not ready” which is sent in the downlink (from 7.4
sendMesage to 7.4.1.2 sendMessaddje function Get 8.2 shows a further iteration of the query
of the peripheral device by the TCP for which, finally, the execution is completed and the data is
returned and placed in memory (8.3 put). In a later instant, the Mission Controller again decides t
retrieve the data, sib send againthe (9. GetData command. This time the query to the memory
(Get 10.3) returns the data and can generate a TCP packet that passes ACK_DATA to OBRF (10.4
sendData) and is transmitted in the downlink. We conclude lygntitat the commangetData in
fact, is a SHORT command.

7.6.5 LONG command with ACK loss in the downlink

sd 02 Basic Profocol - Long command with ACK 1dss in downlink )
= EEE
POLITO - - .
T : 1.1: readCom(N(S) = -, } : : ! }
| 1 comType = -, params =-) : . 1iisr_timer() 1 1 1 i
send a L bool: false ] I i i i
e : no command 1 1 : : : }
command | 2:sendCom(N(S)=000, | 3 1:frame(destaddr = ARAMIS, || i | i i i
for firstime | coMType = LONG1_code, | s rceAddr = ISOXGL, N(S) = 000, 1 | | ] |
m params = 74) }“ info = ordinaryCom, crc = ..) | 2.1.1: check CRC ! ! ! ! !
| ! H 3.1: readCom(N(S) = 000, | i i i i
I ﬂ I - 1 - . 1 | 1 I
1 ,g comType = LONG1_code, - 3: isr_timer() | | |
b 1 (] = - | I 1 I I
] 1 | params = 74) : bool: true i | \ 1 |
! ! g | 3.2: check N(S]! ! i ;
! 1 1 . - I i 1 [}
I | 3.4.1: frame(destAddr=ISOXGL, | 34:sendMessage(N(R)= || _ i |
i : sourceAddr=ARAMIS, N(R)=000, : 000, messageType = ; 3. 3-exec(wmmand = LONG ,argumen_tg =...):bool »
! |{time-outy info=ordinaryDown, cre=...) 4 CMD_RECEIVED_code) | 35 pgt(applNL‘lm F -_’4' | ]
1 ® : ] ~ L data = NULL) : bz}ol. . »l : i
{ < | 4.1: readCom(N(S) = -, ! i ! }
comType = -, params = -) Cisr ti
senda i i ypboo\ fpa\se ) "L 4:isr_timer() | ! i
duplicate: 5: sendCom(N(S) = 000, ; 5.1: frame(destAddr = ARAMIS, [} allocate a new buffer |
same N(S) omType = LONG1_code, |sourceAddr = ISOXGL, N(S) = 000, || oo 77 !
params = 74) | info = ordinaryCom, crc = ...) | i H |
t T 5.1.1: check CRC 4.2: get(command = LONG1, data = NULL) !
I I>m I |
” | 6.1: readCom(N(S) =000, | o | | H
] . [ comType = LONG1_code, | 6: isr_timer() ! ]
1 - . -
} i i<} params = 74) : bool: true i i i i
d ! 7: frame(destAddr = ISOXGL, | 6.4 sendMessage(N(R) = 000, };‘ 6.2: check N(: ! | |
! IsourceAddr = ARAMIS, N(R) = 000, | messageType = ] L ! !
! ! =
17.2: sendMessage(N(R) = | info=ordinaryDown, cre=..) | CMD_DUPLICATED_ code) i 6.3: get(command = LONGH, data = NULL) i
I 000, MessageType = i 1 H 1
CMD_DUPLICATED_code) 7.1: check CRC I recognizes that it ) | ! ]
< is a copy i i i i
! and does not ! ! | |
| execute the ! ! ! !
] I command again I I ] 1

Figure7.21: Long command sequence of events with frame lost in uplink

Regarding the framiost in the uplink of a LONG command, the case of a SHORT command
can be observed. €mbovd-igure7.21 instead illustrate the case follows loss of puratk that in
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the downlink after the reception of a LONG command. Now suppose that the satellite receives a
Long command for which execution starts and has memory allocation. Afterward is followed by
second operation i.e transmission of CMD_RECEIVED message in thdiglkowBuppose by any

problem the frame is lost (3.5.1). After a timet interval the Mission Controller sends again the

same command and with the same sequence number (5.sendCom). When this reaches the satellite,
the TCP, the checks the sequence numtiziafd is able to determine it as copy of the previous
command and will not reun. It generatesnew acknowledge message containing
CMD_DUPLICATED. This is transmitted in the downlink (6.4 sendMessage) and is supposed to be
received by the Mission Controflevhichis understood as the command has already been acquired.

7.6.6 Download with Fragmentation

Figure7.22 Sequence diagram for fragmented data download

The GetDatacommand is likely to require the transniissof a generated data which does not
require more than one frame. Otherwise, the requested data needs to be fragmented into multiple
frames. For such case GetFrag command are used. The GetFrag, unli@etibeta, has
Application Number and followed inhé field Params contains a list of fragments (Fragment
Number) which needs to be received consecutively with the nextissisn. In the above
sequence idgram (Figure 7.22), with the (1 sendCom) The Mission Controller requires the first
four bits of data generated by the execution of the command 74. In Get 2.2 TCP accessing memory
to retrieve the first fragment, generates a packet and passes it ACK_FRAM to the (2BRF
SendFrag) that is transmitted in the downlink. These steps are repeated independently for the three
other fragments. Suppose that the frame containing the fragment 2 is lost. Then in the subsequent
request (3.sendCom) GetFrag specify the command dgagment 3 along with three new
fragments. The transmissions of the commands are GetFrageterdibthe complete reception of
the whole data. Typically the size of a requested data element, and consequently the number of
fragments necessary, is knoanthe ground, then the communication may end with the request of
the last fragment necessary to complete the download.
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