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Preface

The 2nd National Conference on Small Satellite Technology and Applications
(NCSSTA 2020) was organized and hosted by College of Engineering Trivandrum
(CET) in collaboration with Society for Small Satellite Systems (SSSS) during
December 11-12, 2020. This two-day event sponsored by All India Council for
Technical Education (AICTE), Government of India, was conducted as a virtual
conference as a part of the 80th year celebrations of College of Engineering
Trivandrum.

Small satellites are becoming increasingly popular in numerous applications that
were accomplished earlier with medium or large satellites. Applications such as
high bandwidth internet, high-resolution images, asset tracking, disaster manage-
ment, agriculture, water resources, geology and urban planning now employ the
services of small satellites. The rapid rise in demand has called for better tech-
nology in miniaturization, design, production, data acquisition and storage. In India,
there is considerable demand for satellite-based services for communication purposes
seeking an increase with implementation of initiatives like 5G and Internet of Things.
Many companies across the world are also coming forward to make use of this huge
market by developing small satellite launch vehicles. This conference has provided
a platform for the technologists and students working in these domains to showcase
their research outcomes and interact with the pioneers and eminent personalities in
this field and get wide exposure.

The catalytic role provided by the conference resulted in rich, purposeful and
engaging deliberations among students, technologists and scientists. During the two-
day program, 4 plenary sessions were held, along with 3 keynote addresses by eminent
personalities. The success of the event was due to the sincere patronage and partic-
ipation by the delegates throughout the event, who numbered about 90. Technical
sessions focused on payload design, remote sensing, orbital platform for onboard
experiments, systems, mechanical design and navigation.

Proceedings of NCSSTA-20 are a compendium of technical papers submitted
by various research groups of our country. A total of 48 papers were selected and
subjected to two-tire review processes by experts from various industries and research
institutions. Out of these, 36 contributory papers from various government and private
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organizations like VSSC, IISU, LPSC, LEOS and UR Rao Satellite Centre of ISRO,
RIC IIT Madras research park, Student satellite team of IIT Bombay, Centum elec-
tronics, Somaiya Institute of Engineering and Information Mumbai, TSC Technolo-
gies, Hyspace Technologies, College of Engineering Trivandrum, Indian Institute of
Space Science and Technology and TKM College of Engineering were selected for
presentation in the conference. A chosen set of 26 from the 36 presented papers after
a series of tough review exercises was further recommended for publication in the
Springer proceedings. The editors gratefully acknowledge the patience shown by the
reviewers for giving their valuable time for critical reviews that positively impacted
the quality of the compendium. Care was taken to check plagiarism by adopting stan-
dard procedures and software tools. The editors are confident that the high-quality
contents in the proceedings will benefit academic, research and industrial subscribers.

The editors place on records the contributions made by authors and co-authors
for their contributions in the small satellite technology domain in general and for
creating quality research papers for NCSSTA-20 in particular. The submissions were
considered after disseminating the information regarding the Springer policies, and
the editors assume that the authors are responsible researchers, and the contents
reported are original and are reporting for the first time. However, the editors are
not responsible for any scientific observations made by the authors, and any query
regarding the technical correctness may be addressed directly to the authors. Owing
to the tight time schedules followed for the conference and proceedings preparation,
any unintended errors may kindly be absolved.

Thiruvananthapuram, India Dr. R. S. Priyadarsini
Dr. T. Sundararajan
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Designing BeliefSat-1: An Open-Source m
Technology Demonstrator PocketQube e

Rohit Bokade, Umesh Shinde, Supriya Bhide, Nikhil Shinde, Jyoti Gadgil,
Manas Sable, and Rohan Gamare

Abstract BeliefSat-1 is the first student satellite of K. J. Somaiya Institute of Engi-
neering and Information Technology, Sion, Mumbai being developed as a sub-part
of the institute’s proposed payload under ISRO’s PS40P programme. It is being
developed as per PocketQube standard with 2P (50 x 50 x 114 mm?, < 500 g)
unit specifications for satisfying mechanical, power and tracking requirements. The
major goals of the satellite include the demonstration of innovative fabrication
approach based on interlocked PCBs serving as a structural material, providing
digipeater service to amateur radio community, flight proving communication and
power system based on COTS electronic for usage in future missions. The design
has been evolved around the Arduino ecosystem, to make it easily adaptable by
future missions. The paper first highlights certain calculations for getting a range of
operational parameters and then describes different subsystems implemented within
the satellite design. The mission assumes 550 km sun-synchronous orbit. Overall,
it uses Atmegal284p as on-board computer, IXYS monocrystalline solar cells for
power generation, SPV1040 for maximum power point tracking, LORA1268F30 as
transceiver, Arducam 2MP camera as imaging payload, Samsung 18,650 batteries
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and COTS sensors (HMC5883L magnetometer, MPU6050 gyro-sensor). The paper
also describes minimal setups for enabling reception by students all over India.

Keywords PocketQubes + Arduino based pico-satellite + COTS for nano-satellite -
FR4 structure for satellite - PS4-orbital platform - Open-source satellite - Amateur
radio digipeater - SSDV image transmission

1 Introduction

ISRO’s PS4-Orbital Platform [1] is an opportunity for academic institutions and
research laboratories to carry out in-orbit experiments on the fourth stage of PSLV
after deployment of the main payload. Student satellite team of K.J.S.LE.L'T. has
proposed an experiment for developing and demonstrating indigenous capabilities
for enabling the adoption of [2]. PocketQube standard pico-satellites. The experi-
ment involves an open-source deployer design from which a PocketQube standard
satellite will be deployed to demonstrate deployment capabilities. BeliefSat-1 is
the satellite that will be deployed out. As it is the first mission, the development
approach is to use it to flight-prove the designs of basic subsystems, which can pave
way for future payload intensive missions. If the proposed design succeeds, future
PocketQube missions will be able to integrate the same COTS component-based
power management, communication, structure and on-board computer subsystem
designs with their payloads with required modifications, thus reducing the time and
efforts required. PocketQube standard is an emerging standard especially preferable
for student and technology demonstration missions requiring shorter development
lifecycle and launch budget constraints. With the rise of attraction towards the space
sector, a lot of student satellite programmes in India are also rising. BeliefSat-1
design is intended to be a good starting point. Along with the technology demon-
stration, the satellite will also need to have a secondary amateur radio payload as it
will be using amateur band for the operation. The design will be open sourced on
the project’s [3] GitHub repo under CERN-OHL V1.2 for reference of future student
satellite developers.

2 Experimental Procedure/Methodology/System
Description

2.1 Constraint Analysis

Mechanical constraints

e The design should follow dimension and mass constraints specified by the
PocketQube standards.
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Antennas should be in a folded state when inside the deployer and there should be
a mechanism to deploy them only after 30 min from separation from the launch
platform.

The materials used in fabrication of the structure should be easily machinable in
college premises or one should be able to order it machined in custom shape and
sizes inexpensively.

Material should have outgassing characteristics within limits specified in PQ
standards.

Components and parts should be COTS and having a flight history will be
preferred.

Components should preferably have community maintained open-source
firmware libraries.

Orbit constraints

The PS40P programme is supposed to operate in the 500—700 km range of orbit
height, so the system design should be designed based on orbit height in that
range.

Assuming 550 km sun-synchronous orbit, the free space path loss for an RF signal
in UHF ham band is around 149 dBm when at 15° elevation (generally satellites are
visible when above this elevation with respect to observer location in urban areas
due to surrounding high rise buildings) with respect to the observer’s horizon.
Thus, transmitter power should satisfy this link budget.

Orbital time period of this orbit is around 96 min, thus the power budget of the
system will need to be designed to sustain the eclipsed part of the orbit.

2.2 Payload Selection

Amateur radio payload: As per the core goal of the mission of promoting amateur
radio activities in India and driving student interest towards it, an amateur radio
“store and forward digipeater” which should be specifically designed such that
it could be triggered by inexpensive off-the-shelf radio modules, was selected as
payload. This payload was also essential to fulfil the mandatory requirement for
[4] IARU frequency coordination that any satellite using amateur radio bands for
communication should have at least one amateur payload as primary or secondary
functionality.

Technology demonstration of the novel structure fabrication approach, commu-
nication, power and on-board computer subsystem made from COTS electronics.
This will also include further performance analysis of on-board general purpose
COTS magnetometer and gyro-sensor so that their usefulness in future missions
can be determined.

Imagery payload and extended mission: To demonstrate on-board computer’s
ability to operate uplink activated science/tech payloads for defined amount of
time and at defined operation frequency, a [5] COTS RGB camera was selected
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to be put on-board which can capture and send image in SSDV format when
commanded or may operate in mode for automatic image capture and downlink
after defined time interval when commanded to do so. As no special attitude deter-
mination and control system have been planned for the mission, these images will
be taken in random orientations. Although these images will not make any special
usage due to the randomness of orientation, they may serve as training data set for
machine learning algorithms for future missions which may correlate ambient
light sensor, solar panel power, gyro-sensor and magnetometer readings with the
manually determined orientations of these images to help develop camera-based
or COTS sensor-based attitude determination system in future missions.

2.3 Operating Modes of the Satellite

e Deployment mode: After separation from the deployer, the system will turn on
but will remain idle for 15 min or more if specified by the launch provider, so as
to avoid the interference with the launch vehicle and to avoid mechanical damage
caused by forceful deployment of the satellite antenna. After this idle time, cord
burning mechanism will start and burn the cord holding antennas in folded state,
deploying the antenna.

e Safe mode: Satellite enters this mode, when the battery levels are less than 50%.
In this mode, the frequency of telemetry transmission will be reduced from once
every 30 s to once every minute, to save power. Also, the output power of the
transmitter will be reduced to < 0.5 W to save the power. When in this mode, even
if it receives the command for image capture and transmission, it will not respond
to it as the image capture process has heavy power requirements.

e Normal mode: Satellite automatically enters this mode once the battery level
crosses 70% and will stay in this mode until commanded to automatic imagery
mode or till the battery levels fall below 50%.

3 Analysis

3.1 Power Subsystem

e IXYS SM141KO06L [6] satisfied the requirement of being available off-the-shelf,
while also being relatively inexpensive and generating a fair amount of power
(184 mW/cell). Their dimensions allow 4 of them to be put on the longer side and
2 on the shorter side, while leaving space for putting on the sensors. They have
a flight history aboard WREN which was one of the initial PocketQubes and is
being used by other recent missions like [7] FossaSat-2.

e SPV1040 [8] has been used as MPPT IC in [7] FossaSat-1 and satisfies the
requirements of MPPT on selected solar cells too.



Designing BeliefSat-1: An Open-Source Technology Demonstrator ... 7

18,650 batteries have a good flight history aboard CubeSat missions and thus are
selected along with the metallic battery holders for the mission. Each solar panel has
solar cells, ambient light sensor, current sensor, MPPT IC while also serving as a
structural side element. This makes the design of panels modular and easy to adapt
to in future missions. Interface is a 5 pin interface with power, ground, i2c lines and
an enable pin.

3.2 On-Board Computer and Sensors

¢ Arduino has been chosen as the target platform, as a range of different microcon-
trollers, catering different requirements of different use cases are compatible with
it. Numerous community driven and well tested libraries for range of sensors and
applications along with a large number of tutorials, community support forums,
easily and cheaply available hardware make it a good platform with gentle learning
and adaptation curve.

e For BeliefSat-1 [9], Atmegal284p has been chosen with 8 MHz clock and 3.3 V io
voltage implementation as it provided enough FLASH and SRAM especially for
the large buffers used in SSDV packet framing [10] and Reed-Solomon forward
error correction while having reasonably low power consumption of 4 mA (essen-
tial feature as MCU is the part that remains active all the time) in this configuration.
Built-in watchdog useful for resetting the MCU if it gets stuck in a loop by radia-
tion induced single event upset or single event latch-up and brown-out detection to
stop the calculations when supply voltage fall below defined voltage so as to avoid
faults in operation and damage to peripherals make it suitable for the application
in hostile remote environment of space.

e Two [11] LM75 temperature sensors are implemented on the main board to
monitor the temperature of the batteries which are held on both sides of PCB.
[12] HMC5833L COTS magnetometer and [13] MPU6050 COTS gyro-sensor
are also placed on the main board. Resistor divider circuit with two 10 k resistors,
tied to analogue pins which are basically inputs to internal ADC of MCU are used
to monitor the battery voltage. VEML7700 [14] ambient light sensor and INA219
current sensor are placed on the solar panels (Table 1).

3.3 Communication Subsystem Design

The [17] LORA1268F30 module by NicreRF based on Semetech’s SX1268 RFIC
has been selected as on-board transceiver owing to its support for wide range of
bandwidth, data-rate and choice between both spread-spectrum-based Lora modu-
lation and widely used (G) FSK modulation. A large 255 byte on-chip FIFO allows
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Table 1 Rationale for selection of COTS sensors

COTS sensor | Rationale for selection

LM75 Has a measurement range of — 55 °C to + 125 °C with accuracy of & 3 °C good
enough for coarse measurements of interior temperature of the satellite. The
range is enough as per observations in analysis of flight data [15] of Fossasat-1

HMCS5833L | The sensor has a resolution of 5 milli-gauss, i.e. 0.005 gauss, which is enough to
measure the variations in field strength of Earth’s magnetic field, which is
2.0E—5T, i.e. 0.2 gauss at 600 km as per [16]

MPU6050 This is used to take gyro-sensor readings in the body centred frame, thus will be
responsible for measuring the angular velocity over 3 axis. The data will be
useful to evaluate the performance of detumbling arrangements over the time.
The sensor is able to measure with high accuracy of 131 LSB/(°/s) at full scale
range of & 250°/s which is high enough to measure the tumble rates

VEML7700 | The sensor has a range of 0 to 120,000 Ix with resolution of 0.0036 1x. Although
the author has not found any flight history for it, the sensor can be a good option
as a coarse sun sensor in future flights once proven upon this

INA219 Has required sensing range and flight history aboard NTNUs CubeSat projects
NUTS-1 [17]

easier implementation of large packets, e.g. in the case of SSDV packets. Ability to
output up to 32.5 dBm of power makes it suitable for the required RF link budget.
Built-in packet engine helps reduce compute requirements of MCU by automatically
detecting and separating the preamble, sync-word and other parts of the packet.

3.4 Structural Design

FR4, the material used for printed circuit boards, has required strength, flight history
aboard many space missions, is cheaply and widely available and can be cut into
different sizes and shapes as per the requirement using minimal tools like table
top CNC or PCB prototyping machines, likes of which are easily available in most
colleges and hackerspaces. Apart from being good structural material, it can also be
used to mount solar cells and sensors. Thus, an innovative design with interlocked
PCBs held together by PCB stand-off screws and reinforced by orthogonal soldering
pads was used. The structure is made within the PocketQube standards and imple-
ments 2 end-stop switches on bottom plate which remain closed when the satellite
is inside the deployer, cutting the power to the system until it is deployed, so as to
ensure there is no premature deployment of antennas which are made out of pieces of
measuring tape, held in folded position by a nylon cord that is cut by heated resistor
only when the system is turned on. The design of these interlocking PCBs was made
by first developing a general prototype PCBs with slots and protrusion, which were
then checked for fitting, flimsiness and ability to withstand large forces, while still
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128

TOP PCB

Fig.1 Top PCB

BOTTOM PCB

Fig. 2 Bottom PCB

maintaining the form factor. This was tested by a coarse method of dropping the
assembled prototype from a height of 20 m on a concrete floor. After the drop, the
displaced parts and overall form were analysed; it was observed that, though some
parts of structure displaced from their position by angle of around 0.5-1°, the overall
structure survived the drop. This analysis was further taken into account while devel-
oping the finalized CAD design where instead of single slot and protrusion, a pair of
them were implemented on longer sides, which suffered minor deflection under drop.
Later Fusion 360 design software’s loading analysis and frequency modal analysis
were used to simulate the load and vibrations on the proposed final structural design.
Following are the dimensions finalized and simulation results are discussed in the
results section (Figs. 1, 2, 3, 4, 5 and 6).

3.5 Antenna Orientation

As mentioned before (Sect. 2) one of the goals during the extended mission of the
proposed satellite is to take images at random orientations while recording readings
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Fig. 3 Short side PCB 17 16

50

E 50 __‘

SIDE SHORT PCB

Fig. 4 Long side PCB

1108
SIDE LONG PCB

Fig. 5 Main board PCB

110

MAIN BOARD PCB



Designing BeliefSat-1: An Open-Source Technology Demonstrator ... 11

Fig. 6 Structural drop test
prototype

of COTS sensors, thus there is no special requirement of pointing for imagery as
the images are to be taken at random orientations. However, the communication
link might suffer pointing losses or frequent signal fadings if the angular rate is not
damped and antennas are not oriented within the directivity range. Thus, 2 slots in the
main PCB were made where up to 4 neodymium N42 magnets (1/16"dia. x 1/2"thick
with 1.32 T strength) can be fitted. These magnets were selected due to their small
dimensions and mass, along with good field strength. Currently, the team is working
on the amount of Mu-Metal sheet required for dampening the oscillations based on
past designs used in Fossasat-1 and Colorado Student Space Weather Experiment.
The goal of PMAC design currently being worked on is to keep the antennas within
=+ 25° of the local magnetic field within 14 days so as to keep the pointing losses of
the antenna minimal. MU-metal sheet will be wrapped and held through the already
present slots within the structure, and thus, no additional modification to structure is
required after finalization. The antenna used is a tape measure dipole, which when
simulated gives a radiation pattern as follows. The antenna has a simulated gain of
2.4 dB and half power beamwidth is around 78.8°. Thus assuming orbit height to
be 550 km, the ground track would be 2 * 550 * tan((78.8/2)) = 903.55 km. The
detailed design and simulation of the PMAC proposed is out of the scope of this
paper (Figs. 7 and 8).
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Fig. 7 Gain plot [T
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Fig. 8 Radiation pattern

3.6 Link Budget

See Table 2.
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Table 2 Link budget

Parameter Value Reason/Remark

Assumed orbit height 550 km PS40P range 500-700

Minimum elevation above horizon for 15° High rise buildings in urban areas

tracking near home ground station cause
obstruction at lower angles

Slant range at minimum elevation 1518.4 km Used AMSAT link budget calculator
[16] to calculate this

Frequency assumed 436.5 MHz Midpoint of UHF ham band

Free space path loss at this frequency at | 148.9 dB Used AMSAT link budget calculator

the distance of slant range to calculate this

Transmitter output power 29 dBm The output power is < 30 dBm when
voltage is lower than 4.5 V. This
value is as per the datasheet of the
module

Connector cable and mismatch losses 5dB Estimated

Satellite antenna gain 24 Simulated

Atmospheric losses 1.1 Used AMSAT link budget calculator
to calculate this

Ionospheric losses 0.8 Used AMSAT link budget calculator
for reference

Received power on Earth — 1254 dBm | Not including pointing losses and
polarization losses

Gain of ground station antenna 11.8dB Theoretically calculated for 10
element Yagi-UDA antennas using
DL6WU online calculator

LNA gain 22dB Using LNA4ALL COTS LNA in
70 cm

Losses due to connectors and cables at |5 dB Estimated

ground station

Filter insertion losses 5dB Chebyshev bandpass filter for
400-500 MHz

Gain of second stage LNA 22 dB Using LNA4ALL COTS LNA in
70 cm

Received power at receiver —79.6 dBm This excludes pointing losses and
polarization losses

Receiver sensitivity at — 115dBm Derived from sensitivities for other
data rates given in the datasheet of
transceiver for 9.6 Kbps FSK with
2.4 kHz deviation

Link margin 35.4 dBm Enough to account for polarization

and pointing losses
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4 Results and Discussions

See Figs. 9, 10, 11, 12, 13, 14 and Tables 3, 4.

Microcentrolier

Fig. 9 Main PCB top and
bottom side

Holes  Bccess points

- Camera
Interfacing

Interface  ggttery Molder
Points Connector Pair

Salar Cells

Fig. 10 Long and short side
with components

SPVIDAD INAZIS
- MPPT  Curremt
Scnzor

VEMLT700
Ambient Light
Sensor

Solar
Panel -
Interface

PCcB



Designing BeliefSat-1: An Open-Source Technology Demonstrator ...

Fig. 11 Top and bottom
PCBs with components

Slot for
Tolding
s lerna

Fig. 12 Assembled view of
the proposed design

Fig. 13 Modal frequency
analysis

Sats for Side
pancl erthaganal
© saldsr

Serew holes for
MaURting Antenna

Mode 1: 910.4 Hx Total Modsl Displacement
o m—_—

 TMode 3: 1088 Hz Total Modal Displscemsent

o

15

 Switches

Mode I: 1013 Hz Total Modal Dusplacement
O

Made 4: 1096 Hz Total Modal Displacement |
ommay




16

Fig. 14

Static simulation

Table 3 Total modal
displacement

Table 4 Static simulation
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Salety Facioe [Per Body)
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Frequency | Participation | Participation Y | Participation Z
X

Mode 1: 0.0003 0.0004 5.45810014

910.4 Hz

Mode 2: 0.0026 0.0002 0.065900001

1013 Hz

Mode 3: 2.89420001 0.0041 3.13329995

1088 Hz

Mode 4: 1.94109995 0.0023 4.49180007

1096 Hz

Mode 5: 0.0018 22.9580998 0.0004

1220 Hz

Mode 6: 0.0181 0.0137 0.71510002

1268 Hz

Mode 7: 0.0378 1.78859998 | 0.0073

1470 Hz

Mode 8: 0.0028 31.1892003 0.0011

1510 Hz

Name Minimum Maximum

Safety factor 4.126 15

Stress

Von Mises 3.735E—09 MPa 12.53 MPa

First principal — 6.287 MPa 8.076 MPa

Third principal — 16.32 MPa 1.106 MPa

Displacement

Total 0 mm 0.1716 mm

X — 0.004675 mm 0.004663 mm

Y — 0.05898 mm 0.05862 mm

Z —0.1716 mm 0.03498 mm
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5 Conclusion

An open-source pico-satellite can be designed using inexpensive COTS components
to serve as technology demonstrator or to host small payloads. Using community
backed hardware and platform can significantly reduce the time and efforts required
for realizing a mission. Use of COTS hardware in low Earth orbit with innovative
designs to tackle challenges due to radiation and temperature can bring down the cost
to the range of academia. The observed modal analysis of the structure reveals that
the resonating frequency is higher than the recommended PSLV launch environment.
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Abstract This paper reports the design, operating principle, testing and qualification
of a compact demonstrator payload designed for evaluating the performance RF
micro-electromechanical systems (MEMS) switches in low earth orbit conditions
on an experimental small satellite platform. Key aspects calibration of RF level
detectors and the approach for fault detection from telemetry data are discussed. The
payload has a weight of 800 g, foot print of 100 mm x 110 mm, height 100 mm
and power consumption 4.2 W. Telemetry requirements are suitable for typical small
satellite missions. The electronics components used are commercial grade which
have undergone payload level qualification tests for the intended mission using the
proto flight model test philosophy.

Keywords Technology demonstrator - RF MEMS switch - Environmental
testing + Data acquisition system * Fault detection

1 Introduction

In recent times, there has been a general trend in the reduction of cost of access
to space. Both government run and private space organizations have introduced
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programs which allow access to low earth orbits to university laboratories, tech-
nical hobby groups and startup companies for experimental purposes. Due to such
initiatives, there has been an increase in the development of novel and new tech-
nologies for space applications. These technologies have to be validated by proving
their performance in actual on board conditions. Small satellites provide a tech-
nically suitable and financially viable platform for performance demonstrations of
experimental payloads. In this paper, we report the design, operation and testing and
evaluation of a compact payload for carrying out demonstration of on-orbit perfor-
mance of RF MEMS switches fabricated in authors’ laboratory. RF switches are
critical components in satellite communications, telemetry and payloads modules.
RF switches made using MEMS processes are known to be superior than conven-
tional switches [1]. RF MEMS switches have not been used in the Indian Space
Programme till date. Prior to induction of these components operational systems, it
is proposed to demonstrate their performance in orbital conditions using a compact
standalone demonstrator. The payload has all the necessary electronics to operate
and monitor the performance of the RF MEMS switches. The payload produces six
analog outputs that carry information of operational status of the switches and payload
health. The RF section, drive electronics and timing generation module are built from
commercial grade components. Payload details can be found in Giridhar et al. [2].
The payload has been designed for flight on PS4 orbital platform (PS4-OP) which
is intended to serve as an experimental platform for new technologies. However, the
general design and interfaces of this payload make it a suitable candidate for any
small satellite project. The details of environmental tests carried out on this payload
to qualify it for experimental flight with a mission life of about 6 months are described
in following sections. A similar RF MEMS switch demonstrator payload has been
flown in 2014, but results are not yet seen in the literature [3, 4]. RF MEMS switches
were also launched on sounding rockets to study the effects of launch conditions on
these devices but these only high altitude flights and not orbital platforms [5].

2 RF MEMS Switch

The RF MEMS switches described in this work are of the ohmic contact type. They
can be described as chip level transmission lines on a glass substrate with a gap in
the signal carrying line. A micromachined metal contact is suspended above the gap.
The contact is part of a larger suspended structure called the actuator. The actuator
is suspended by means of compliant micromachined flexures. Metal electrodes are
positioned below the actuator on the glass substrate. When a DC voltage (exceeding
a certain threshold) is applied across the actuator and the electrodes, the actuator
snaps down on the transmission line bridging the gap with the contact. This action
takes the switch into the ON state where the input and output ports get connected.
When the applied voltage is removed, the restoring force in the flexures pull the
actuator away from the transmission lines taking the switch to its OFF position. The
switches described in this work are fabricated in the authors’ laboratory. Complete
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Fig. 1 a Photograph of the RF MEMS switch assembled in the RF package; 1-MEMS switch,
2-ground wires, 3-link card, 4-package RF terminal, 5-package DC terminal b RF characteristics
of the packaged RF MEMS switch in the ON and OFF states. The switch has an insertion loss of
about — 1.0 dB and isolation better than — 40 dB at 10 GHz

details of the fabrication process are described in Giridhar et al. [6] and references
therein. The fabrication is based on the silicon-on-glass architecture, adapted from
the work of Kim Yong-Kweon of Seoul National University [7]. In this fabrica-
tion process, deep reactive ion etching (DRIE) is used to fabricate the mechanical
micro-structure in single crystal silicon. The transmission line and electrodes are
fabricated on glass substrate. The silicon and glass substrates are then bonded by
anodic bonding and processed further to realize the final structure. The fabricated
switches are screened, tested and packaged in hermetic RF packages. These pack-
ages can be used in microwave circuits where the control and routing of RF signals
are required. A photograph of the RF MEMS chip assembled inside the package and
measured RF characteristics are given in Fig. 1.

3 Payload Description

The block schematic of the payload is given in Fig. 2a. The main modules of the
payload are individually described in this section.

3.1 RF Module

The RF module comprises of the RF MEMS switches, RF source, power divider and
RF level detector. The signal source is a voltage controlled oscillator whose output is
fixed to produce a signal at 363 MHz at a power level of + 11 dBm (PEIV31009). This
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test signal is fed to a four way power divider. Two outputs of the 4 way power divider
(4 way PD) are connected to individual RF MEMS switches. The outputs of the RF
MEMS switches are fed to two independent level detectors. The RF level detectors
are log-linear detectors (LT5537). The output of the detector is a DC voltage that
is linearly proportional to the input RF power (in dB units). The third output is fed
directly to an RF level detector. This signal serves as a reference signal. This signal
is used to monitor the source power. The fourth output is fed to an SMA connector.
This output is used to monitor the source on ground and will be terminated with a
50 2 termination before flight.

3.2 Drive and Control Module

Electrostatic RF MEMS switches require high voltages for operation. The switches
described in this work require an actuation voltage of 60 V. A custom voltage booster
circuit has been developed to generate the high voltage from standard sources. The
drive electronics not only produces the actuation voltage but also latches the voltage
to the appropriate switch based on pulse commands. High voltage MOSFETS are used
to the deliver the actuation voltage to the switches. The circuit also has protective
features that ensure that the applied voltage does not exceed 60 V even if the input
voltage becomes higher than expected. The triggering pulses for the drive module
are produced by an FPGA programmed to alternately turn the MEMS switches ON
and OFF with a period of 10 s in a complementary manner.
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3.3 Power Module

Electrical power to the payload is provided by a DC-DC converter capable of running
from a raw bus in the range of 28—42 V. The converter provides a stable output of
£ 15 V for payload operation. An EMI/EMC filter is used on the input side of the
converter to minimize conducted emissions into the raw bus.

3.4 Telemetry Outputs

The payload has the capability to provide both digital and analog telemetry. The
FPGA (Smart Fusion) used in the control module has built-in analog to digital
converters that can digitize the level detector outputs and transmit the data on an SPI
bus. This serial data is fed to a level shiftier to produce signals compliant with the
RS485 standard. RS485 is a differential communication technique which is highly
immune to noise pick up. The present payload is configured for analog telemetry
since the spacecraft followed a custom digital format. The analog signals are fed to
the spacecraft data processing system for digitization and transmission to ground via
the spacecraft telemetry system.

The circuit boards of the various modules are assembled in a stacked manner in a
lightweight aluminum housing as shown in the photograph in Fig. 2b. The modular
design allows the RF module to detached from the rest of the payload allowing to be
independently tested or swapped with another module if required.

4 Bench Model: Source Characterization and RF Level
Detector Calibration

A critical step in the development of the payload was the testing and calibration of
the RF level detectors. It was important to establish the suitability of the RF level
detector in terms bandwidth and input power ranges. The RF level detector circuit
used in the payload is based on the evaluation board supplied by the manufacturer.
A bench model of the RF module was made using connectorized versions of the
same components that were proposed for the proto flight model. Using the bench
model, the RF components were tested for their compatibility with the RF MEMS
switches. The bench model was used for calibration of the RF level detector using RF
synthesizers. The RF source was characterized with respect to harmonics, tunability
and output power. Results of the level detector characterization are shown in Fig. 3.
It can be seen from Fig. 3a that in the ON and OFF states of the switch results in a
swing of 2.1 V in the detector output over a wide range of input powers from — 15
to + 10 dBm. The RF spectrum at the output of the switch for + 5 dBm input power
is shown in Fig. 3b. The VCO, which is the RF signal source, is tested for its output
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Fig. 3 a RF level detector response to input power sweep, at 360 MHz, in ON and OFF states of
the switch. The dashed line indicates the operating RF power of the switches in the payload b RF
power spectrum at the output of the switch in ON and OFF

frequency and power with varying control voltage, Fig. 4a. In the payload, the VCO
control voltage was fixed to 15 V, directly available from the DC-DC converter,
resulting in an output frequency of 363 MHz. The spectrum of harmonics from the
source is shown in Fig. 4b. It can be seen that in comparison with the fundamental
the contribution to output power from harmonics is negligible. Photographs of the
payload in various stages of assembly are shown in Fig. 5

5 Payload Operation and Fault Detection

The payload is designed for autonomous operation with no intervention from ground.
The switches start cycling in a complementary manner with a preset period as soon
as power is made available to the payload. The status of the switches can be deduced
from the values received in the telemetry data as shown in Table 1. The number of
cycles can be estimated from the time elapsed after “power up” of the payload.

6 Environmental Tests for Low Earth Orbits

The objective of the environmental tests is to simulate the conditions that will be
experienced by the package during storage, launch and orbital phases of the mission
life of the satellite. Typically, two identical models of the payload are built. They
are designated as qualification model and flight model. The qualification model is
subjected higher levels of environmental stresses and any anomalies during these
tests are corrected and tests repeated to ensure that corrective actions are adequate.
The same corrections are carried out in flight model, and it is subjected to same tests
at lower stress levels but for longer duration. The flight model, as the name indicates,
is the one that is integrated in the spacecraft. However, in some instances, due to
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Fig. 4 a Output frequency and power measurements for VCO used as RF source. b Measurement

of harmonics of the source

Fig. 5 Photographs of RFMEMS-TDI at various stages of assembly a power module integration
b RF module assembly ¢ FPGA card assembly into the housing

resource constraints only one model may be built. This is particularly true in case
of experimental payloads for small satellites. In such a situation, the single model
is called a proto flight model (PFM). PFMs are subjected to qualification levels for
acceptance duration. Certain highly stressful tests such as mechanical shock are not
conducted on the PFM. The payload described in this work RFMEMS-TD1 is a PFM.

The following paragraphs describe the environmental tests carried out on the
RFMEMS-TD1 PFM payload.
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Table 1 Status of the RF MEMS switch indicated by telemetry values

Telemetry channels MEMS switch
Switch output (V) | Actuation status | Reference (V) | DC-DC status (V) status
(V)

2.05-1.09 5.0 2.04 5.0 Normal ON state

1.09-0.8 5.0 2.04 5.0 Degraded ON
state

>0.8 0.0 2.04 5.0 Normal OFF
state

>0.8 5.0 2.04 5.0 Failed/degraded
OFF state

1.09-2.05 0.0 2.04 5.0 Failed in ON
state

XX XX <2.04 5.0 Source power
degradation

6.1 Thermal Cycling

In this test, the payload is subjected to hot and cold temperatures at ambient atmo-
spheric conditions. During thermal cycling, all components undergo periodic thermal
expansion and contraction cycles. This effect will precipitate assembly problems such
a dry solder on the circuit board. This is an “active” test. The payload is powered for
short durations during the hot and cold cycles to check for deviation from normal
operation and effects of internal heat dissipation. Thermal cycling is preceded by hot
soak (60 °C for 24 h) to ensure the degassing of volatile assembly materials used in
the payload such as epoxies and sealants.

6.2 Vibration Test

This test subjects the package to mechanical vibrations as experienced during inte-
gration and launch. The Z-axis is assumed to be the direction of launch. Vibration
test precipitates weaknesses in mechanical assembly. In addition to workmanship
issues, this test also verifies that all mechanical resonances are sufficiently far away
from the vibrations experienced during launch. Vibrations are imparted in two ways,
sinusoidal sweep and random vibrations, sequentially along the three Cartesian axes
of the payload. Accelerometers are attached to the payload at vulnerable locations
record displacement and accelerations during the test. For the RFMEMS-TD]1, vibra-
tion testing is done in a passive mode, i.e., the packaged RF MEMS switch is powered
OFF during vibration. This is because in the mission plan, package will be powered
OFF during launch and orbit insertions phases.
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6.3 Thermo-Vacuum Testing

In thermo-vacuum testing, the payload is subjected to thermal cycling under vacuum
conditions. This environment mimics the orbit conditions that will be experienced
by the payload. The temperature excursions occur during eclipse and sunlit condi-
tions experienced by the payload. The main difference between thermal cycling and
thermo-vacuum is that in thermo-vacuum, convective heat losses from and within the
payload are nearly absent. In this situation, any hot spots generated during the opera-
tion of the package, will be localized. If any locations in the payload are suspected to
develop hot spots, temperature sensors are placed in their vicinity for monitoring in
addition to sensors for general package temperature monitoring. For the RFMEMS-
TD1 payload, additional sensors were placed near the DC-DC convertor since it has
the highest dissipation in the payload.

6.4 Electromagnetic Compatibility (EMC) Tests

All packages and sub-systems that are part of the satellite have to undergo electro-
magnetic interference (EMI) and susceptibility tests. Emissions are tested in both
conductive and radiative modes over a wide band of frequencies. The objective of
this test is to ensure that the package does not cause harmful interference to other
satellite sub-systems. The second objective of the test is to determine the suscepti-
bility of the package to external electromagnetic radiation impinging on it. This test
is done in active mode where the output is monitored when the payload is subjected
various electromagnetic radiative fields. Conductive tests are performed by injecting
noise into the raw bus power lines.

Photographs of the payload undergoing various tests are given in Fig. 6. The
important test parameters for the tests outlined above are given in Table 2.

7 Payload Data Acquisition System

As mentioned previously, the RFMEMS-TD1 payload produces six analog output
channels that require to be monitored on ground using spacecraft telemetry. For
ground testing, a compact six channel data acquisition and logging system was
developed. The six analog outputs from the payload are fed to six ADC channels of
a proto typing board (Arduino Uno). The digitized data is plotted and logged by a
single board computer (Raspberry PI model 3) connected to the proto typing board.
The computer triggers the proto typing board to execute an acquisition cycle after
completing plotting and logging tasks. The RF MEMS switch outputs are tapped
using an online monitor and fed to an oscilloscope. The oscilloscope is required for
observing noise levels in the output signals which is not possible for the digitizer
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Fig. 6 a Payload loaded in the thermal cycling b Mounted on the shaker table for z-axis vibration
testing ¢ Inside the thermo-vacuum chamber d Payload undergoing EMI/EMC testing, one of the
antennae for emission tests is shown in the photograph

Table 2 Key parameters of the qualification tests for RFMEMS-TD1

SL. No. | Test name Test parameters

1 Thermal cycling +5°Cto + 70 °C, 2 cycles, dwell time 2 h
+40°C2h

2 Vibration (sine) X, Y, 10-100 Hz 7.73 g max, 1 oct/min, duration 1 min
Z 10-199 Hz 9.99 g max, 1 oct/min, duration 1 min

3 Vibration (random) X, Y, Z 20-2000 Hz max amplitude 0.034 mm, g 13.5,
duration 1 min

4 Thermo-vacuum cycling | + 5 to + 70 °C dwell time 90 min, chamber pressure 2 x
10e~ mbar

5 EMI/EMC tests Radiative susceptibility test (RS03)

30 MHz-2 GHz, 5 V/m field strength

Conductive susceptibility tests
CS01: 30-150 kHz
CS02: 15-50 kHz, 1 V rms noise

Radiated emissions tests
RE02: 14 kHz-18 GHz
Conductive emission test
CEO03: 15 kHz-50 MHz
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Fig. 7 a Schematic of the payload acquisition set up. b Typical live plot of payload operation
produced by the data acquisition system

since it has low sampling rate. The switches are cycled ON and OFF with period of
ten seconds. The data acquisition systems are compact and built from open source
software and hardware elements. A GUI using Python was developed for ease of
operation. The schematic of the data acquisition system and a plot of the live data
obtained as shown in Fig. 7.

8 Results and Discussions

The main parameters of interest in the payload data are the outputs of the two RF
MEMS switches. The outputs are DC voltages produced by the RF level detectors.
The RF level detector produces a voltage proportional to the RF power it receives
in dB units. Both ON and OFF states of the switches are monitored to ascertain
the health of the switches. In addition to the switch outputs, the current drawn at
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28 V from the raw bus is also monitored as a sign of the health of the payload. The
switch outputs and the current drawn are measured and compared for the pre- and
post-test. Acceptance criteria is that the post-test values should lie within certain
specified limits. The acceptance ranges given in Table 3 are arrived at by considering
the variations in laboratory measurements of insertion loss and isolation of the RF
MEMS switches. Two tests resulted in observations in the payload outputs.

e After the Z-axis random vibrations, no output was observed from one of the
switches. Card level testing revealed that for the RF MEMS switch, actuation
voltage was properly available. Further, testing indicated that the RF ribbon bond
between the RF MEMS package and PCB may have got detached due to relative
motion between the package and PCB induced by the vibrations. It was decided
to secure the RF PCB in the vicinity of RF MEMS switches. The vibration tests
were repeated with accelerometers attached close to the MEMS switches in both
the unsecured and secured configurations of the PCB. A significant reduction in
the magnitude of the vibration levels of the PCB was observed after this rework.
Subsequently, the package cleared the Z-axis random vibration test.

e In EMI/EMC tests, susceptibility was found at some at about 2 MHz (conducted)
and in the 3—4 GHz (radiated) range. Significant increase in noise in the analog
outputs of the payload was observed in these frequency ranges. However, this
interference did not affect overall operation of the payload and did not have any
permanent effects on the payload. This observation will be borne in mind and
future versions of the payload will be made with improved housing to reduce
RF leakage. Better filters will be used in the power lines to reduce conducted
susceptibility.

The post-test values and the acceptance values for switch outputs in the ON and
OFF states are given in Table 3.

Table 3 Post-test Heading level | Switch state | Measured value | Acceptance
performance results
V) range (V)
Switch 1 ON 2.04 1.09-2.05
OFF 0.67 0.5-0.8
Switch 2 ON 2.03 1.09-2.05
OFF 0.67 0.5-0.8
Reference - 2.06 1.09-2.05
Raw bus 28V 150 mA 150 £ 5%
mA
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9 Conclusion

A compact payload for on-orbit demonstration of operation of RF MEMS switches
has been built with commercial components and qualified for typical small satellite
missions. A simple analog data acquisition and logging system has been devel-
oped for checkout and ground test activities. Test details are discussed, and post-test
performance results are reported. The payload is awaiting flight opportunity on a
small satellite platform.
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Student Small Satellite Design )
and Development in India: A Review e

Sini V. Pillai®, R. S. Priyadarsini®, and Ranjith S. Kumar

Abstract Student-built space missions offer prospects to commence small space
missions with small financial budgets. The significant outcome along with tech-
nical intrinsic worth is the cross-disciplinary training for students that endow a
future career in the space industry. The experience in learning and working with
hands-on, project-based education proves effective for talent management among
the student community. Programs such as the CubeSat standard have dramatically
changed spacecraft engineering education, fostering aerospace education resulting
in designing and building small satellites. The paper explores the proliferation of
the status of the University/College supported student-built space missions over the
last years and the various levels of applications of small satellite platforms in India.
Moreover, how the student satellite projects translated into useful small satellite
commercial missions is also discussed.

Keywords Satellites -+ Miniaturization - Student satellite projects

1 Introduction

In the past two decades, the ease of access to efficient and reasonable Commercial
Off-The-Shelf (COTS) microsystems paved way for revolution into the field of small
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satellite systems worldwide [1]. Typical classification of this low-mass artificial satel-
lite systems is as follows, small-satellites (< 1000 kg), microsatellites (10-100 kg),
nanosatellites (1—10kg), and picosatellites (0.1—0.99 kg). Many successful attempts
have been performed by different educational institutions around the globe to realize
nanosatellites especially. Engineering students of Aalborg University with more than
150 students from different master specializations have been building student satel-
lites since 2001. The first satellite AAU CubeSat was launched in 2003; second one a
pan-European student satellite, SSETI Express, was launched in 2005; and the third
satellite, a pico-size satellite named AAUSAT-II, was launched from Satish Dhawan
Space Centre, India, during 2008 [2]. The CubeSat Program which started in 1999
at Stanford University has turn out to be a world-wide program comprising over 70
universities along with government and private organizations, commenced with an
educational perspective aiding to develop very low cost, low weight satellite within
two years to train students in industry’s multidisciplinary environment [3].

The space industry has shifted their focus from producing large sophisticated
spacecrafts toward advancements in developing small satellites with CubeSat stan-
dard. The CubeSats at first were considered as low-cost educational demonstration
satellite platforms, later advanced CubeSat missions were developed which shifted
from sole educational purposes to development of low cost, high value, and real-time
scientific missions fly on a capable spacecraft [4]. The CubeSat standard focused on
reduction of development cost, and the first CubeSat was launched in 2003, enabling
hundreds of missions by its standardization [5]. The term small satellites refers to
those with low size and mass, usually under 500 kg. The huge cost of launch vehi-
cles and those associated with the manufacture can be reduced by miniaturizing the
satellites. Small satellites permit cheaper design, facilitating mass production, and
enable missions like in-orbit check and constellations of low data rate communi-
cations, which the larger satellite possibly will not carry out. The main technical
confront involved in the construction of small satellites includes lack of sufficient
power storage or room for a propulsion system.

The space program in India is considered to be the largest national space program
in the world witnessing the transition from pure research direction to commer-
cial purposes since the 1990s. In India, small satellites are developed by Indian
Space Research Organization (ISRO) to carry out experiments in space. Small satel-
lites provide enormous research opportunities for the development of a country by
tapping innovative young talent. ISRO holds various student-developed satellites with
variant missions for space applications by constantly encouraging capacity building
among the student community to prepare for future space technology applications
of designing, developing, fabricating, and testing the space technology systems and
subsystems. Various Universities and academic institutions started introducing space
science and space technology applications in their educational curriculum conse-
quently evoking interest among students to design satellites for various space appli-
cations. The purpose is to train students in design, integration, and operation to give
direct control over the various steps to take up the development aspects forward
in the program. ISRO managed to coordinate and streamline the space technology
activities of students from various universities in the form of small satellites as part
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of Indian remote sensing program in effect which facilitated ISRO to build and
launch various small satellites collaborating with universities within and outside
the country. KALAMSAT-2, NIUSAT, PRATHAM, PISAT, SATHYABAMASAT,
SWAYAM, SRMSAT, JUGNU, STUDSAT, and ANUSAT are the various student
small satellites successfully launched till date by ISRO.

Various areas supported by ISRO in small satellite missions for academia are in the
areas of design and development of the payload, provides the design for a standard
nanosatellite bus fabricated by the institute, and provides mission-critical compo-
nents/materials such as solar panels, batteries, multi-layer insulation, thermistor, etc.
and finally conduct testing of the small satellite developed by the institute under the
technical guidance of ISRO. In addition, ISRO has launched a program called Young
Scientist Program in which three students from each state as well as from the Union
territories will be selected for a one-month program in ISRO selected centers based
on their performance in science projects. The students will be trained by senior space
scientists, and opportunities will be provided to design small satellites subjected to
launch based on quality by making use of the R&D facility (6). In this review, the
time evolution of different student satellite programs is detailed along with their
outcomes. Moreover, the grooming of small satellite commercial applications as an
outcome of ISROs different initiatives including student satellite programs also was
discussed.

2 Student Satellites in India—An Overview

India also falled in line with other developed countries so as to encourage students to
launch their own satellite systems. Anna University is the first Indian University to
develop a satellite named Anna University Satellite (ANUSAT) which demonstrated
the technologies associated with message storing and forward operations under the
overall leadership of ISRO and was launched in 2009. This success indeed moti-
vated other Universities to develop small satellites for space applications. A team
of students belonging to seven engineering colleges from Karnataka and Andhra
Pradesh developed the first picosatellite weighing lower than 1 kg, named as Student
Satellite STUDSAT [6]. The mission of the satellite includes promoting space tech-
nology in educational establishments, support research activities, and progress in
miniaturized satellites by creating communication links between the ground station
and the satellite to capture a range of images of the earth with resolution 90 m and
finally to broadcast payload to the earth station. The STUDSAT was launched with
ISRO’s PSLV C-15 on July 12,2010 [6]. StudSat-1 is the first picosatellite of exper-
imental nature with a mission life of six month and is the smallest satellite launched
by India. The students were able to get hands-on experience with the design and
fabrication at a minimum cost. STUDSAT-2 is India’s First Twin Satellite Mission
consisting of two Nano Satellites, STUDSAT-2A and STUDSAT-2B with dimension
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of 300 x 300 x 150 mm, weight 6 kg and 5.5 kg for Inter-Satellite Communica-
tion [7]. Each satellite has two payloads with complementary metal oxide semicon-
ductor (CMOS) camera, resolution of 80 m per pixel with inter-satellite link (ISL)
arrangement [8]. The nanosatellites are developed using reliable and robust real-time
operating system (RTOS) that includes task management with priority assignment
and scheduling functionality using ARM CORTEX-M4 platform [8]. The separation
mechanism system is interconnected between STUDSAT-2A and STUDSAT-2B and
after ejection from the PSLV, the satellite is expected to stay composite for an esti-
mated duration of three orbits prior to separation due to stability constraints. It is of
greatest importance to establish an unfailing separation mechanism to withstand the
vibrations of the launch vehicle with the space environment.

A joint involvement of students from Indian and Russian Universities developed a
mini satellite of lift mass 92 kg named as Youthsat which is considered as the second
accomplishment in the Indian Mini Satellite series. Youthsat investigates the asso-
ciation between solar variability and the changes in thermosphere-ionosphere (2).
A satellite with the mission of collecting data on greenhouse gases, Sathyabamasat,
was designed and developed by the students of Sathyabama University, Chennai.
NIUSAT is the satellite designed and developed by Noorul Islam University Tamil-
nadu with payload of a four spectral band wide field Sensor [9]. Rashtreeya Vidyalaya
Satellite (RVSAT-1) was developed by the students of R V College of Engineering,
Bengaluru, and is the first nanosatellite from India to carry a mass of microbes to
space [20].

The students and faculty of SRM University developed a nanosatellite weighing
10.9 kg named as SRMSat, which can tackle the predicament of global warming in
the atmosphere. Vikramsat, satellite for biological experiments in space developed
by Space Kidz, imaging satellite Microsat-R for DRDO, and a small communi-
cation satellite Kamalsat with life span of two months weighing 1.2 kg which is
considered as the world’s lightest and first ever 3D-printed satellite developed by
students and Space Kidz India, are being launched by ISRO as student made satellite
in the space program 2019 (6). Kalamsat is the world’s lightest and smallest satel-
lite named after the former President Dr A. P. J. Abdul Kalam (6). A new-fangled
variant of India’s Polar Satellite Launch Vehicle (PSLV) rocket carried the satellites,
and ISROs launch mission PSLV-C44 was the first in the world to employ rocket
viewing it as a platform meant for experiments in space. ISRO is also launching
another communication satellite GSAT 31 by Ariane space rocket (3). The students
of the Indian Institute of Technology, Kanpur, under the leadership and control of
ISRO developed a nanosatellite Jugnu of 3 kg mass which can image the Earth in
the near infrared region and carry out test using image processing algorithms (2).
PISAT was designed by a consortium of Indian colleges led by PES University along
with the support of ISRO. PISAT with payload of 166 gm, CMOS-based camera
covering 185 km x 135 km area with 90 m spatial resolution was developed to
provide hands-on environment in all aspects of satellite building for students [9].

IIT Bombay has taken up a Student Satellite Program (IITBSSP) to develop a
Center of Excellence in Satellite and Space Technology with an interdisciplinary
team of students from the institute. The first satellite under the space program is
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completely planned, designed, built, and tested by the students and faculty of IIT
Bombay with the assistance of ISRO and named as Pratham [10], identified as the
first step towards infinity with the mission of GPS correction. The Student Satellite
Team of IIT Bombay aspires in developing the lightest actively controlled satel-
lite in India [11]. Miniaturization play a fundamental role in developing low-cost
small satellite missions for space exploration projects [6]. The team researches an
approach towards mass minimization in the design of satellites maintaining struc-
tural integrity of the satellite in the launch and in-orbit environment [11]. Pratham
confronted limited sensing with effective computational and communication capa-
bility, motivating the call for autonomous and computationally efficient algorithms
[12]. Pratham was launched onboard PSLV-C-35 in 2016 with a mission life of
4 months. Even though the satellite was operational, the mission was not successful
and doing well (12). The team could identify the relevance of quality by executing a
post-launch analysis; further, the student satellite team worked on instituting quality
assurance and good management practices throughout the development. Pratham
facilitated teaching students withinside the area of Satellite and Space Technology
specifically in the procedure of constructing a satellite for calculating total electron
count (TEC) of the ionosphere. Ground station layout used by Pratham with the
dimension of TEC of 99.9 accuracies done by using the precept of Faraday rotation.
The technique helps in lowering the price of the ground station in addition to the
onboard complexity. The satellite will permit the technology of TEC maps of India
and France with the assistance of a community of ground stations installation at 11
Indian universities and the Institut de Physique du Globe de Paris (IPGP), France.
Pratham can transmit onboard records when it passes over India [13]. Pratham has
furnished valuable knowledge of possibility to a massive variety of college students
of IITB. The social intention of Pratham represents the notion of the team that knowl-
edge received withinside the area of satellite technology is an essential constituent of
mission targets and challenge success in terms of student satellites [14]. The second
satellite Advitiy is designed based on the experience gained from the first launch of
student satellite Pratham with the mission to transmit stored and uplinked images
through SSTV by designing an antenna deployment system (5). The Ham Radio Club
which is part of the IITBSSP aims to maintain a functional ground station promoting
amateur radio activities in the institute and also organizes an annual Workshop for
engineering colleges around the country to support setting up their own ground
station. The IITB team is also working on a lunar mission called The Great Lunar
Expedition for Everyone (GLEE) which is an initiative by the University of Colorado
Boulder to deploy LunaSats (5).

Students from interdisciplinary areas engage in the research and development
process of small satellites as the technical background is a requisite for the organiza-
tion and management of resources for satellite project implementations. The COEP
Satellite Initiative (CSAT) is a student satellite program by the students of College Of
Engineering Pune, India, and developed a 1U picosatellite named Swayam, the first
project under this initiative [15]. The team consisted of students working in func-
tional subsystems which focus on developing the functional aspects of the satellite
and systems engineering groups looking into the cohesive planning and integration of
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subsystems, and the quality assurance and control team investigating workmanship
and verifying hardware and software performance for reliability aspects.

3 Small Satellites Development by the Industry

The Internet has revolutionized and changed the outlook of well-being. Similarly,
small satellites are expected to take up endless possibilities from the practical appli-
cations with the unique ability to cover any place on the earth’s surface. Micro and
nanosatellites are designed and developed for space missions devoid of spending an
enormous sum of money. From 1994 to 2017, there have been 344 university-class
spacecraft launched from 166 educational institutions of 47 countries worldwide [ 16].
Nanosatellites are incredible to many educational institutions to get involved in space
missions in terms of affordability. Picosatellites weighing fewer than 1 kg are used for
commercial applications. Small satellites can serve military, humanitarian, and civil
purposes, especially in crisis situations when the space industry gets implanted with
industrialization. The PalmSAT is a picosatellite program at the Surrey Space Centre,
University of Surrey, UK developed small satellites for employing in the scientific,
commercial and military market [17]. The development in microelectronics along
with electric micro propulsion and other small satellite subsystems, enabled the
development of a multitude of interplanetary high-power Cubesat and nanosatellite
missions [18]. New technologies and advances in small satellites including compu-
tational technologies provide operational services creating opportunities for industry
players and startups in the areas of space technology. The CubeSat programs along
with the student-developed small satellite mission programs have spurred the growth
of various entrepreneurial-minded businesses targeting niche markets in India. Many
new companies popped up along with the existing engineering companies developing
specific components/subsystems for small satellite communities.

The startups which are considered as the future potential of the space sector are
discussed here. Planet Labs, an American company is considered as one of the most
mature startups in the small-satellite space having 149 satellites in orbit enabling
data collection to build and sell data sets to stakeholders across many industries. The
core mission is to capture imagery of the whole surface of the earth each and every
day. Spire is a startup company considered as the leader in using satellite data to
notify weather predictions using data analytics supports the maritime industry and
aviation sector. Spaceflight company puts forward small-satellite sector’s pricing for
various commercial launches and offers end-to-end management services ensuring
completion of satellite mission on time and on budget. Spaceflight launched 112
satellites till date from 32 countries and is still counting. Satellogic offers satellite
data services with high-resolution geo-intelligence in agriculture, oil pipeline moni-
toring, disaster response/preparedness. Satellogic has six satellites in the orbit and
is set up to reach 300 toward the end of the decade. Vector space systems provides
affordable space access to technology companies to send innovations and appli-
cations to space. Startup Terran Orbital specializes in nanosatellite design and its
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development along with manufacturing, testing, and further launching, with a special
focus on using nanosats and satellite-secured data for military and defense intelli-
gence applications. Nanoracks is one of the best-known nanosat startup companies
offering CubeSat launches and tests platforms for earth observation and also includes
biopharma research.

Data published in various reputed sources shows that the worth of the global
space industry is estimated to be $350 billion and identified that it will surpass
$550 billion by 2025. India contributes $7 billion which is around 2% of the global
market. On a globally, about 17,000 small satellites are likely to be launched by 2030.
Space missions were an exclusive playground for government space programs and
for selected larger space enterprises. The whole scenario has been changed with the
advancements and development in the success of student-developed small satellites
opening the space industry drifting from educational Institutes/Universities to start
ups. The market potential for small satellites is expanding with the rapid pace of
technological advancements reducing the cost of satellite development. Universities
and technology companies started space missions at an unprecedented pace. India
is backed up with many small-scale players supporting the country’s space missions
and programs. The operations cost model for developing small satellites includes the
cost of design, operations, and risk with regard to the dynamic complexity of the
mission. A systems dynamic model can generate the cost model by working with
Monte Carlo simulations which provide insight into the costs and risk aspects for
operational designs [19].

According to the report published by the Times of India, there are 15 to 20 startups
in the space technologies sector working on a variety of solutions to make payloads
and launches more economical along with improving communications. One such
Indian startup is a space technology company, Pixxel started in 2018 by two 20-year-
old student entrepreneurs from BITS Pilani Institute with a vision to contribute mean-
ingfully towards space exploration. Pixxel also reached out to potential customers
in the areas of agricultural, mining, and petroleum sectors to identify how satellite
imagery and data can be used to tackle inherent problems. Many of the entrepreneurs
behind these firms are young space enthusiasts, who were a part of Isro’s student satel-
lite initiative YouthSat. Agnikul Cosmos incubated at IIT-Madras, IISc-incubated
Bellatrix Aerospace, GrowX Ventures, and KA Enterprises are prominent startups
working with ISRO in refining the products for space missions. Kawa Space is
another prominent startup with the mission to build critical infrastructure that makes
space-enabled solutions accessible to space enthusiasts. Bengaluru-based Astrogate,
a Bangalore-based startup is working to replace traditional radio frequency systems
with optical laser-based for satellite communications. Earth2Orbit is considered the
first private space startup from India offering space launch advisory packed with
consulting services. Exseed space is a startup that develops small satellite platforms
and was the first startup that was selected by ISRO to build large satellites for Indian
space missions. Dhruva Space, a Bangalore-based space company with the objective
to expand spacecraft development private industry sectors in India. Dhruva in associ-
ation with ISRO developed a follow-up satellite to HAMSAT-1 which was launched
in 2005, catering to the societal needs in disaster management, amateur/emergency
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radio communication, and education. Dhruva Space provides application-agnostic
space platform solutions where-in 300—1200 satellites will be sent to space every year
spanning over the next 10 years. Bellatrix Aerospace is a Coimbatore-based research
and development company that launch electric propulsion systems for satellites for
dropping the satellite mission cost. Xovian is a New Delhi-based aerospace startup
offering low-cost and sustainable solutions in satellite fabrication facilities. Skyroot
aerospace, a Hyderabad-based SpaceTec startup founded by two former ISRO scien-
tists. The mission is to build launch vehicles for small satellites. Recently, Azista BST
Aerospace started in India based in Hyderabad to develop aerospace technologies
and satellites. It carries out end-to-end design, development, fabrication, and inte-
gration of satellite systems including payloads and satellite-enabled ground systems,
SATCOM, and hydrometeorology sensors and stations.

4 Summary

In this review, the current status of student satellite programs around the globe in
general and India, in particular, is discussed. In addition, a survey of small satellite
missions especially in the industry domain also is briefed. The advantages of more
and more constellations of small satellites working together to accomplish a mission
have greatly increased the spatial and temporary coverage of the earth. Having many
satellites for a mission enables them to be used for various purposes, so that if some
of the satellites fail to perform their intended task, we still have plenty in orbit to
take over. Also, with small satellites, it is possible to make large data observations
and build quick response capabilities with relatively low-cost technology. With the
unique ability to cover any place on the earth, the constellations of small satellites
could be more beneficial for many practical applications. Importantly, the recent
Space Policy 2020 put forward by the Government of India emphasizes the role of
private companies in the future space missions. To facilitate more activities and inven-
tions in the aerospace sector, encouragement to student satellite projects is essential.
Moreover, the possibility of potential development of quality human resources and
start-up spinoffs are also the expected outcomes of the student satellite projects in
India.
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Vehicle Vibration Loads

Santosh Joteppa, Shashanka M. Dibbi, and Vinod S. Chippalkatti

Abstract Satellite consists of many electronic packages, and during the launch of
a satellite, it will be subjected to high random vibration loads which are generated
by the launch vehicle. These electronic packages also known as modules, systems
and/or subsystems will experience these vibration loads when mounted in the satellite
and must be designed and qualified to meet these launch loads. These modules
house the Printed Circuit Board (PCB) on which critical components such as HMCs,
capacitors, CCGAs, flat packs and other leaded components, which are prone to
vibration failures, need to be taken care during the design phase. Above all these
components are high reliable and high cost items, this puts the constraint of first time
right, and no failure is allowed. Hence, structural design and analysis become most
important stage before manufacturing and testing the packages. This paper discusses
one of the electronic packages designed for Indian communication satellite to meet
such vibration loads and methods used to analyze the package virtually (through
analysis software) before testing which saves the time and cost by reducing the
number of prototypes. Three analyses (Eigen value analysis, quasi static analysis
and random vibration analysis) have been carried out to qualify the module virtually
by finite element method. Modal analysis has been carried out to determine the natural
frequency and modal effective mass of the module. Quasi static analysis has been
carried out to determine the stresses. Random vibration analysis has been carried out
to see the acceleration levels and overall g, along with the stress levels experienced
by the components. Based on the analyses, the qualification model (QM) was built
and validated through testing after which the proto-flight model (PFM) and flight
models were built.
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1 Introduction

The electronic package consists of many mechanical parts, and the devices placed on
the PCB are also made of mechanical parts. The primary function of these mechanical
parts is to protect the electronics from vibration loads and to act as heat sink or provide
path for heat transfer. These mechanical parts should provide sufficient stiffness to
the PCB to withstand loads and also act as a heat sink to remove the heat from
components and keep them within their operating temperature. These parts also
serve other functions such as EMI/EMC, humidity protection. The packages must
be cost-effective and easy to manufacture.

The design approach for the package is stiffness-based approach since the loads are
dynamic in nature and weight is the critical parameter. The structural design details
of the space grade electronic package to withstand vibration loads are discussed in
detail in the paper.

2 System Description

The electronic package is mounted on the satellite panel. This panel will have a natural
frequency around 50-60 Hz. Hence, the package has to be designed in such a way
that the natural frequency of the package assembly is at least one octave more than
the panel in order to avoid resonance and subsequently failure of the components.

This package houses two similar PCBs side by side in a single housing with
electronic components mounted on it. The PCB is fixed to the housing using five
screws. Three mounting holes are provided to fix the package on the satellite panel.
The housing and the cover are made up of aluminum alloy AL 6061 T6/T651. The
PCB is made up of FR-4 material and has two Hybrid Microcircuit (HMC) [1], pot
core and two leaded capacitors which can be considered as critical components. The
fasteners are stainless steel SS A2 70 grade.

The housing and cover are designed with 0.7 mm thick wall in order to reduce the
weight, and ribs are added at various locations to add stiffness [2] to the parts. The
cover is mounted with many number of screws to reduce EMI/EMC problems. The
PCB is designed with four copper layers and is 1.6 mm thick. The exploded view is
shown in Fig. 1. The total mass of the assembly is 900 g (Table 1).

3 Analysis

This section explains the details of design and analysis iterations that have been
carried out for the package to meet the required stiffness. The unit should have the
first fundamental frequency more than 120 Hz. The numerical code-finite element
analysis (FEA) is used to study the dynamic behavior of package assembly design
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Fig. 1 Exploded CAD view

Table 1 Mass details

Components Mass in grams
Housing 320

Cover 100

HMC A + HMC B (both two in numbers) (24 + 16) each
Pot core (two in numbers) 12.3 each
Capacitors (four in numbers) 6.2 each
Connectors (four in numbers) 10 each
Fasteners 20

PCB with other components (two in numbers) | 153.3

Total mass 900

using virtual prototype which is equivalent to flight or qualification model. The FEA
results are analyzed thoroughly, the assembly is subjected to physical vibration test,
and electrical parameters are measured pre- and post-vibration to verify the design.
The unit is switched off during vibration.

FEM is a numerical procedure for solving the physical problems governed by a
differential equation or an energy theorem, and it provides an approximate solution
[3]. The finite element model of the assembly is shown in Fig. 2. All the critical
components such as HMCs, capacitors and components having more than 5 g are
modeled in the FEA (Table 2).
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Al degrees of are fised at bolt locations
Connectors

HMC B

HMC A
|
/
Pot cores Capacitors
Fig. 2 FE model of assembly
Table2 Number of elements Element type Number of elements
and element types
Total number of nodes 35,530
Total number of elements 34,119
Total number of solid elements 4880
Total number of shell elements 28,986
Total number of beam elements 37
Total number of rigid elements 210
Total number of mass elements 6

3.1 Eigen Value Analysis

Eigen value analysis is carried out to determine the fundamental frequency of
the package assembly. The first fundamental frequency of the assembly is found
at 178 Hz in finite element analysis. This meets the criteria of first fundamental
frequency greater than 120 Hz (Fig. 3).
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Fig. 3 Modal plots from the analysis

3.2 Quasi Static Analysis

Quasi static analysis is performed to simulate the constant acceleration in three axes,
and the load levels are taken as:

(a) X-axis and Z-axis (in plane): 15 g
(b) Y-axis (out of plane): 30 g (Fig. 4).

It is observed that the stresses in the components are well within their allowable
stresses, and the MOS is calculated considering a FOS of 1.1. MOS [4] is positive
for all parts, which indicates that the parts are safe. The results are tabulated in
Table 3.



50 S. Joteppa et al.

Coreur Plot
Displacemend(Mag)
Analysis system

1ATaED
[I H0ED
1 148E-01

TIBNEL2

1:8 188E-02
6 S50E-02

4 M3E02
I MSEO2
1 63EL2

0. 000E +00

Max = 1 474E-01
Grids 39118
Min = 0.000E 00
Grids 55507

Contous Pt
Eboesant Strwians 20 & 304 rssbisas, Mas)
Asalyus sysiem

1 3E
4 M4E 0
4 BE2E M0

IDOETS

Fig. 4 Quasi static displacement and stress plots from the analysis

Table 3 MOS calculation

SI. No. Loading direction von-Mises stress Yield stress FOS MOS
(MPa) (MPa)

1 X-direction 7.6 59 1.1 6.0
(at capacitor lead)

2 Y-direction 11.3 241 1.1 18.3
(at mounting bolt)

3 Z-direction 41.8 241 1.1 42
(at mounting bolt)
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3.3 Random Vibration Analysis

Random vibration is the near real environment condition to which the package is
subjected. This will give the insight into various aspects like design, workmanship
and overall quality of the assembly.

Responses are taken on components and PCB, and the plots of frequency (Hz)
versus PSD (g?/Hz) are obtained (Fig. 5).
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Fig. 5 Probes used to extract random responses and acceleration plot
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Fig. 6 Test setup and acceleration responses

4 Results and Discussions

The qualified vibration fixture which does not have resonance up to 2000 Hz is used to
test the package. The fixture is mounted using M8 bolts, and the package is mounted
on the fixture with three M4 screws. An accelerometer is mounted on the package to
take response. Figure 6 show the test setup and plots obtained during testing.

From testing, it is observed that the first fundamental frequency is at 262 Hz
which is well above the required 120 and 178 Hz which is from analysis. The pre-
and post-resonance shift is less than 10%. Hence, it is concluded that the package is
structurally qualified.

5 Conclusion

From the above results of analysis and testing, it is observed that the fundamental
frequency is above 120 Hz for the package assembly, and also, the stresses are under
allowable material limits. Hence, the package is structurally qualified and is ready
for use as flight model.
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Ku-Band Transmit-Receive Module )
for Imaging Radars i

G. Ranjit Kumar Dora, Rajashekhar C. Biradar, and S. S. Rana

Abstract The Transmit—Receive module is one of the prime sub-systems required
for designing an airborne or satellite imaging radar. This paper presents an overall
detail of a highly optimized Ku-band Transmit—Receive module consisting of exciter
and receiver sub-systems. The exciter receives the IF signal with necessary modu-
lation like Linear Frequency Modulation (LFM) from signal processor module. The
IF signal is upconverted to the transmit frequency using coherent LO signal and
suitably amplified to the level required by the HPA. Suitable Ku-band calibration
signal is also generated in this module for carrying out end-to-end calibration of the
entire Transmit—Receive system. A common LO signal for both up-converter and
down-converter is generated using a frequency synthesizer which is locked to high-
stability Oven Controlled X-tal Oscillator (OCXO) for achieving high stability as well
as extreme low phase noise. Various clock signals required for ADC/DAC/FPGA,
etc. are also generated in this unit and are locked to the OCXO frequency. The
received signal from antenna is amplified using a Low Noise Amplifier (LNA) after
necessary protection with a limiter and downconverted to IF frequency using same
LO used for up-conversion. The baseband section of the receiver provides neces-
sary amplification to ensure optimum operation over the entire dynamic range. The
signal is fed to the baseband data handling processor unit where it is digitized and
processed. A compact Electronic Power Conditioner (EPC) is also housed along with
the Transmit—Receive module for providing conditioned power supply. The paper
briefly describes various options considered before freezing the final configuration.
All the circuits are realized using Coplanar Waveguide (CPW) transmission lines
on RT 6002, 10Mil substrate. To ensure stable and spurious free performance, the
entire Transmit—Receive module is realized using several compartments to reduce
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coupling among various stages. Special attention has been given to reduce the DC
power requirement. Both thermal as well as structural issues are addressed while
finalizing the mechanical housing. As the system is designed for satellite applica-
tion, the paper also addresses various guidelines followed for component selection,
fabrication processes, testing, qualification, etc. Various techniques adopted for the
realization of low-cost/high-rel hardware are also addressed in the paper.

Keywords Transmitter - Receiver + Synthesizer - Ku-band - Imaging radars -
Linear Frequency Modulation (LFM)

1 Introduction

The Transmit—Receive module is the major sub-system of the imaging radar and
performs the following important functions:

e Up-conversion of the L-band Chirp signal centered at 1.75 GHz + 125 MHz to
Ku-band frequency with suitable power level.

e Generate bite signal at Ku-band for end-to-end evaluation of the radar system.

e Generate various LO/clock signals required by up/down-converters, ADCs, DAC,
FPGA, etc. All these signals are phase locked to high-stability OCXO at 125 MHz.

e Amplify the signal received from antenna in a low noise front-end with necessary
protection against strong signals entering the antenna as well as the transmitter
power leakage. The receiver provides about 70 dB gain to boost the signal level
to the level optimum for the ADC operation.

2 Design Methodology

2.1 Transmitter and Synthesizer Module

The Transmitter chain upconverts the L-band input signal to transmit frequency at
Ku-band utilizing the LO signal (15.375 GHz) generated in synthesizer module. This
Ku-band signal is further amplified and filtered and then fed to power amplifier. The
block diagram of the up-converter module is shown in Fig. 1.

The synthesizer module consists of highly stable 125 MHz OCXO, which is used
to generate various clocks and LO signals. Figure 2 shows the block schematics of
the frequency generator having following outputs locked to 125 MHz OCXO. The
main function of synthesizer module is generating the 1000 MHz clock signal for the
processor, 15.375 GHz LO signal for the up-converter (Transmitter), 15.375 GHz LO
signal for the down-converter (Receiver) and BITE signal generation at 17.125 GHz
for checking the status of the system.
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Fig. 2 Block diagram and chain budgeting of synthesizer module

As shown in the figure, the 125 MHz is used as reference to synthesize 7.6775 GHz
frequency signal using a PLL-based synthesizer. This is followed by a frequency
doubler to get 15.375 GHz LO signal for up/down-converters.

The 1000 MHz clock is derived from 125 MHz source by using X2 and X4
multipliers. Various amplifiers and filters required for the optimum performance are
shown in the figure.

Table 1 gives detailed specification for the Transmitter and Synthesizer module.

Description of Transmitter Module

The chirp signal is generated in the processor module using high-speed DAC,
1750 MHz centered chirp signal with harmonics. BPF is used to pass the required
band 1750 MHz + 125 MHz and LPF is used in series to filter out all the other
harmonics.

The Ku-band mixer is used to upconvert the IF signal, the 1750 MHz IF signal is
fed to the IF port of the mixer and the LO port is fed with 15.375 GHz tone generated
in the exciter module. The mixer IF and LO power levels are maintained to deliver
optimum performance. Mixing of IF signal and LO signal will generate required
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Table 1 Specifications of transmitter and synthesizer

G. Ranjit Kumar Dora et al.

S1. No. Parameters Specifications
Transmitter
1 IF input L-band

(1.750 GHz + 125 MHz)
2 Input and output impedance 50
3 Input signal range — 28 dBm
4 Tx nominal gain 30dB £+ 1.5dB
5 Phase noise — 75 dBc @100 Hz
6 Harmonic level and spurious < — 50dBc

(system requirement)
7 Tx output power level 0dBm £ 1.5dB
8 Tx frequency Ku-band

(17.125 GHz £ 125 MHz)

Synthesizer

1 OCXO 125 MHz

2 OCXO phase noise — 130 dBc/Hz @ 100 Hz offset
3 Clock frequency 1000 MHz

4 Clock power level + 10dBm + 1 dB

5 LO frequency 15.375 GHz

6 LO power level 0dBm + 1.5 dBm

7 LO phase noise — 80 dBc/Hz @100 Hz offset

Ku-band (1.75 GHz + 15.375 GHz = 17.125 GHz) upconverted signal. Microstrip
bandpass filter is designed to pass the required Ku-band signal and followed by
another Microstrip low-pass filter to remove harmonics and improve rejection.

Description of Synthesizer Module

The synthesizer module has the following functions:

e Generation of stable reference signal at 125 MHz with low phase noise.

e Clock for the processor module (1 GHz).

e 15.375 GHz LO generation for up/down-converters.

Figure 2 gives the block schematics of the exciter module showing clock
generation, LO generation, up-conversion and bite generation.
Brief details of these functions are given below:

e Generation of stable and low phase noise signal at 125 MHz

To meet the stability and phase noise requirements, OCXO is chosen with phase noise
of — 130 dBc/Hz at 100 Hz offset from carrier. OCXO output is filtered using 125 MHz
BPF, and to meet the drive level of next stage, the signal is further amplified. The
final filtered 125 MHz reference signal is distributed to two different circuits using
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two-way power dividers as shown in the figure. One output is used for generating
1000 MHz clock signal for processor (FPGA clock), and the other outputs are used
for generation of LO signal at 15.375 GHz.

¢ 1 GHz clock for the processor module

DAC requires low-jitter 1 GHz clock which is generated by multiplying the 125 MHz
signal using frequency doubler and followed by frequency quadrupler. The 250 MHz
signal from frequency doubler is fed to highly selective BPF where 250 MHz signal
is passed, and other harmonics are rejected. The 250 MHz LC-BPF filter has a
stopband attenuation of > 50 dB up to 1.4 GHz. Interdigital BPF topology is chosen
to implement 1 GHz BPF; for wide stopband rejection in the next stage, LPF is used,
and it provides rejection greater than 30 dB.

e 15.375 GHz LO generation

For 15.375 GHz LO, the following two options are considered, using active/passive
multipliers and using PLL-based frequency synthesizer.

The multiplier and frequency synthesizer approach both meet the phase noise
performance required for the system performance; the synthesizer approach is
preferred due to its compactness. However, the highest frequency available for space
grade PLL-based frequency synthesizer with integrated VCO is 15 GHz. It was
therefore decided to generate 7.6875 GHz frequency using frequency synthesizer
and use a frequency doubler at the output to get 15.375 GHz. The output power level
of synthesizer can be adjusted, and max power output from RF-out pin is 6dBm
required for the next stage.

Final LO generation in this option has two approaches: use second harmonic
of 7.6875 GHz from synthesizer and use frequency doubler after synthesizer
(7.6875 GHz).

Active frequency multiplier is used after the synthesizer to get the required
15.375 GHz frequency. Necessary Microstrip filters are designed to have better
rejection of 35 dB at Fo and better than 25 dB at 3 Fo.

Frequency multiplier has rejection of 35 dB at Fo and 25 dB at 3 Fo. The combina-
tion of both will therefore give about 60 dB harmonic rejection. There is provision to
use 5 section Microstrip filter to improve the spurious/harmonic rejection in case the
specifications are not met. The power level to amplifiers and frequency multipliers is
adjusted using attenuator pads to meet the input power drive levels and to improve the
return loss. The Transmitter and Synthesizer module is realized as shown in Fig. 3.

2.2 Receiver Module

The Receiver receives RF signal (17.125 GHz £ 125 MHz) from antenna and down-
converts it to an IF signal of 1.75 GHz (L-Band). The limiter is used for LNA
protection against any leakage power during transmission or strong spurious signals
entering the antenna. This, being the first component of the receiver, plays a major
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Fig. 3 Transmitter and synthesizer module

role in deciding the noise figure of the system. The bandpass filter is placed after
LNA to filter out the harmonics and spurious signals. Mixer is a nonlinear device that
is used to downconvert the input RF signal (Ku-band) to IF signal (L-band) by using
Ku-band local oscillator. Adequate filtering is done at required frequency to remove
spurious signals as well as lower/higher sidebands that are generated in the mixer.
Digital attenuator is used in the IF section to adjust the overall receiver gain based
on the requirements. The total gain in IF path is realized using several amplifying
stages housed in separate enclosures to achieve stable behavior of the receiver. The
block schematics of the receiver is given in Fig. 4.
Table 2 gives detailed specification for the Receiver module.

Description of Receiver Module

The receiver module is realized as shown in Fig. 5. The processor provides necessary
controls signals required for the receiver modules. The power supply for the receiver
modules is generated by using an external power supply unit. The detailed block
diagram of receiver is shown in Fig. 4.
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Fig. 4 Block diagram and chain budgeting of receiver module
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Tabl.e 2 Specifications of SI1. No. | Parameter Specifications
receiver
1 Input frequency 17.125 GHz £ 125 MHz
2 Receiver noise figure 6.5 dB (Max)
3 Nominal conversion gain | 70 dB £ 1.5 dB with
15 dB attenuation set
4 Total gain flatness =+ 1.5 dB over bandwidth
at ambient
5 IF output frequency 1.75 GHz + 125 MHz
6 Image rejection < — 50 dB (Min)
7 Harmonics and spurious | < — 50 dB (Min)
8 Output P1dB point + 10 dBm (min)

Fig. 5 Receiver module

Limiter is the first component of the receiver module. The limiter is basically
used for LNA protection against any leakage power during transmission. LNA plays
a major role to deciding the noise figure of the whole system. It is also proposed to
use an SPDT switch following the limiter to remove any transients produced by the
limiter during the leading edge of the high-power pulse. The switch is also used to
inject the BITE signal at the receiver input for calibration/validation purpose. Two
Ku band LNAs are used to achieve 40 dB gain which provides desired input level to
drive the mixer. The bandpass filter (BPF) placed after LNA filters out the harmonics
and spurious signals.

Mixer is a nonlinear device that is used to downconvert the input RF signal
(17.125 GHz) to IF signal (1750 MHz) by using 15.375 GHz local oscillator which
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is generated by the exciter. Adequate filtering is done at IF frequency to remove
spurious signals as well as lower/higher sidebands that are generated by the mixer.
A 5-bit digital attenuator (DA) is used at the IF level to adjust the overall receiver
gain based on the requirements. The total gain in IF path is realized using six amplifi-
cation stages for ensuring stable operation of the receiver over temperature variation
as well as due to aging over the payload life.

3 Results

3.1 Transmitter Measurements

Figure 6 shows the gain flatness of 30 dB =+ 1.5 dB and the transmitter outpour power
of 0 dBm =+ 1.5 dB with the input power level of — 28 dBm. The result is measured
at 17.125 GHz £ 125 MHz with span of 250 MHz.

Figure 7 shows spurious and harmonics measurement keeping full span in signal
analyzer. The harmonics and spurious level is less than < — 50 dBc.
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Fig. 6 Gain flatness of transmitter
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Fig. 7 Harmonics and spurious of transmitter

3.2 LO Signal Measurements

Figure 8 shows the output power level of LO signal, which is around 0 dBm + 1 dB
with respect to the input power level generated by OCXO.
Figure 9 shows the phase noise plot of LO signal -80dBc/Hz at 100 Hz offset.

3.3 Clock Signal Measurements

Figure 10 shows the output power level of clock signal, which is around 4+ 10 dBm
=4 1 dB with respect to the input power level generated by OCXO, and the harmonics
and spurious level is less than < — 50 dBc.

3.4 Receiver Measurements

Figure 11 shows the gain flatness plots of receiver of 70 dB + 1.5 dB with 15 dB
attenuation set.

Figure 12 shows the noise figure measurement of receiver, which is less than
6.5 dB.
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4 Conclusion

The paper gives brief details of Transmit—Receive module consisting of Ku-band
up-converter, coherent frequency generator giving 1000 MHz and 15.375 GHz and
Ku-band low noise receiver. The coherent signals locked to 125 MHz OCXO show
extremely low phase noise, and the Receiver has flat response over the full 250 MHz.
The Ku-band Transmit—Receiver Module for imaging radars can be used for space
application followed with the proper quality guidelines, such as Material Selec-
tion, Process Identification, Manufacture Procedure, Testing Procedure, Inspection
Methodology and Qualification Procedure for fabricating QT model, and later stage
can be used for flight model.
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Abstract Automatic interpretation of remote sensing images is a fundamental but
challenging problem in the field of aerial and satellite image analysis. It plays a vital
role in a wide range of applications and is receiving significant attention in recent
years. Even though many great progress has been made in this field, the detection of
multi-scale objects, especially small objects in high-resolution satellite (HRS) and
drone images, has not been adequately explored. As a result, detection performance
both in terms of detection speed and accuracy turns out to be poor. To address
this problem, we propose a convolutional neural network (CNN)-based single-stage
object detector for the real-time and accurate recognition of remote sensing images.
Our model predicts bounding boxes and corresponding class probabilities directly
from images in a single assessment. This will result in a real-time object detection
of images without compromising accuracy.

Keywords Small object detection - YOLO v4 - Remote sensing images

1 Introduction

Inrecent years, we have witnessed a significant advancement in the progress of remote
sensing technologies. This results in a large amount of high-quality satellite and aerial
images for research and investigation. Object detection in remote sensing images
(RSIs) determines whether a given aerial or satellite image contains one or more
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objects belonging to the class of interest and locates the position of each predicted
object in the image. Being an elemental problem in the field of aerial and satellite
image analysis, it has extensive applications, especially in disaster management,
resource monitoring, road traffic analysis, military applications, etc.

The existing object detection models can be divided into two categories: one is a
two-stage detector like faster R-CNN [1] and the other is the single-stage detector
such as SSD [2] and YOLO [3]. In two-stage detectors, the first stage is to generate
potential bounding boxes in an image and then run a classifier on these proposed
boxes. Those complex pipelines are slow and difficult to optimize. On the other
hand, for the single-stage detectors, a single neural network predicts bounding boxes
and corresponding class probabilities directly from full images in a single assessment.

In this paper, we propose our model based on YOLO v4 [4] for the small object
detection in RSIs. Since the whole detection pipeline of You Only Look Once
(YOLO) is a single neural network, it can be optimized in a comprehensive manner.
YOLO v4 achieved state-of-the-art results for detection of MS COCO [5] dataset
with 43.5% average precision (AP) and running at a real-time speed of 65 frames
per second (FPS) with Tesla V100 GPU.

2 Methodology

2.1 Proposed Method

The proposed model (Fig. 1) consists of three main components, a backbone for the
feature extraction, neck for the feature fusion, and finally, the head for predicting
the bounding box coordinates, object classes, and objectness. Our model uses
CSPDarkNet 53 as the backbone. CSPDarkNet 53 is a combination of DarkNet
53 [6] and Cross-Stage Partial Network (CSPNet) [7] (Fig. 2).

DarkNet 53 consists of 53 convolutional layers mainly with 3 x 3 and 1 x 1
filters along with shortcut connections. The DarkNet 53 model is initially pretrained
onImageNet [8] dataset. This pretrained model extracts both low- and high-frequency
details from the input image. The CSPNet helps in efficient feature extraction while
reducing the amount of computation. The CSPNet follows an architecture as shown
in Fig. 2. The output from the CSPDarkNet 53 is given as the input to the Dense
Connection (DC) block [9] with four dense units consisting of 3 x 3 and 1 x 1
densely connected convolutional layers as shown in Fig. 1. The DC sequentially
expands the feature maps to 256, 512, 512, and 512, respectively. This strengthens
the feature extraction, and these feature maps are concatenated to form 2304 feature
maps. The final output DC block is reduced to 1024 channels using a convolutional
layer with a kernel of size 3 x 3.

In the proposed method, the Spatial Pyramid Pooling (SPP) block [9] forms the
neck of the detector. It comprises three max-pooling layers for the concatenation of
local region features that are extracted and converged by multi-scale pooling. In order
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to reduce the number of input feature maps from 1024 to 512, the 1 x 1 convolution
is adopted before the pooling layer. The bounding boxes and corresponding class
probabilities are finally predicted in the object detection block, in which the high-
resolution output feature maps from DC block are reconstructed and concatenated
with the low-resolution feature maps of the SPP block.
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Our model makes predictions on three sets of feature map sizes. That is when an
input of 416 x 416 is given that the detection layer makes predictions on feature maps
of sizes 13 x 13,26 x 26, and 52 x 52. Primarily, the backbone downsamples the
input image by a scale of 32. Further, layers are upsampled by up-sampling factors
2 & 4 respectively, and concatenated with feature maps of previous layers having
identical feature map sizes. Finally, detections are made on all three scales using the
detection layer. At each scale, each of the cells predicts three bounding boxes using
three anchors, making the total number of nine anchors. For the better recognition of
small objects, the optimal hyperparameters for the network were selected by using
genetic algorithms. It is an optimization technique which follows the concept of
survival of the fittest. For example, we select 100 sets of hyperparameters randomly.
Then, we use them for training 100 models. Later, we select the top ten performed
models. For each selected model, we create ten slightly mutated hyperparameters
according to its original. We retrain the models with the new hyperparameters and
select the best models again. As we keep the iterations, we should find the best set of
hyperparameters. In addition to this, our model used the Mish [10] activation function
for the CSPDarkNet 53 backbone and detector block. Previous studies show that Mish
outperforms the conventional activation functions like ReLU. It is mathematically
defined as:

f(x) = x xtanh(In(1 + ¢)) (1)

2.2 Dataset Description

For the proposed model, we used the VisDrone 2020 Object Detection Challenge
[11] dataset. The challenge was in conjunction with ECCV—European Conference
on Computer Vision—2020 workshop: “Vision Meets Drone: A Challenge”.

The benchmark dataset consists of 10,209 static drone images (6471 for training,
548 for validation, and 3190 for testing) with more than 2.6 million bounding boxes of
ten classes: car, van, bus, truck, pedestrian, person, motor, bicycle, awning-tricycle,
and tricycle.

2.3 Experimental Setup

We used 24,000 steps to train the model. The step decay learning rate scheduling
strategy is adopted with an initial learning rate of 0.01 and a multiplication factor
of 0.1 at the 19,200 steps and the 21,600 steps, respectively. For training, we used a
batch size of 64 and an image size of 1024 x 1024. For testing, batch size of 1 and
the image size of 1664 x 1664 were used. Tesla P100 GPU using DarkNet library
was used for the whole experiment.
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3 Evaluation

3.1 Evaluation Metrics and Loss Function

As illustrated in Fig. 3, precision, recall, and IoU, Intersection over Union, can be
used for evaluating an object detection model. IoU loss is used as the loss function,
which takes into consideration the area of the predicted bounding box (BBox) and
the ground truth BBox. This idea was improved furthermore by GloU—Generalized
Intersection over Union—Iloss, in which we find the smallest area BBox that can
simultaneously cover the predicted BBox and ground truth BBox and use this BBox
as the denominator to replace the denominator originally used in IoU loss. This will
include the shape and orientation of an object in addition to the coverage area.

The mean of the average precision (mAP) is used for the evaluation. Specifically,
AP, APIoU = 0.50, APIoU = 0.75, ARmax = 1, ARmax = 10, ARmax = 100, and
ARmax = 500 metrics were used to evaluate the results of detection algorithms as
described in Table 1.

All metrics are computed allowing for at most 500 top-scoring detections per
image (across all categories). These criteria will penalize the missing and duplicate
detections of the objects.

=
it

Area of Intersection
loU =

Precision s ————mmmmo— Recall =

Fig. 3 Illustration of precision, recall, and intersection over union

Area of Union

Otject

Table 1 Evaluation metrics used for the VisDrone object detection challenge

Measure Perfect (%) | Description

AP 100 The average precision overall ten IoU threshold values (i.e.,
[0.5:0.05:0.95]) of all object categories

APIoU =i | 100 The average precision overall object categories when the loU

overlaps with ground truth are larger than i, for i = 0.50 and 0.75

ARmax =; | 100 The maximum recall given j detection per image, for j = 1, 10,
100, and 500
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4 Result

4.1 Result Analysis

The proposed method was efficient in recognizing very small objects like pedes-
trians and occluded objects in the images and achieved an mAP score of 22.7 in the
VisDrone object detection evaluation metrics.

Figure 4 shows an example of the detection result from the model. The benchmark
mAP score for the object detection challenge was 7.88, and we obtained comparable
results with the top-performing teams as depicted in Table 2. DroneEye2020 which
is a three-stage detector based on Cascade R-CNN was the top-performing model
with a mAP score of 35.57. Our result can be further improved by using an ensemble
of the top-performing feature extractor models like CSPDarkNet 53, ResNeSt 101
[12], and HRNet-W40 [13]. Also, by increasing the image size from 1024 x 1024
to 1664 x 1664 during the training will result in better model performance. But, this
will compromise the computational costs.

Fig. 4 Detection result from our model

Table 2 Performance

. Team Method mAP
comparison of our proposed

method Team 1 DroneEye2020 34.57

Team 2 TAUN 34.54

Team 3 CDNet 34.19

Our team YOLO v4 22.70
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5 Conclusion

In this paper, we proposed an object detection model based on YOLO v4 for the small
object detection in satellite and drone images. Since the images are captured from
very high altitudes, the network parameters of our model were optimized to recognize
very small objects. Genetic algorithms were used for this purpose. Additionally,
Mish activation function was used for better performance. The proposed method has
achieved comparable results with top-performing teams in VisDrone 2020 object
detection challenge and obtained an mAP score of 22.70.
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U. Sanood, M. Sandeep, Aaron Bapista, C. G. Suresh Nair, M. J. Lal,
and S. R. Biju

Abstract PS4-Orbital Platform (PS4-OP) refers to a novel idea by ISRO (Indian
Space Research Organisation) to use the spent PS4 stage (fourth stage of PSLV) as a
three-axis-stabilized platform for small scientific payloads to carry out in-orbit scien-
tific experiments for an extended duration of 4-6 months. The PS4 stage has standard
interfaces and packages for power generation, telemetry, tele-command, stabilization,
orbit keeping and orbit maneuvering. The scientific community/research organiza-
tions can design the scientific payload and utilize the OP interfaces offered by spent
PS4 stage for powering, data management and specific experimental requirements.
In short, ISRO is extending its expertise in space technology to the scientific commu-
nity as a platform to design, develop and validate their experiments in an effective
manner.

Keywords Orbital Platform - Attitude control -+ Thrusters

1 Introduction

With increasing demand for carrying out scientific experiments in outer space, ISRO
aims to convert the fourth stage of Polar Satellite Launch Vehicle (PSLV) into an
Orbital Platform. PS4-Orbital Platform (PS4-OP) is a novel concept by ISRO to
use the spent PS4 stage for an extended duration of 4-6 months in a Low Earth
Orbit, which otherwise would end up as space debris immediately after the mission
objective.

The Orbital Platform has standard interfaces and packages for power generation,
telemetry and tele-command. Power is generated using flexible solar panel mounted
around PS4 propellant tank in line with any large-scale satellite. An independent
Navigation, Guidance and Control (NGC) chain with dedicated avionics and cold
gas Reaction Control System (RCS) thrusters are used to stabilize the platform in 3
axes. The left out Helium gas pressurant in the pressure vessel after the main mission
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is used as the working medium for the cold gas thrusters. PS4-Orbital Platform NGC
chain would be activated after the completion of the main mission objectives.

Orbital Platform supports different functional modes, namely “Sun pointing,”
“Earth pointing” and “Desired attitude,” which can be configured through tele-
command (commands issued from ground stations). By default, PS4-OP will be
in “sun pointing” mode, with solar panels oriented toward the sun for effective
power generation. As per the PS4-OP mission requirements, any axis of PS4-OP
can be aligned toward earth (Earth pointing mode) or PS4-OP can be oriented to any
desired attitude as per the requirement of the scientific payload if any.

The advantage of this concept is that scientific community/research organizations
can design the experimental payload utilizing the standard interfaces of Orbital Plat-
form, without being concerned about requirements like power, Navigation, attitude
control, data management and specific requirements including tele-command. The
turnaround time in this scenario for the scientific payloads would be less, reduce costs
and gives more emphasis on the scientific experiment rather than auxiliary needs for
the payload sustenance in space. In short, ISRO is extending its expertise in space
technology to the scientific community as a platform to design, develop and validate
their experiments in an effective manner, which otherwise could have been possible
only through dedicated nano/micro satellite missions [1, 2]. PS4-Orbital Platform
thus eliminates the extra efforts, cost and time required for customers to convert their
payload into individual satellites.

In a phased manner, the various features of the OP conceived were demonstrated.
As part of demonstration of the concept, the spent PS4 stage was maintained for 10
orbits as a stabilized platform in PSLV-C38 mission. In 2nd phase of the Orbital Plat-
form experiment, power generation through solar panel, telemetry and data downlink
for the payloads housed in OP had been demonstrated in PSLV-C45 mission. Data
from three scientific payloads were available for duration of 2 months. As 3rd phase
of the Orbital Platform experiment, it is planned to demonstrate the three-axis atti-
tude stabilization and tele-commanding capability, in one of the immediate PSLV
missions.

The rest of the paper is organized as follows. Section 2 discusses the configuration
of the Orbital Platform. Section 3 discusses the details of 2nd phase of PS4-OP
experiment. Opportunities for future work and concluding remarks are presented in
Sect. 4.

2 Sub-system Configuration

Following are the major elements of the Orbital Platform:

NGC System

Attitude control system

Power system

Telemetry and Tele-command system.
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2.1 NGC System

The PS4-OP Avionics configuration is planned as a separate independent system
without affecting the functional NGC chain. This is done to ensure that failure of
PS4-OP elements is not propagated to functional NGC System. PS4-OP Avionics
is configured as a single chain configuration, with all associated elements intercon-
nected through an exclusive MIL 1553 bus (Fig. 1).

Indigenous Vikram 1601 based Mission Computer is used as the bus controller, and
does the function of Navigation, Guidance and Control which are executed in required
periodicity for the attitude stabilization and pointing requirements demanded by the
payload.

Exclusive NavIC (Navigation using Indian Constellation) Receiver provides the
NavIC/GPS (Global Positioning System) based position information to Mission
Computer. Rates are provided by MEMS Rate Gyro package. In addition, abso-
lute attitude information is derived using 4 No’s of Micro Coarse Analog Sun sensor
(MCASS) and a Magnetometer. The analog outputs of MCASS and Magnetometer
are acquired through Data acquisition unit with Sigma-delta Analog to Digital
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Receiver Power Unit
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Fig. 1 PS4-OP NGC architecture
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Fig. 2 Software overview

Convertors. 4 Nos of MCASS sensors are mounted to get the full coverage of the
sun in any orientation. Each MCASS sensor has a range of £ 60°.

Navigation software computes the current orientation from Sun sensor, magne-
tometer and rate data, using a 6-state Kalman filter. This configuration can ensure
pointing accuracy within = 1° during sunlit period and =+ 5° during eclipse (or best
possible) and variation in rate within 0.5°/s during stabilized regime.

Guidance software generates desired attitude commands using Navigation inputs
as required by respective operational mode.

Digital Autopilot software is to stabilize the attitude against disturbance and
track the vehicle in the required orientation as per operational mode. It operates in
different modes: 1. Pulse Width Modulation (PWM) 2. Pulse Width Pulse Frequency
Modulation (PWPFM) (Fig. 2).

2.2 Attitude Control System

The 3-axis attitude stabilization (Pitch, Yaw and Roll) for this Orbital Platform is real-
ized through a separate control power plant which is independent from the primary
mission. 8 nos of 1 N Helium Cold gas thrusters operating in pulse mode is chosen
as control power plant for Orbital Platform. The lifetime of the platform is limited by
the quantity of Helium gas left out after the primary PS4 stage operation. Thrusters
are assembled around the Vehicle Equipment bay, using additional brackets (Fig. 3).
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2.3 Power System

The PS4-OP Avionics packages are powered by Flexible Solar Panel (FSP) in
conjunction with S0AH Li-ion battery in battery tied configuration. Power condi-
tioning unit housing the necessary circuits to interface the Solar panel, battery,
packages and payloads (Fig. 4).

The solar panel for PS4 stage is designed as a flexible Carbon Fiber Reinforced
Plastic (CFRP) laminate. The laminates are assembled as two separate halves around
the PS4 tank. The laminates are mounted on CFRP sandwich ribs that bridge the fore
end and aft end flanges of the PS4 propellant tank. The FSP laminate is fabricated
using composite structures. Each laminate is mounted on 5 nos. of CFRP sandwich
ribs.

The proposed power generation scheme was implemented in PSLV-C45. As 1/3rd
area of solar panel is only exposed to sun at any instant, the power generated is limited
to 180 W, out of which 60 W is used for recharging the battery drained during eclipse
period. A deployable solar panel configuration is also being studied to enhance the
power generation constraint experienced presently. In future, it is planned to have a
deployable solar panel for more power generation.

Fig. 4 Solar panel e

configuration Fore End 4 f /\
Bracket
Flexible
Solar Panel
Sandwich

Ribs

Aft End Bracket
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2.4 Telemetry and Tele-Command System

S-band Digital Turbo coded Telemetry transmitter of 0.5 W power output with
OQPSK modulation with data rate of 1Mbps is used as exclusive telemetry trans-
mitter for PS4-OP. The Tele-command (T/C) function is realized through S-Band
T/C receiver and Telemetry and Tele-command Processing Unit (TTPU) package.
S-band T/C Receiver is with a data rate of 4kbps and uses FM/PSK demodulation to
get the CCSDS T/C messages. Onboard data storage and playback for housekeeping
data and payload data is implemented through TTPU using NAND Flash memory,
which can be configured for multiple storages and playback through tele-commands.

3 Results of PS4-OP 1st and 2nd Phase Experiments

3.1 Maintaining the PS4 Stage for 10 Orbits in PSLV-C38

After the separation of all satellites, PS4 stage of PSLV-C38 vehicle was maintained
in a 350 km SSO (Sun Synchronous Orbit) orbit for 10 orbits using dedicated Li-ion
batteries. PS4 stage was 3 axis stabilized and was rolled so as to point a hypothet-
ical/dummy payload toward earth. The only difference compared to normal mission
was that the 3-axis stabilization was carried out by using 50 N bi-propellant thrusters
operated in PWPFM mode control scheme.

The health of all propulsion and control system elements were normal throughout
the experimental phase. As expected, battery voltage gradually reduced from 29.9 to
27.1 V. Minimum and maximum temperature measured on the battery was 14 and
27 °C.

3.2 Solar Power Generation for PS4-OP in PSLV-C45

The proposed power generation scheme was implemented in PSLV-C45 launch
vehicle with flexible solar panel. In addition to the wrap around solar panel, addi-
tional power conditioning package was also added on to the Equipment Bay of
PSLV-C45 vehicle. Spent stage of PS4 of PSLV-C45 was in 485 km SSO orbit. The
power generation system generated 180 W of power when illuminated in the intended
orientations. This was conditioned and used to charge onboard batteries which in turn
powered the PS4-OP.

PS4-OP-C45 carried onboard 3 scientific payloads namely, 1. AIS (Automatic
Identification System) from SAC/ISRO, used for maritime satellite application,
where AIS messages from ships are collected and sent back to ground station,
2. APRS (Automatic Packet Repeating System) from AMSAT, India, used to
assist amateur radio operators in tracking and monitoring, and 3. ARIS (Advanced
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Fig. 5 a APRS payload b ARIS payload
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Retarding potential analyzer for Ionospheric Studies) from Indian Institute of Space
Science and Technology, used for the structural and compositional studies of
atmosphere (Fig. 5).

All the three payloads were qualified and acceptance tested to environmental
test levels specified for PSLV, which included thermal, thermo-vacuum, vibration
and shock tests. Passive thermal management using multi-layer insulator (MLI) and
plasmask was employed for this mission. The minimum and maximum ambient
temperature observed was in the order of — 18 to + 120 °C. All the three payloads
were found to function normally as indicated by the telemetered data (Fig. 6).

4 Conclusion

With PS4-Orbital Platform, ISRO aims to provide scientific community and enthusi-
astic young students the opportunity to carry out their experiments in space. Payload
avenues in space are unending, and ranges from Microgravity experiments, Robotic
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arm/Smart Space robot technology demonstration, Rendezvous and docking exper-
iments, Small satellites technology development, New communication technology
development, Low cost platform for testing Inflatable systems. Though PS4-OP plat-
form can be configured to mount payloads with different dimensions, it is preferred
to have dimension in standard 1U/2U/3U sizes [3], with maximum payload weight
of 10 kg, and with a power requirement of less than 10 W, working with an input
voltage of 28 V. Passive thermal management is only planned for first mission of
PS4-OP.

4.1 Announcement of Opportunity (AO) for In-Orbit
Scientific Experiments on Orbital Platform (PS4-OP) [4]

Proposals are solicited from National/International Scientific Community for novel
space-based experiments to be configured in PS4-Orbital Platform. The AO has a
specific objective to invite important payloads for inclusion in the OP mission to
strengthen/complement the space-based research activities taking place in indus-
tries/academia. It assumes that there will be no exchange of funds under this activity
between ISRO and proposing teams.

4.2 Guidelines for Development of Instrument/payload

e Payloads are preferred to be in standard dimensions—1U/2U/3U sizes. Any
waiver for mechanical interface is to be obtained from ISRO prior to design
finalization.

e Payloads are preferred to have MIL grade components and D-type or circular
MIL connectors. Use of commercial/industrial grade components is subject to
satisfactory completion of specified acceptance tests.

e Payloads shall be qualified/acceptance tested to the environmental test levels
specified for PSLV.

e RF payload frequency/power and sensitivity shall be finalized only after payload
interference study with the existing RF elements in PS4-OP/passenger payloads.
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Abstract An Antenna Deployment System has become an essential component of
any pico- or nano-satellite design due to space constraints during launch. The Sanket
mission is a technology demonstration designed to be flown on the Indian Space
Research Organization’s PSLV Stage 4 Orbital Platform (PS4-OP) (Announcement
of opportunity for orbital platform. Indian Space Research Organisation, Bangalore
[1]) and aims to qualify the team’s Antenna Deployment System in Ultra High
Frequency band to a TRL-7 (Technology Readiness Level) in Low Earth Orbit (LEO).
Sanket, i.e. the complete system, comprises an ADS and an auxiliary system. The
purpose of the auxiliary system is to test the ADS on PS4-OP simulating a 1U CubeSat
mission life cycle and conditions. Sanket will be mounted on PS4-OP which remains
in LEO for around 6 months. Our Antenna Deployment System is developed as an
independent module that is compatible with standard CubeSat sizes 1U, 2U and 3U.

Keywords Antenna deployment system - CubeSat + PS4-orbital platform -
Student satellite - Technology demonstration - UHF antenna

Abbreviations

ADS Antenna Deployment System

AUX Auxiliary System

Downlink Signal transmitted from deployed antenna to ground station
EEPROM Electrically Erasable Programmable Read-Only Memory
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HM Health Monitoring

PCB Printed Circuit Board

Telemetry Signal transmitted from the antenna on PS4-OP

Telecommand  Signal transmitted to the antenna of PS4-OP

Uplink Signal transmitted from ground station to the deployed antenna

1 Introduction

“Sanket”, literally meaning “Signal” in Sanskrit, is the name of the mission to demon-
strate the ADS, designed and developed by IIT Bombay Student Satellite Program
for CubeSat applications. As the number of CubeSat missions in India continues to
grow, the need for indigenously developed, reliable communication systems become
more pressing. Various international firms manufacture and sell Antenna Deployment
Systems for CubeSat applications. However, these are associated with steep costs
and accessibility issues. The reliable power and telemetry subsystems of PS4-OP
provide the perfect opportunity to test the ADS. The payload is verified by estab-
lishing a half-duplex communication link between the deployed antenna and the
ground station. Post successful technology demonstration, technology will be trans-
ferred to the Indian industry to aid and promote future CubeSat missions in India as
an indigenous solution.

2 System Description and Methodology

2.1 Mechanical Structure

The ADS (Fig. 1) comprises an in-house manufactured antenna, support and interface
structures for the antenna, a deployment mechanism and a deployment detection
circuit. The antenna, made of stainless-steel tape spring, is rolled and held inside
the module with the help of a flexible PVC/PVA sheet. The retention and release
mechanism uses a nichrome burn-wire design that releases the stowed antenna by
thermally cutting a nylon thread held in tension connected to a flexible PVC sheet.
Deployment is detected using Single Pole Double Throw (SPDT) switch, one for
each pole of the dipole antenna. The ADS will be mounted on the AUX whose
structure is inspired by Advitiy (2nd Student Satellite of IIT Bombay) a standard 1U
CubeSat [2]. The structure is made by Al-6061 and the PCB is made of FR04.

The system design is carried out through an iterative process from making the
configuration layout to its CAD, simulating it and then manufacturing it for testing
and checking the manufacturability to resolve the concerns in the next iteration. Proto-
types and engineering models are manufactured for better visualisation and testing
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Fig.1 ADS

Table 1 System description Dimensions Mass (2)
ADS 98 mm x 98 mm x 74.90
8.6 mm
Sanket (ADS + AUX) 126 mm x 433 mm X 713.05
100 mm

purposes whereas Qualification Model and Flight Model are made for complete
rigorous testing and launch, respectively.

Static, harmonic, modal and random vibrations’ simulations are performed for
PSLV launch loads on the structure, and stress analysis is carried out. These, as well
as similar simulations for thermal analysis [3], are performed in ANSYS. These
simulations are done to ensure that the system is safe to fly on the PSLV and faces
no damage during the flight and later in orbit. The system mechanically integrates to
PS4-Orbital Platform through 8 M6 screws via the protrusions present on the lower
chassis (Fig. 2; Table 1).

2.2 Electrical Design

Sanket accommodates AUX, Communication and ADS PCBs (refer Fig. 2). The
system will electrically interface with the PS4-OP via D-connector to receive unreg-
ulated power of 28 V-10 W. The fluctuations will be mitigated by the EMI filter
(SVRMC(C28) and the voltage regulator (SVRHF283R3S) will step down the voltage
to a fitting 3.3 V to power the whole system. Current limiters (TPS7H2201-SP) are
used to avoid overcurrent damage of the components on ADS and Communication
PCBs and also act as controlled switches. The AUX PCB has a microcontroller called
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the AUX microcontroller (ATmegaS128) which is responsible for the scheduling of
tasks, communicating with the PS4-OP for telemetry and telecommand, collecting
HM data and enabling the power supply to the Communication and ADS PCB. The
collected HM data is stored on the EEPROM (AT69170F). When scheduled, the
ADS PCB would use the buck converter (TPS-50601A-SP) to regulate the voltage
received from AUX PCB and heat the nichrome wire which would thermally cut
the nylon wire to deploy the antenna. All the PCBs are designed on EAGLE with
dimensions 92 mm x 92 mm. The flight codes are being written using Atmel Studio
and are simulated on Proteus. Version control is done using Git.

2.3 Communication Design

A single deployable dipole antenna designed to work in UHF band (435438 MHz)
will be used to communicate with the ground station. The UHF band requires small
antenna pole length and hence is ideal for CubeSat use. Antenna is designed and simu-
lated in HFSS software and optimized for minimum S11 in the required frequency
band. Tapered traces on ADS PCB ensure impedance matching between the antenna
and the feed. The Communication PCB is responsible for RF communication. A
single transceiver (CC1125), programmed by the communication microcontroller
(ATmegaS128), will handle both the uplink as well as the downlink channel. The
communication microcontroller will also collect the HM data from AUX microcon-
troller which will be transmitted along with the identity (name + callsign) as OOK-
modulated downlink. A high-power amplifier (CMX901) will amplify the downlink
signal before it is transmitted by the UHF dipole antenna. The GFSK-modulated
uplink commands received by the antenna will be amplified by a low-noise amplifier



Sanket—Technology Demonstration of Antenna Deployment System ... 91

(MAAM-011229) before being demodulated. The switching of signals between the
uplink and downlink channels will be done by a high-power switch (HMC574A).
The design development will proceed in the following order:

Prototype > Engineering Model > Qualification Model (QM) > Flight Model (FM)

A prototype is made to prove the concept, engineering model is a working system
with cost components; qualification model and flight model will be made up using
the space-grade components. The design process followed by the team is based on
the V-model derived from the principles of Systems Engineering. All requirements
on every subsystem are listed, and a checklist or a set of test cases to qualify the
requirements is prepared to use at each development stage for Quality Assurance
(QA). An Interface Control Document (ICD) is maintained which defines how all
parts integrate into the final design. Failure Mode and Effect Analysis (FMEA) is
performed for the system to eliminate and reduce failures.

3 Analysis

Electrical components need to be shielded from ionizing radiation. For this, simu-
lations were performed on SPENVIS and it was decided to cover the system with
panels of 3-mm thickness to effectively reduce the effects on crucial electronics.
Fixtures are designed to facilitate the integration of SANKET and ADS.

Bolt preload study is done to find fasteners and the optimal preload (torque) that
should be applied to screws, nuts and bolts to reduce the chances of failure at all the
joints. The AUX and communications PCBs are fixed, one from above and one from
below (refer Fig. 2) to tackle integration constraints.

All the electrical components selected are of space-grade qualification and
radiation-hardened or having space heritage with an operating temperature range of
—55to 125 °C, selected after considering power requirements and efficiency param-
eters in accordance to the power budget. All on-board decisions will be made by
the AUX microcontroller, including switching between uplink and downlink. High
power switch will be used to facilitate this switching between uplink and downlink
channels instead of a circulator because the circulator has larger dimensions and
more weight. Health monitoring data will be collected and analysed on-board at
regular intervals so that any unusual voltage or current values can be detected imme-
diately. Apart from this, all the data will be stored and sent through PS4 telemetry for
future analysis. HM data received through downlink will be cross-checked with the
data received through telemetry to ascertain the functioning of the deployed antenna.
OOK modulation has been chosen for downlink since it has the best signal to noise
ratio (least required threshold) out of all the modulations. GFSK will be used for
uplink modulation as it provides higher data rates with a better noise immunity and
moderate signal to noise ratio requirement. The uplink and the telecommand can



92

Table 2 Structural simulation results
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Static (Max. | 1st Harmonic Random vibration

stress in Frequency | (Max. stress | (Max stress MPa)

MPa) (Hz) in MPa) x-axis y-axis z-axis
Components | Bottom cage | PCB Support rail | Bottom cage | Bottom cage | PCB
Operational | 275 90 (min.) | 275 275 275 120
limits
Simulation 11.49 252.76 5.22 29.45 32.18 54.63
results
FOS 23.93 - 52.68 9.34 8.55 2.20

be used to disable or restart the Sanket. Also, provision for an uplink command
for verification of uplink has also been made. Acknowledgement of the instructions
uplinked will be taken in telemetry to test uplink.

The team has a dedicated Ham team and a ground station segment which has
developed expertise in satellite tracking through regular satellite tracking sessions.
The team receives and processes downlink data received from the satellites.

4 Results and Discussion

4.1 Structural Simulations

In order to investigate the structural safety of Sanket during the launch, equivalent
(Von-Mises) (denoted by E) stresses from various types of simulations are checked.
The factor of safety (FOS) is calculated for every part of the system from ANSYS
simulation results (Table 2).

Thermal Simulations Result—Simulated a simplified model of Sanket on
ANSYS for one orbit period. Over the time period, the maximum temperature of
79.362 °C was recorded on the C-Shaped sub-chassis and the minimum tempera-
ture of — 85.402 °C was recorded on the antenna. High-power amplifier, EMI filter
and voltage regulator are the most critical components in the system which radiated
maximum thermal radiation.

4.2 Deployment Tests

These tests were done on the acrylic prototype of ADS (refer Fig. 3a, b) in order to
find the range of current across the nichrome wire that would ensure the cutting of
nylon wire in around two seconds. A digital power source was used to generate a
potential difference between the ends of nichrome wire which is 32 AWG and 1.5 cm
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b

Fig. 3 a Before deployment b Post deployment

in length, and the test was concluded under 4 V. When tested in room temperature,
it is observed that the time to break the nylon thread is less than 2 s when the current
in nichrome is around 1.2 A. At this current, the temperature of nichrome reaches
more than 200 °C which is significantly higher than the temperature of PS4-OP
during launch. This ensures that thermal cutting is not initiated automatically, due
to unexpected temperature variations of the system. Double-stranded braided nylon
was tested which showed improved strength and similar thermal cutting time as
compared to its single-stranded counterpart. A better alternative for nylon, Vectran,
will be used for further tests.

4.3 Antenna Simulation

Modelling of antenna was done in HFSS-15 by assuming the PS4-OP as a hollow
aluminium cylinder of radius 1 m, length 2 m and thickness 0.2 m. The CubeSat
was modelled as a 1U hollow aluminium box and placed on one of PS4-OP’s flat
surfaces. The dipole antenna’s poles are modelled as stainless-steel strips with width
6 mm, thickness 0.1 mm and variable length (to be optimized) (Figs. 4, 5 and Table
3).

One pole of the dipole antenna is grounded and the other pole is the feed. The
PS4-OP is taken as the ground. It was observed that in all the cases, the radiation
pattern is asymmetrically skewed towards the direction of the feed pole. The most
favourable S11 (lowest) and radiation pattern (high gain and high beamwidth) were
obtained for pole length = 184 mm.

5 Conclusion

Antenna simulations show that the radiation pattern gets highly distorted due to the
large metallic body of PS4-OP. The gain of the antenna is significantly higher than
the conventional dipole antennas making the radiation pattern directive. This puts



94

K. Jagdale et al.
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Table 3 Simulation for pole length
Pole length | S11 at 437 MHz | Freq of min | Min S11 (dB) | Max gain (dB) | HPBW
(mm) (dB) S11 (MHz) (degrees)
180 — 18.83 456 —31.82 4.45 75.46
182 —23.38 447 —40.29 4.47 73.53
184 — 2847 442 —34.85 4.57 72.47
186 —25.41 432 — 26.66 4.49 75.24

the requirement of precise control on the platform for continuous signal reception.
Due to the unavailability of anechoic chambers, it is decided to measure the radiation
pattern in open ground to minimize the inaccuracy due to signal absorption.
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The deployment test shows that the deployment time is less than 1 s at room
temperature, but it increases as the surrounding temperature decreases. This encour-
ages the necessity of deployment testing at different temperature and pressure condi-
tions. Following this need, manufacturing of vacuum chamber has been started. The
structural simulations indicate that every mechanical component has FOS > 1.5. The
mission is at a stage where the design is finalized and component level testing has
started according to the V-model design approach.

The reliable power and telemetry subsystems of PS4-OP provide the perfect oppor-
tunity to test the ADS for different communication modes. The telemetry will help
to closely monitor the system status even if the deployment is failed. This gathered
data of system status will be crucial for future missions.
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Abstract Following the Indian Space Research Organisation’s (ISRO) novel idea
of using the spent PS4 stage of the PSLV as a platform for scientific experiments and
technology demonstrations, a unique opportunity has been created to develop and
test small-satellite subsystems and instruments as PS4-OP (PSLV 4th Stage Orbital
Platform) payloads, prior to the launch of the small satellite itself. The PILOT (PS4
in-orbital OBC and TTC) payload has been developed with an engineering objective
of flight qualifying the in-house developed small-satellite subsystems, which are the
OBC (On-Board Computer) and TTC (Telemetry and Telecommand) subsystems.
The PiLOT payload also contains a RADFET (Radiation Field Effect Transistor)
sensor for monitoring radiation dosage. Mapping the temporal and spatial distribution
of the radiation dosage will help improve the understanding of the space weather in
the low earth orbit. This paper describes in detail the development of the PILOT
PS4-OP payload including a description of the different subsystems of the payload,
which are the RADFET sensor board, the OBC, the TTC board, and the PS4-OP
interface board. The paper concludes with a description of the integration, testing
methodology, and the current developmental status of the payload.
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1 Introduction

Recently, the Indian Space Research Organisation (ISRO) released an announcement
of opportunity inviting proposals to develop payloads that can be tested on the PS4-
Orbital Platform (PS4-OP) [1]. This platform is a novel idea formulated by ISRO to
use the spent fourth/final stage of the Polar Satellite Launch Vehicle (PSLV)), called
the PS4, to conduct in-orbit scientific experiments. Conventionally, the final stage of
typical launch vehicles is rendered useless after the completion of the mission, acting
as space debris till their re-entry burn. By re-purposing the spent PS4 stage as an
orbital platform that can provide a payload with power, a communication interface,
attitude stabilization, and control, ISRO has provided a unique opportunity to develop
payloads that can perform in-orbit experiments, while remaining fixed to the PS4-OP
[2]. Previously, three PS4-OP payloads have been tested in the orbital platform of the
PSLV-C45 (launched in April 2019) which includes the Advanced Retarding Poten-
tial Analyzer for Ionospheric Studies (ARIS) developed by IIST [3]. According to
the Announcement of Opportunity (AO) released by the ISRO, the mass of PS4-OP
payloads must be less than 10 kg, with a volume of 1U/2U/3U and power consump-
tion of less than 10 W. These constraints are especially suitable for small-satellite
subsystems as their mass, power, and volume requirements lie in these ranges. Thus,
using the PS4-OP, critical small-satellite subsystems, as well as science payloads, can
be tested prior to the small-satellite launch which will help characterize and qualify
these subsystems. Th