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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

ix



x Preface

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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Payload Design for Small Satellites



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

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 PS4OP programme. It is being 
developed as per PocketQube standard with 2P (50 × 50 × 114 mm3, ≤ 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 Atmega1284p 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.I.E.I.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 

• 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 PS4OP 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 

1. 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. 

2. 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. 

3. 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 

• 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. 

• 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. 

• 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 

• IXYS SM141K06L [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. 

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

• For BeliefSat-1 [9], Atmega1284p 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. 

• 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 

HMC5833L 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 lx with resolution of 0.0036 lx. 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



Designing BeliefSat-1: An Open-Source Technology Demonstrator … 9

Fig. 1 Top 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 

Fig. 4 Long side PCB 

Fig. 5 Main board PCB
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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. × 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 

Fig. 8 Radiation pattern 

3.6 Link Budget 

See Table 2.



Designing BeliefSat-1: An Open-Source Technology Demonstrator … 13

Table 2 Link budget 

Parameter Value Reason/Remark 

Assumed orbit height 550 km PS4OP range 500–700 

Minimum elevation above horizon for 
tracking 

15° High rise buildings in urban areas 
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 
the distance of slant range 

148.9 dB Used AMSAT link budget calculator 
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 5 dB Estimated 

Satellite antenna gain 2.4 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 − 125.4 dBm Not including pointing losses and 
polarization losses 

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

LNA gain 22 dB Using LNA4ALL COTS LNA in 
70 cm 

Losses due to connectors and cables at 
ground station 

5 dB Estimated 

Filter insertion losses 5 dB 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 − 115 dBm 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. 

Fig. 9 Main PCB top and 
bottom side 

Fig. 10 Long and short side 
with components
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Fig. 11 Top and bottom 
PCBs with components 

Fig. 12 Assembled view of 
the proposed design 

Fig. 13 Modal frequency 
analysis
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Fig. 14 Static simulation 
FEA 

Table 3 Total modal 
displacement 

Frequency Participation 
X 

Participation Y Participation Z 

Mode 1: 
910.4 Hz 

0.0003 0.0004 5.45810014 

Mode 2: 
1013 Hz 

0.0026 0.0002 0.065900001 

Mode 3: 
1088 Hz 

2.89420001 0.0041 3.13329995 

Mode 4: 
1096 Hz 

1.94109995 0.0023 4.49180007 

Mode 5: 
1220 Hz 

0.0018 22.9580998 0.0004 

Mode 6: 
1268 Hz 

0.0181 0.0137 0.71510002 

Mode 7: 
1470 Hz 

0.0378 1.78859998 0.0073 

Mode 8: 
1510 Hz 

0.0028 31.1892003 0.0011 

Table 4 Static simulation 
with 100 N force along −z 
axis 

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 × 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



Testing and Qualification of RF MEMS Switch Demonstrator Payload … 21

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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Fig. 2 a Block diagram of the payload b photograph of RFMEMS-TD1

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 Ω 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-TD1 at various stages of assembly a power module integration 
b RF module assembly c 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 
statusSwitch output (V) Actuation status 

(V) 
Reference (V) DC–DC 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-TD1, 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 c 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 °C  to  + 70 °C, 2 cycles, dwell time 2 h 
+ 40 °C 2 h  

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 × 
10e−6 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 
CE03: 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. 

• 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.

• 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 
performance results 

Heading level Switch state Measured value 
(V) 

Acceptance 
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 28 V 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 

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 (1−10 kg), 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 × 300 × 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 × 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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Analysis and Testing of Space 
Electronics’ Package to Meet Launch 
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 grms 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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Fig. 2 FE model of assembly 

Table 2 Number of elements 
and element types 

Element type Number of elements 

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

Table 3 MOS calculation 

Sl. No. Loading direction von-Mises stress 
(MPa) 

Yield stress 
(MPa) 

FOS MOS 

1 X-direction 7.6 
(at capacitor lead) 

59 1.1 6.0 

2 Y-direction 11.3 
(at mounting bolt) 

241 1.1 18.3 

3 Z-direction 41.8 
(at mounting bolt) 

241 1.1 4.2
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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 (g2/Hz) are obtained (Fig. 5). 

Fig. 5 Probes used to extract random responses and acceleration plot
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Random vibration profile

                  Pre Random Sine sweep                                      Post Random Sine sweep 

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 

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:

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

• Generate bite signal at Ku-band for end-to-end evaluation of the radar system.
• 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.
• 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. 1 Block diagram and chain budgeting of transmitter module

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 

Sl. No. Parameters Specifications 

Transmitter 

1 IF input L-band 
(1.750 GHz ± 125 MHz) 

2 Input and output impedance 50 Ω

3 Input signal range − 28 dBm 

4 Tx nominal gain 30 dB ± 1.5 dB 
5 Phase noise − 75 dBc @100 Hz 

6 Harmonic level and spurious < − 50dBc 
(system requirement) 

7 Tx output power level 0 dBm  ± 1.5 dB 
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 0 dBm  ± 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:

• Generation of stable reference signal at 125 MHz with low phase noise.
• Clock for the processor module (1 GHz).
• 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:

• 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.

• 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.

Fig. 4 Block diagram and chain budgeting of receiver module 
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Table 2 Specifications of 
receiver 

Sl. No. Parameter Specifications 

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.

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 + 10 dBm 
± 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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Fig. 8 Power measurement of LO signal

Fig. 9 Phase noise measurement of LO signal
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Fig. 10 Power measurement of clock signal

Fig. 11 Gain measurement plot of receiver
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Fig. 12 Noise figure plot of receiver 

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.



Small Object Detection in Remote 
Sensing Images 

Melvin Kuriakose, P. S. Hrishikesh, Densen Puthussery, and C. V. Jiji 

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 

In recent 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 × 3 and 1 × 1 
filters along with shortcut connections. The DarkNet 53 model is initially pretrained 
on ImageNet [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 × 3 and 1 × 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 × 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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Fig. 1 YOLO model architecture

Fig. 2 CSPDarkNet 53 backbone

to reduce the number of input feature maps from 1024 to 512, the 1 × 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 × 416 is given that the detection layer makes predictions on feature maps 
of sizes 13 × 13, 26 × 26, and 52 × 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 ∗ tanh
(
ln

(
1 + ex

))
(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 × 1024. For testing, batch size of 1 and 
the image size of 1664 × 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 GIoU—Generalized 
Intersection over Union—loss, 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.

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

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

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



72 M. Kuriakose et al.

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 × 1024 
to 1664 × 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 
comparison of our proposed 
method 

Team Method mAP 

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. 

References 

1. Ren S, He K, Girshick R, Sun J (2017) Faster RCNN: towards real-time object detection with 
region proposal networks. In: IEEE transactions on pattern analysis and machine intelligence 

2. Liu W, Anguelov D, Erhan D, Szegedy C, Reed S, Fu C-Y, Berg AC (2016) SSD: single shot 
multibox detector. In: European conference on computer vision 

3. Redmon J, Divvala S, Girshick R, Farhadi A (2016) You Only Look Once: unified, real-time 
object detection. In: IEEE conference on computer vision and pattern recognition 

4. Bochkovskiy A, Wang CY, Liao H (2020) Yolov4: optimal speed and accuracy of object 
detection. arXiv:2004.10934 

5. Lin T-Y, Maire M, Belongie S, Hays J, Perona P, Ramanan D, Dollar P, Zitnick CL (2014) 
Microsoft COCO: common objects in context. In: European conference on computer vision 

6. Redmon J, Farhadi A (2016) YOLOv3: an incremental improvement. arXiv:1804.02767 
7. Wang C, Liao HYM, Wu Y, Chen P, Hsieh J, Yeh H (2020) CSPNet: a new backbone that can 

enhance learning capability of CNN. In: IEEE/CVF conference on computer vision and pattern 
recognition workshops 

8. Russakovsky O, Deng J, Su H, Krause J, Satheesh S, Ma S, Huang Z, Karpathy A, Khosla A, 
Bernstein M, Berg AC, Fei-Fei L (2015) ImageNet large scale visual recognition challenge. 
Int J Comp Vis 

9. Huang Z, Wang J (2019) DC-SPP-YOLO: dense connection and spatial pyramid pooling based 
YOLO for object detection. arXiv:1903.08589 

10. Misra D (2020) Mish: a self regularized non-monotonic activation function. arXiv:1908.086 
11. Zhu P, Wen L, Dawei D, Bian X, Qinghua H, Ling H (2020) Vision meets drones: past, present 

and future, arXiv:2001.06303 
12. Zhang H, Wu C, Zhang Z, Zhu Y, Zhang Z, Lin H, Sun Y, He T, Mueller J, Manmatha R, Li 

M. A. Smola.: ResNeSt: split-attention networks. arXiv:2004.08955 
13. Sun K, Zhao Y, Jiang B, Cheng T, Xiao B, Liu D, Mu Y, Wang X, Liu W, Wang J. High-resolution 

representations for labeling pixels and regions. arxiv.1908.07919

http://arxiv.org/abs/2004.10934
http://arxiv.org/abs/1804.02767
http://arxiv.org/abs/1903.08589
http://arxiv.org/abs/2001.06303
http://arxiv.org/abs/2004.08955


Orbital Platform and Payload Experiments



PS4-Orbital Platform: An Ideal Suite 
for Scientific Experiments 

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

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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Fig. 3 Cold gas thruster configuration 

2.3 Power System 

The PS4-OP Avionics packages are powered by Flexible Solar Panel (FSP) in 
conjunction with 50AH 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 
configuration 
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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 

Fig. 6 a 1st battery charging on exposure of solar panel b ARIS payload health monitoring 

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 

• 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. 

• 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. 

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

• 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 (g) 

ADS 98 mm × 98 mm × 
8.6 mm 

74.90 

Sanket (ADS + AUX) 126 mm × 433 mm × 
100 mm 

713.05 

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 
(SVRMC28) 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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Fig. 2 Sanket 

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 × 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 (435–438 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
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(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 
−55 to 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
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Table 2 Structural simulation results 

Static (Max. 
stress in 
MPa) 

1st 
Frequency 
(Hz) 

Harmonic 
(Max. stress 
in MPa) 

Random vibration 
(Max stress MPa) 

x-axis y-axis z-axis 

Components Bottom cage PCB Support rail Bottom cage Bottom cage PCB 

Operational 
limits 

275 90 (min.) 275 275 275 120 

Simulation 
results 

11.49 252.76 5.22 29.45 32.18 54.63 

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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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
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Fig. 4 3D radiation pattern 

Fig. 5 S11 plot 

Table 3 Simulation for pole length 

Pole length 
(mm) 

S11 at 437 MHz 
(dB) 

Freq of min 
S11 (MHz) 

Min S11 (dB) Max gain (dB) HPBW 
(degrees) 

180 − 18.83 456 − 31.82 4.45 75.46 

182 − 23.38 447 − 40.29 4.47 73.53 

184 − 28.47 442 − 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. The PiLOT mission is a PS4-OP payload developed indigenously 
by the Small-spacecraft Systems and PAyload CEntre (SSPACE) at IIST. The PiLOT 
mission aims to space qualify the in-house-built small-satellite subsystems, namely 
the On-Board Computer (OBC) and the Telemetry and Telecommand subsystem 
(TTC) subsystems. In addition to this, the PiLOT payload also contains a low-cost 
sensor for in-situ radiation dose monitoring. These subsystems are slated to fly on 
IIST small-satellite missions (such as the Ahan mission) in the coming years. The 
key specifications of the PiLOT payload are specified in Table 1, which are described 
in detail in this paper.

2 PiLOT Payload Design 

The PiLOT mission is developed in a 1U CubeSat form factor. The payload consists of 
four boards, the On-Board Computer (OBC), the Telemetry and Telecommand (TTC) 
Board, the RADFET board, and the PS4-OP interface board, which are connected 
to each other using the PC104 standard cubesat bus. The PiLOT payload requires a 
single 5 V supply input from the PS4-OP which is then converted to the different 
voltage levels internally, on the PS4-OP interface board. For sending telemetry data 
to the PS4-OP bus, an RS485 interface is provided. The TTC board has an RF output 
(SMA connector) that can act as a redundant mode of data transfer in addition to the
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Table 1 PS4-OP orbital requirements 

Dimensions and mass 130 mm × 100 mm × 100 mm (approx.), 1 kg 
(approx.) 

Power 2 W (Nominal), 7 W (during RF transmission) 

Science objective To conduct in-situ radiation dosimetry in the 
LEO (low earth orbit) using a power-efficient 
low-cost RADFET based sensor 

Technology demonstration objective To flight qualify functionalities of 
in-house-designed OBC and TTC 

Science instrument specifications Radiation dosage—0 to 100 KRad, 
Resolution—1 Rad 

OBC (On-Board Computer) board 
specifications 

Microsemi SmartFusion2 SoC FPGA, 8 Kb 
Flash Memory, 1 × 128 Gb SD Cards 

TTC (Telemetry and Telecommand) board 
specifications 

RF output power: 0.5/1 W, telecommand 
sensitivity: −120 dBm, frequency of operation: 
145.825 MHz

telemetry channel of the PS4-OP. Figure 1 shows the electrical block diagram of the 
payload, including power and data signals. A detailed description of the subsystems 
is given in this section. 

Fig. 1 a PiLOT system block diagram, b PiLOT outer structure, c PiLOT mission concept
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2.1 RADFET Board 

The PiLOT mission utilizes low-cost technology to conduct the radiation dosage 
measurement using a RADFET (Radiation Field Effect Transistor). This is a discrete 
p-channel MOSFET that is optimized for radiation sensitivity and can detect ionizing 
radiation such as gamma rays, x-rays, electrons, and high-energy protons. RADFETs 
have been previously used by organizations such as the European Space Agency as 
radiation dosimeters on various missions such as Nanosat-1B [4]. Through genera-
tion and trapping of radiation-induced charges in the gate oxide, radiation exposure 
changes the output voltage of the RADFET. The VT02 RADFET developed by 
Varadis is used for this mission and can measure a total accumulated dose from 
0 to 100 Krad [5]. The RADFET response is non-linear and a pre-recorded cali-
bration curve is used to read the dose. Figure 2b shows a calibration curve for a 
range of 0–100 kRad. The RADFET operates in two modes namely irradiation and 
read-out. In the irradiation mode, the RADFET measures radiation, and all termi-
nals of the RADFET are grounded. In the read-out mode, the current is applied to 
the RADFET and the voltage measurement is taken. A PCB has been designed in 
house (Fig. 2a) in order to implement the read-out circuit for the RADFET using a 
high-resolution ADC. Since RADFETs can measure doses between 1 cGy (1 rad) 
and 1 kGy (100 krad), using this ADC and low-noise circuit design and components, 
the board aims to provide a resolution of 1 Rad. The read-out is done by forcing 
a DC current (in the order of µAs for a fixed amount of time) into the device and 
measuring the DC voltage (in the range of 0.5 to ~8 V). A current source, switch and 
ADC is implemented on the RADFET board to implement this read-out circuitry. 
The read-out circuit is created by following the recommended guidelines according 
to the RADFET read-out circuit documentation as well as temperature compensation 
documentation provided by the manufacturer. 

Fig. 2 a RADFET board EM, b RADFET calibration curve (0–100 kRad)
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2.2 On-Board Computer 

The On-Board Computer is built around the SmartFusion2 M2S090 SoC (System on 
Chip) FPGA which incorporates ARM Cortex M3 microprocessor, SRAM (Static 
RAM), eNVM (electronic non-volatile memory), RTC (real-time counter), and 
various other features. Since the Microsemi SmartFusion2 SoC FPGAs and IGLOO2 
FPGAs are 65 nm, non-volatile, and flash-based FPGAs, they exhibit intrinsic robust-
ness against radiation-induced single event upsets. This is in direct contrast to SRAM-
based which exhibits single event upsets in the SRAM configuration memory that 
configures the function of logic cells and connects routing tracks together. This can 
lead to unpredictable behavior that can be very harmful to the small-satellite system. 
In order to demonstrate absence in configuration upsets due to radiation, Microsemi 
has conducted radiation testing on its M2S050 SmartFusion2 FPGAs. Forty-eight 
units of Microsemi M2S050 SmartFusion2 FPGAs were exposed to heavy ions at 
LET (linear energy transfer) levels up to 90.3 meV-cm2/mg, and no configuration 
upsets were detected in testing on a total of 48 parts in a total influence of 2.83 × 109 
heavy ions [6]. The OBC board requires a 3.3 V supply line to work and also includes 
one SD card slot, 64 Mb SPI-Flash, an ADC, an external processor supervisor circuit, 
and a 9-axis IMU (Inertial Measurement Unit). In order to make the SoC isolated 
from the other subsystems of the satellite, power and signal isolators have been used 
between the SoC and the other subsystems. Figure 3a shows the engineering model 
of the OBC developed, which is currently undergoing comprehensive performance 
tests to ensure robust functionality. Once the OBC’s functionality is verified, the 
IMU on the OBC will also undergo calibration. For the PiLOT mission, the IMU is 
used just to collect accelerometer, gyroscope, and magnetometer values for house-
keeping purposes. If similar telemetry values are also available from sensors on the 
PS4-OP, then the measurements of the OBC’s IMU can be validated by comparison 
during post-processing. The OBC is responsible for collecting housekeeping (HK) 
data from all subsystems and science data from the payloads. It is also responsible for 
running the flight software which will be described in detail in the next section. This 
OBC is an improved version of the previously designed OBCs developed at IIST 
for the INSPIRESat-1 and INSPIRESat-2 missions. These previous versions have 
successfully qualified TRL-8 status by completing the environmental tests (vibration 
and thermal-vacuum) as a part of the integrated satellites [7, 8].

2.3 Telemetry and Telecommand (TTC) Board 

The TTC board aims to provide a redundant scheme for downlinking telemetry apart 
from the PS4-OP’s telemetry. This board uses the low-cost VHF transceiver IC with 
an operating frequency range from 134 to 174 MHz. The board has configurable 
RF output power which can be set to 0.5 or 1 W, a data rate of 1.2 Kbps, and a 
Bit Error Rate (BER) of 10–5. Currently, for the PiLOT mission, only a telemetry
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Fig. 3 PiLOT OBC: a engineering model, b OBC block diagram

Fig. 4 PiLOT TTC: a engineering model, b TTC block diagram 

downlink is planned, but if required the TTC board also has telecommand reception 
capability with a sensitivity of −120 dBm. The board also contains a microcontroller 
that implements AX.25 framing and deframing and implements a UART (Universal 
Asynchronous Receiver Transmitter) communication protocol. The OBC can use 
these UART lines to send telemetry packets to the module as required (Fig. 4). 

2.4 PS4-OP Interface Board 

This board acts as an interface between the PS4-OP and the PiLOT payload. An 
RS485 telemetry interface is implemented, which is used to transfer data from 
the PiLOT payload to the PS4-OP’s data bus. These lines are passed through 
Opto-Isolators to ensure electrical isolation between the payload and the PS4-OP’s 
telemetry bus. The board also contains a power interface with the PS4-OP and requires 
a single 5 V line to operate. As shown in the block diagram in Fig. 5b, the 5 V supply is 
used to directly power the RADFET board and the TTC board. The PS4-OP interface 
board also contains a buck converter followed by an isolation circuit to provide 3.3 V 
for the OBC board. Lastly, the board also contains a subsystem that enables switches
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Fig. 5 PiLOT PS4-OP Interface Board: a engineering model, b block diagram 

and voltage-current sensors for the health monitoring of different subsystems. This 
board is planned to go through official reviews by the PSLV team to ensure that the 
power and data interfaces are compatible. Figure 5a shows the engineering model 
PCB of the PS4-OP adapter which is planned to be assembled and tested at IIST in 
the coming months. 

3 Flight Software and Payload Operations 

The flight software for the PiLOT payload is written in C as a sequential program. The 
C code runs on the ARM CortexM3 Microcontroller implemented in the Microsemi 
SmartFusion2 SoC (System on Chip) FPGA. The FPGA implements and inter-
faces with the RADFET board and the PS4-OP interface board. In addition to the 
peripherals for interfacing, custom-developed Verilog modules are also implemented 
in the FPGA, including a Watchdog Timer Handler, a Real-Time Counter, and a 
Launch Vehicle Telemetry Interface Handler. This section describes the sequence of 
operations of the flight software that is illustrated in the flowchart in Fig. 6.

When power is received from the PS4-OP, the OBC and the RADFET board are 
turned ON automatically. The power to the TTC board is controlled by the OBC using 
a switch, which is turned ON after completing the initialization procedure of the OBC. 
After power ON of the OBC, the initialization procedure takes place which includes 
initialization of the various memories, peripheral drivers, software parameters, and 
variables. After this, the program enters into an infinite while loop where different 
tasks are carried out sequentially by the scheduler. The flight software of the PiLOT 
mission doesn’t have an operating system and also doesn’t use any interrupts. The 
scheduler is implemented as a simple sequential C program, and the timing of the 
tasks is maintained using the Real-Time Counter (RTC) implemented in the FPGA. 
The first task executed by the scheduler is handling the external watchdog peripheral 
circuit, and this is done by “petting” the watchdog timer with a toggle signal every 
one second. This watchdog timer generates a reset to the OBC in case the flight 
software is stuck in some software routing. Following this housekeeping data from
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Fig. 6 PiLOT flight software flowchart

the OBC (On-Board Computer), the PS4-OP interface board, science data from the 
RADFET sensor board is collected using different peripheral interfaces. This data is 
then converted into a beacon packet following the CCSDS (Consultative Committee 
for Space Data Systems) packet format. Then, the data packet is transferred to the 
TTC board to transmit using the redundant VHF telemetry channel. The data packet 
is then stored in the non-volatile memory (SD Card/ Flash memory) of the OBC, 
and it is also read back from the memory to verify that it is working properly. Once 
the data packet is stored, it is copied to the launch vehicle telemetry handler Verilog 
module implemented in the FPGA. This module then sends the data packet to the 
PS4-OP telemetry channel following appropriate timing constraints. As mentioned 
previously, the OBC also has an external watchdog timer IC that triggers a power reset 
of the SoC in case of any anomalies. When such a reset happens, the continuity in 
value of certain flight software variables (such as Real-Time Counter value, number 
of boot-ups, etc.) needs to be maintained. This is done by regularly updating the RTC



Development of a PS4-OP Payload for Technology Demonstration … 105

value in the non-volatile memory of the OBC and reading back the values from the 
non-volatile memory during the initialization procedure. 

4 Testing and Integration 

Since all of the subsystems of the PiLOT payload are developed in-house, a rigorous 
testing mechanism has been adopted to ensure the reliable functionality of all subsys-
tems. This involves first testing the functionality of individual subsystems through 
comprehensive performance tests (CPTs). In order to conduct the CPT of the OBC 
and the FSW, the complete code for the sequence of operations was implemented and 
tested on the OBC. Similar tests were also conducted on the TTC board by sending 
beacon packets from the module and receiving them in the ground station at IIST. 
Similar tests are also being conducted for the RADFET board. Once the tests on 
the individual boards (called Unit Tests) are completed, interface tests are carried 
out between the different boards. Figure 7 shows the test setups of the OBC and 
RADFET unit tests as well as the interfacing tests between OBC-TTC and OBC-
RADFET. Once the interfacing tests are completed, the boards are integrated together 
on a lab bench, before integrating them into the mechanical structure. 

Figure 8 shows three plots from a 12-h (approx.) long CPT conducted on the 
OBC. During this test, the entire sequence of operations was run and a test packet 
was generated every 5 s that was collected in a check-out computer. In order to 
test the reset mechanism of the OBC, a special function was written which halts the 
flight software every 30 min (Fig. 8c), to trigger an “artificial” reset from the external 
processor supervisor circuit. The ability of the code to load the parameters correctly 
from the non-volatile memory (SD Card) after Power ON was tested. As shown in

Fig. 7 PiLOT Testing: a OBC unit test, b RADFET unit test, c OBC-TTC interfacing, d OBC-
RADFET interfacing 
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Fig. 8a, the value of the Real-Time Counter is increasing continuously throughout 
the test. This is because the variable parameters (such as the RTC value, reset the 
counter, etc.) are regularly stored in the non-volatile memory (SD Card). Once a 
reset happens, the value of the Real-Time Counter is read back from the SD card and 
updated to ensure that the continuity is maintained. In order to verify the functionality 
of the SD Card, a code was implemented on the SoC to successively write a unique 
data array to each of the sectors of the SD Card. The array is then read back and 
compared to the original array to check for any errors. If both the arrays are the 
same, the write-read-verify counter variable is incremented indicating that iteration 
of the SD card endurance test is completed successfully. As shown in Fig. 8b, 8000 
write-read-verify cycles were successfully conducted in a 10-h-long endurance test 
for the OBCv2. Further details of the testing and analysis are available in internal 
technical reports. Interfacing tests are currently being conducted between the various 
subsystems, which will be followed by long-duration tests and environmental tests.

5 Conclusions 

The PiLOT PS4-OP payload is designed primarily for a technology demonstration of 
subsystems slated to fly in future small-satellite missions. The engineering models 
of the subsystems (OBC, TTC, RADFET board) have been realized and are currently 
being integrated together. The key tasks remaining are the assembly of the payload 
and system-level long-duration testing. Currently, simulations for the vibrational 
and thermal-vacuum analysis are being done to make sure that the payload will be 
able to survive the environmental conditions. After this, the flight model will be 
fabricated and will undergo environmental testing including vibrational testing and 
thermal vacuum testing, before its expected launch in 2021. Successful demonstration 
of the PiLOT mission will aid the in-house-developed OBC, TTC, and radiation 
monitoring RADFET payload to reach TRL-9 status so that these can be used as 
reliable subsystems for future small-satellite missions.
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Design and Performance Validation 
of CETSAT Sensor Module Fabricated 
Using COTS for Low Earth Orbit 
Application 

M. Achath Vaishnav, S. Lakshmi, Pratyush Prakash, M. Gopal, Tony James, 
George Alappat, S. Adharsh, C. V. Jiji, Abhilash Suryan, R. R. Ajith, 
and Ranjith S. Kumar 

Abstract In this work, design, development and testing of a sensor module for 
small satellite application using commercial-off-the-shelf (COTS) components was 
performed in connection with the student satellite programme of College of Engi-
neering Trivandrum (CETSAT). Various initiatives to democratize space missions 
have been implemented all over the world. Indeed, COTS components are finding 
their way into small satellites lately as they lead to significant cost reductions and are 
easily available. It involves using industrial and automotive-grade electronics and 
other elements from nontraditional space markets. Such components are particularly 
useful in missions on a small-time frame or budget. Testing the space-worthiness and 
long-time durable data collection while in orbit of these COTS is an important prelim-
inary step to be carried out prior to the launch of a full-fledged satellite. The payload 
constructed by College Of Engineering Trivandrum is a sensor module composed of 
a 3-axis magnetometer with associated breakout board as well as four temperature 
sensors to obtain the attitude and temperature information, respectively. The deploy-
ment of the magnetometer also helps in confirming the effectiveness or lack thereof 
in the magnetometer-only approach. A ground station was designed and set up to
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receive data from the satellite module and calibrate its performance with the data 
obtained by the ground station of Indian Space Research Organization. The chosen 
sensors were passive sensors and it is hypothesized that such sensors have a lower 
chance of failure in the Thermovac and Vibration tests as well as in the Low Earth 
Orbit (LEO). The details of the design, fabrication and testing are presented in this 
paper and inferences of the performance of COTS sensors in simulated environments 
of LEO were made. 

Keywords Small satellite · COTS · LEO · Thermovac · Vibration testing 

1 Introduction 

CETSAT is the Student Satellite Project of College Of Engineering, Trivandrum. 
The government of Kerala, in 2016 sanctioned a new student satellite project for 
College of Engineering Trivandrum. This project aims to design, develop, fabricate 
and launch a nano satellite in association with ISRO and CET Centre for Interdis-
ciplinary Research (CCIR) is the nodal agency. CETSAT aims to achieve a series 
of student satellites, with each being more sophisticated and employing newer tech-
nologies than the predecessors. Over 10 student satellites have been successfully 
launched from India under the guidance of ISRO [1–3]. 

The use of commercial grade components in satellites especially gained trac-
tion in the late 2000s [4]. Swisscube, a small satellite developed by EPFL (Ecole 
Polytechnique Fédérale de Lausanne) space centre, was one of the earliest satellites 
made from commercial grade components which completed the mission parameters. 
Swisscube was launched in 2009 and had an expected life cycle of 3 months, and 
is still functional after 10 years [5]. COTS usage in satellites gained public atten-
tion when NanoSatisfi LLC, founded by three graduates from International Space 
University started a kickstarter in 2012 to put a nano satellite, ArduSAT in space by 
2013. ArduSAT was a nano satellite of size 1U, made from hobby kit components 
[6]. 

Raspberry Pi, another popular Single Board Computer (SBC), has been used in 
many nano satellites [7] and in some small satellites as the main control board such 
as the Autonomous Assembly of a Reconfigurable Space Telescope (AAReST)—a 
major satellite venture started in 2009 by California Institute of Technology (Caltech), 
the University of Surrey—Surrey Space Centre (SSC) and the Indian Institute of 
Space Science and Technology (IIST). The satellite is controlled by several Raspberry 
Pi Computer modules [8] and aims to build a large space telescope by a swarm of 
small mirror satellites. With the advancements in manufacturing processes, most 
commercial electronic components have small failure rates. A commercial grade 
component when shielded properly in a well-constructed satellite frame is less likely 
to fail as demonstrated by the success of ArduSAT and Swisscube missions. 

In the similar lines, many ventures and startups have started launching small 
satellites in India. SpaceShare is a joint initiative of ISRO and Exseed Space to provide
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free experimental space missions in order to encourage participation in India’s Space 
Programme. It aims at democratization of space by removing many technology, cost 
and time hurdles by hosting a shared platform for power and communications among 
various payloads. 

The SpaceShare programme is envisaged to launch payloads of ten organizations 
in a common bus at the Low Earth Orbit (LEO) with Polar Satellite Launch Vehicle 
Stage 4 (PSLV)-Orbital Platform (PS4-OP). The payload was among the ten payloads 
launched by various colleges, universities and NGOs in the SpaceShare mission. 
Utilizing this opportunity, students of College of Engineering Trivandrum (CET) 
designed and fabricated a module in house composed of COTS components to test 
their performance in LEO and to obtain valuable temperature and attitude information 
which will be useful for the design and development of the student satellite initiative 
of College of Engineering Trivandrum. In this paper, the design, analysis, fabrication 
and testing of electronic and mechanical components were discussed. 

2 Payload System Description 

The sensor module system details are detailed below. 

2.1 Payload Objective 

The broad objective of the CETSAT-SpaceShare payload (CSP) was to launch a 
sensor module with capabilities including temperature sensing, attitude information 
sensing and generation of a pre-programmed pulse signal. 

The specific objectives are enlisted below. 

(1) To design and develop a sensor module consisting of COTS components. 
(2) To gather scientific understanding in the various testing processes involved with 

space qualification of a satellite component and analyse data. 
(3) To obtain temperature and attitude information in orbit and to evaluate the 

quality of data received at the ground station. 

2.2 Orbit Specifications 

The orbit specified for the mission was the Low Earth Circular Orbit at an altitude 
of 400–500 km from sea level which is the same as that used by ISRO for PS4-OP.
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2.3 Payload Components 

The CSP was composed of the following sensor and controller components: 

(1) a tri-axial magnetometer (TAM) with associated breakout board, 
(2) temperature sensors (×4), 
(3) microcontroller with associated circuitry, as shown in Figs. 1 and 2. 

Four temperature sensors were installed to obtain data on the temperature fluc-
tuations in a LEO satellite so as to facilitate effective thermal designs from the 
ground simulations. The TAM was installed to measure the attitude of the satellite 
regardless of its orientation in space and to infer whether the error associated with 
the magnetometer-alone approach is within permissible limits. It was expected to 
change its direction rapidly enough to make the computation of its time derivative 
possible and these changes during the orbit are supposedly large enough to enable the 
determination of the three Euler angles. Both the sensors incorporated in the payload 
are passive in nature, i.e. the sensing element of both the temperature sensor and 
magnetometer are resistive. Generally, passive sensors are less prone to failure than 
active sensors. The communication between the components of the payload were 
according to the I2C (inter-integrated circuit) protocol and that between the payload

Fig. 1 Illustration of 
payload components and 
their connections
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Fig. 2 Top view of the payload

and the SpaceShare interface was according to the UART (Universal Asynchronous 
Receiver-Transmitter) protocol. 

Magnetometer. Magnetometer MAG3110 from Honeywell was chosen off-the-
shelf for the mission as it satisfied the major three requirements, digital measurement 
in three axes, availability of exclusive circuit board and power consumption within 
permissible limits (< 1 W). An additional breakout board from Sparkfun electronics 
was included with MAG110. It is a small printed circuit board (PCB) equipped with 
various electrical components to make the integration of various chip types easier. 
The module includes a state-of-the-art, high-resolution HMC118X series magneto-
resistive sensor, plus an ASIC containing amplification, automatic degaussing strap 
drivers, offset cancellation and a 12-bit ADC (analog to digital converter) that enables 
1–2 compass heading accuracy. The I2C serial bus allows for an easy interface. 
The 12-Bit ADC coupled with low noise AMR sensors achieves 5 milli-gauss field 
resolution in 8 Gs fields. 

Temperature sensor. A silicon-based thermistor with a positive temperature coef-
ficient (PTC), TMP102 was chosen to sense temperature within the satellite in the 
LEO. It has a wide operating temperature ranging from 55 to +125 °C which is the 
desired operating range. It offers robust performance due to the immunity offered to 
environmental variation and built-in fail-safe behaviours at high temperatures. 

Microcontroller. The ATMEGA128 microcontroller which is a low-power 
CMOS 8-bit microcontroller based on the AVR enhanced RISC (Reduced Instruction 
Set Computing) architecture with 128 kbytes In-System Programmable Flash was 
mounted on the PCB. This was done to study the performance of the ground station 
constructed at CET. The assembled view of the components are available in the CAD 
drawing as in Fig. 3.
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Fig. 3 Isometric views of 
the payload from front and 
rear side 

The fabrication and assembly of components are performed using a conventional 
electronic workbench and standard techniques. Thereafter, various tests are carried 
out to monitor the space worthiness of the fabricated components. 

3 PSLV Stage 4-Orbital Platform (PS4-OP) 

The PSLV Stage 4-Orbital Platform (PS4-OP) is a novel idea formulated by ISRO 
to use the spent 4th stage of the PSLV to carry out in-orbit scientific experiments 
for an extended duration of 1–6 months. Our CSP payload will be housed in the 
PS4-OP within the SpaceShare Chassis. SpaceShare is a joint initiative of ISRO and 
Satellize (Exseed Space Innovations Pvt. Ltd.) to provide free experimental space 
missions in order to encourage the participation of non-commercial entities such 
as Indian universities, colleges, research organizations and NGOs in India’s Space 
Programme. The SpaceShare programme employs a SpaceShare Chassis that houses 
up to 10 payloads. The CETSAT payload is one of the payloads within the chassis. 
Each payload is on a 16 cm × 10 cm Eurocard-sized circuit board. It is provided 
with 5 V, 1A (5 W power supply) and a 9.6 Kbps serial data link to the ground. 

Each payload ‘card’ will be inserted into one of the ten slots, and fastened by 
using screws. The entire chassis is mounted to the PS4-OP. The isometric views of 
the SpaceShare Chassis is shown in Fig. 4.
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Fig. 4 Isometric views of the SpaceShare chassis (Courtesy—Satellize, Exseed Space Innovations 
Pvt. Ltd.—satellize.com) 

4 Test Details 

4.1 Vibration Test 

The vibration test of the payload was performed at the Vibration and Shock Test 
section of ISRO Inertial Systems Unit as per the Satellize SpaceShare guidelines. 

The following vibration tests were carried out in three axes: 

(1) Low level Sine 0.5 G pre and post resonance survey 
(2) Sine Burst 17.6 G tests at 1/3 of first fundamental mode frequency of PCB, 

dwelled for 3 s (10–12 number per cycle) 
(3) PSLV qualification-level random vibration test at 13.5 gRMS for 120 s 

During the test, vibration performance was measured on PCB near critical compo-
nents like the microcontroller, temperature sensors and crystal oscillator online as 
given in Fig. 5.

4.2 Thermovac Test 

Next, the Thermovac test was performed with the PCB in passive mode for the entire 
duration of the test and no abnormal observations were made. The vacuum gauge is 
of EDWARDS make and is working in full range. The details of the data acquisition 
system is available in Table 1. The online monitoring of thermal data is recorded for 
all the four sensors. Next, the thermocycling is performed to test the thermal stability
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Fig. 5 Image of CSP 
mounted on vibration testing 
device while checking the 
mechanical integrity

Table 1 Temperature data acquisition system details 

Sl. No. Temperature 
sensor used 

Type ID No. in 
chamber 

Name of 
channel 

Type of 
channel 

Sensor ID No. 
in data 
acquisition 
system 

1 Thermocouple T TC-4 Base plate-1 
(BP-1) 

Control CH-104 

TC-5 Base plate-2 
(BP-2) 

Control CH-105 

TC-2 Annular 
shroud-1 

Monitoring CH-102 

TC-3 Annular 
shroud-2 

Monitoring CH-104

of the assembled component as shown in Fig. 6. Short cold and short hot soaking 
were performed for 2 h at 1 × 10–5 mbar pressure settings, see Table 2. 

5 Discussions 

5.1 Vibration Tests 

(1) The results of 0.5 g Sine Resonance survey is shown in Fig. 7. The first mode 
frequency of the PCB card from the 0.5 g Sine Resonance survey was observed 
to be at about 249 Hz along the Thrust axis (+Z).

(2) The sine resonance survey conducted along the other two axes (‘perpendicular 
to connector’ and ‘along connector’) were comparatively negligible. 

(3) The vibration response plot for the PSLV DQT-level random vibration of 
13.5 gRMS is shown in Fig. 8.



Design and Performance Validation of CETSAT Sensor Module … 117

Fig. 6 Thermocouple 
locations on module inside 
thermo-vacuum chamber 

Table 2 Thermo-vacuum cycling test specifications 

Test Temperature (°C) Vacuum (mbar) Duration (h) No. of cycles 

Short cold soak −10 1 × 10–5 2 1 

Short hot soak +50 1 × 10–5 2

Fig. 7 Results of sine 0.5 g resonance test along thrust (ZZ) axis

(4) The highest amplitude was along the Thrust axis, observed at about 244 Hz. 
(5) The results of the response to PSLV DQT-level random vibration of 13.5 gRMS 

along the other axes were comparatively negligible. 
(6) The performance of the PCB when powered on after vibration along each axis 

was shown to be satisfactory. 
(7) Thereby, the space worthiness of the sensor module fabricated out of COTS 

components are demonstrated successfully.
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Fig. 8 Results of random 13.5 gRMS vibration test

Fig. 9 Results of thermovac test 

5.2 Thermovac Tests 

The payload successfully passed the Thermovac test. Data from the two thermocou-
ples (BP-1 and BP-2) are shown below. The location of the thermocouples is shown 
in Fig. 9. 

6 Summary 

This research work focuses on the design, fabrication and testing of a sensor module 
for CETSAT student small satellite project. The payload consists of a magnetometer 
and thermistors and is designed to be included in the SpaceShare programme of 
Exseed Space and is expected to perform experiments on PS4-OP. The mechanical 
design was performed initially considering the mechanical structure of electronics
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components. The module is fabricated using standard assembling procedure using 
COTS components. From the results of the Thermovac and Vibration tests on the 
payload deployed to test the performance of COTS components in LEO missions, it 
can be inferred that COTS components are indeed a viable option for space missions 
in the LEO as they passed the ground tests meant for such a mission. Differing 
from our hypothesis that passive sensors are less likely to fail in comparison to 
active sensors, the payload passed the test only when the initial oscillator crystal was 
replaced by an active oscillator crystal which included an active oscillator circuit 
associated with the crystal. 
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Design and Development of Cold Gas 
Propulsion System for Smart Space 
Robot 

P. Arunkumar, G. Mahesh, B. Ajith, Ebin Thomas, 
and Aishwarya Shankhdhar 

Abstract Future human-space exploration efforts aim to achieve maximal synergy 
between human and robotic missions, where in human-scale robots shall supple-
ment astronaut exploration activities and also undertake robotic precursor missions. 
Towards this, design and development of a flying Smart Space Robot (SSR) is initi-
ated. The Smart Space Robot (SSR) is a space flying robot which will be tethered 
to the unmanned orbital platform on the fourth stage (PS4-UOP) of Polar Satellite 
Launch Vehicle (PSLV) for micro g experiments. SSR is of nano-satellite class with 
dimensions of ~350 × 350 × 350 mm, weight of ~12 kg and power of ~30 W. The 
nanosat has to undergo different phases of operations which include deployment, 
station keeping, retrieval and docking. These manoeuvres calls for a robust system 
capable of operating for an extended duration with multiple restart and pulsing capa-
bility. This paper details out the development and design process of a cold gas system 
within the constraints of space, volume, mass, voltage and power as designated by 
the nanosat specification which meets the mission requirements. 

Keywords Nanosat. PSLV · Orbit manoeuvre 

1 Introduction 

While considering small satellites for a wide range of earth orbit and even interplan-
etary missions, cold gas propulsion systems are quintessential. Cold gas systems 
are excellent where a low total impulse is required with not much bothering about 
specific impulse. These systems are often used in small satellites since 1960’s [1]. It 
has proven to be the most suitable and successful low thrust space propulsion for Low
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Fig. 1 Schematic of cold flow propulsion system 

Earth Orbit (LEO) manoeuvres, due to its low complexity, efficient use of propel-
lant which presents no contamination and thermal emission besides its low cost and 
power consumption. The notable advantages obtained from cold gas systems are low 
budget, mass and volume. The system mainly consists of a propellant tank, solenoid 
valves, thrusters, tubing and fittings [2] (Fig. 1). 

The propellant tank is used to store the fuel required for attitude and orbit control of 
satellite during its operation. The propellant used in cold gas systems is compressed 
gas. Thrusters provide sufficient amount of force to provide stabilisation in pitch, 
yaw and roll movement in case of satellite and can also impart to or kill the velocity 
of spacecraft in translational direction. From the perspective of design, three compo-
nents that play an important role of cold gas propulsion systems are mission design, 
propellant storage and cold gas thruster [2]. 

2 Design and Development 

The development of a thruster is multifaceted optimisation problem taking into 
consideration the manoeuvers required in the mission. The system has to perform 
within the constraints of limited space, weight and power and convert the energy 
stored as pressure into kinetic energy of the nanosat. For the same, the design stage 
is initiated by taking the requirements of the mission and designing a system within 
the constraints and bounds of the mission. 

2.1 Selection of Working Fluid 

It is of utmost importance to select which gas to use as the propellant. This affects 
component selection in terms of sizing and materials selection. Various gases have 
been used for cold gas propulsion like helium, carbon dioxide, butane, air and 
nitrogen. Selection between the several possible gas options was based on many 
different factors. Chief among them were inflammable/non-reactivity, availability 
of the gas and material compatibility [3]. The options were narrowed down to four 
gases that were considered in greater detail, as outlined below.
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Carbon-dioxide (CO2) 

In systems where carbon-dioxide is used, it is stored in mixed liquid and gas phase. 
As the gaseous CO2 is used as propellant, the liquid CO2 evaporates to replenish it, 
keeping the pressure inside the propellant tank constant until all the liquid evaporates 
[4]. This helps in a constant tank pressure and stable thruster performance, and storage 
in liquid phase means that a relatively large mass of propellant can be carried with 
simple and light systems’ design. 

Helium (He) 

Helium is one of the best cold gas propellant on account of its high-specific impulse. 
It has an Isp of approximately 180 s, which is very high for an inert gas propellant 
[5]. However, due to its low density, helium should be stored at very high pressure 
or requires a storage tank of higher volume. This often results in a heavier propellant 
tank and durable, leak proof plumb lines capable of supporting high pressures. Thus, 
the heavier system counteracts the gains from the high Isp. Furthermore, helium 
systems are especially prone to leaking on account of its low molecular mass. This 
requires specific materials driving up the cost of propulsion system. 

Nitrogen (N2) 

Nitrogen gas has only a mediocre Isp of 60–80 s. It is strongly outclassed by helium 
in terms of efficiency. However, nitrogen is denser and less susceptible to leaking in 
comparison to helium which means the system design is lighter and less complex, 
and it is also cheaper. It is a common choice for cold gas propulsion systems in 
around the world. 

Butane (N2) 

Butane thrusters have similar ISP to GN2 thrusters but require lower storage envelope 
due to its higher density and conveniently, it can be stored at a very low pressure, 
hence no pressure-regulation system is required. Despite lower system weight, butane 
is more prone to liquefaction and there is a possibility of two phase flow which will 
result in lower ISP. To prevent this, heaters and plenum chambers have to be provided 
which complicates system. The system is also prone to sloshing. 

Out of the numerous options, GN2 has been selected owing to its simplicity in 
handling and operations and its leak proof property. 

2.2 System Specification 

The cold gas propulsion system is designed to impart velocity to the nanosat for 
various manoeuvres. The thrusters will be used in the following phases of SSR 
operation: 

• Imparting separation velocity—along deployment direction (4 s burn) 
• De-tumbling and attitude disturbance rejection
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• Killing of delta V 
• Azimuth correction 
• Station keeping 
• Retrieval. 

The nanosat performs 4 major operations and the total impulse requirement was 
estimated to be 100 Ns. The thrust generated by the proposed thrusters are 150 mN. 
This results in a total firing duration of 667 s. From the operating duration, the volume 
of working fluid required and tank volumes can be worked out. 

2.3 Design of Thrust Chamber and Propulsion System 

Thrusters are the convergent-divergent nozzles (Fig. 2) that provide desired amount 
of thrust to perform manoeuvres in space. The nozzle is shaped such that high-
pressure low-velocity gas enters the nozzle and is compressed as it approaches 
smallest diameter section, where the gas velocity increases to exactly the speed 
of sound. 

Nozzle Design (First Cut Calculation) 

The thruster is operated in the vacuum and the following parameters are taken as 
design inputs. 

Design parameters—thrust-Th (150 mN); chamber pressure-Pc (7 bar); and exit 
pressure −Pe. 

By assuming an exit pressure, the expansion ratio (area ratio) can be found out 
by using, 

ε = 
Ae 

At 
=

(
2 

γ +1

) 1 
γ −1 ∗

(
γ −1 
γ +1

) 1 
2

(
Pe 
Pc

) 1 
γ ∗

[
1 −

(
Pe 
Pc

) γ −1 
γ

] 1 
2 

(1)

Fig. 2 Typical convergent 
divergent nozzle 
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The area ratio (ε) is limited by mechanical and envelope constraints. The ideal 
combination of the exit pressure (Pe) and ε is finalised after extensive iteration. 

The exit Mach no (Me) can be found by solving isoentropic relation, 

Pe 
Pc 

=
(
1 + 

γ − 1 
2 

M2 
e

) −γ 
γ −1 

(2) 

The thrust coefficient (Cf ) can be found by solving the equation, 

C f =
┌||√ 2γ 2 

γ − 1

(
2 

γ + 1

) γ +1 
γ −1

[
1 −

(
Pe 
Pc

) γ −1 
γ

]
+

(
Pe − Patm 

Pc

)
∗ ε (3) 

Applying the above results in the thrust equation will yield the throat area (At) 

Th = Pc ∗ At ∗ C f (4) 

The mass flow ( ṁ) required for each thruster can be found by solving the chocked 
flow equation 

ṁ 

At 
= ┌ ∗ Pc 

ηCd
√

γ RTc 

where, r is the Van-Kirchhoff function

┌ = λ ∗
(

2 

γ + 1

) γ +1 
2(γ −1) 

(5) 

All other major design parameters of the nozzle like throat dia (Dt) and exit dia 
(De) can be found by solving Eq. (1). 

From the mass flow and the total duration of firing, major system parameters like 
the total volume of working fluid, tanks capacity, and plumb lines can be finalised. 

Nozzle Design (CFD Route) 

The nozzle design is also deduced using CFD tool. The results are satisfactory with 
the thrust imparted by the nozzle which is on the higher side with 180 mN as compared 
to 150 mN. 

• Geometric Modelling and Meshing 
• Actual 2-D model of Cold Gas thruster and far-field (15 d horizontal and 5 d 

vertical) created in AUTOCAD 
• AUTOCAD model imported to POINTWISE 
• Approx. 35,000 nos. nodes considered for solving the problem 
• Mesh file was imported to FLUENT for CFD analysis (Fig. 3).
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Fig. 3 Cold flow thruster meshed in POINTWISE 

Governing Equations 

(1) Mass Conservation Equation 
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∂t 
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∂(ρu) 

∂x 
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(2) Momentum Conservation Equation 
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(3) Energy Conservation Equation 
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Method of solution 

• Density based Solution 
• 2-D Axisymmetric 
• SST K-Ω turbulence model.
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Table 1 CFD results Sl. No. Parameters Results 

1 Thrust (N) 0.153 

2 Mass flow rate (mg/s) 224 

3 Exit pressure (Pa) 21 

4 Exit Mach No 10.3 

5 Cd at throat 0.96 

Fig. 4 Mach number contour 

The CFD analysis results are shown in Table 1, and the contours are shown below 
(Figs. 4 and 5).

2.4 Thruster Valve 

Thruster valve controls the operation of the thrusters. The valve must be robust and 
capable of multiple operations so as to fulfil various mission operations. Figure 6 
shows the valve assembly together with the thrust chamber. The valve is an ON/OFF 
solenoid valve. The valve operates by opening and closing an armature using the 
magnetic flux generated by a solenoid coil.
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Fig. 5 Static temperature contour

Fig. 6 Thruster assembly 

2.5 Propulsion System Design and Configuration 

The propulsion system stores the working fluid in pressurised condition and delivers 
it at reduced pressure to the thrusters when they are operated. 

Mass of the gas required can be calculated from the total duration and mass flow 
per thruster. 

Total Propellant Mass (Mt) = Mission duration (t) ∗ flow rate ( ṁ) (9)
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The total mass of propellant required is approximately 150 g. The tanks and plumb 
lines will be pressurised to a pressure of 70 bar before the mission and the thrusters 
will be operated at blowdown mode. The total volume required when the gas is stored 
at a pressure of 70 bar is as follows: 

Total Gas Volume, V t  = 1929.2 cm3 

The propellants are generally loaded into the satellite with a loading factor of 1.3. 
The loading factor signifies the amount of propellant in the tank. A loading factor of 
1.3 is imperative to an extra mass by 30% in the tank than required for the mission. 
This extra mass will be utilised to impart the pressure for the gas till the end of life 
of the satellite. Hence, the total mass of propellant required is 200 g and the volume 
of tank required for SSR is as follows: 

Required Gas Volume, V t  = 2440 cm3 /2.44 ltr 

A singular propellant tank of 2.6 L has been conceived to cater the requirements 
of cold gas thrusters. The tank will be mounted centrally in the SSR. 

Pressure regulation 

The thrusters will be operated on regulated mode. Electronic pressure regulator (EPR) 
is sought after to regulate the downstream pressure irrespective of the upstream 
pressure. The upstream pressure varies from 70 to 35 bar during the course of the 
mission but the EPR will regulate the downstream pressure to 10 bar. An EPR consists 
of a piezo-electric valve with a pressure transducer downstream to provide the closed 
loop feedback system to ensure a regulated downstream pressure. In the present case 
of Cold Gas propulsion system, the EPR imparts desired regulated pressure of 10 bar 
which is critical in ensuring constant thrust of thrusters. 

Latch Valve 

A latch valve is also introduced downstream of EPR to arrest any possibility of leak to 
happen. This ensures that the FCV which is upstream of thrusters will not experience 
undesired pressure of 70 bar because the FCV is designed for an MEOP of 10 bar. 

The finalised configuration of propulsion system is shown in Fig. 7. The system 
employs an electronic pressure regulator (EPR) which is to regulate the downstream 
pressure irrespective of the upstream pressure. A latch valve (LV) is introduced 
downstream of EPR to arrest any possibility of leak to happen. This ensures that 
the FCV which is upstream of thrusters will not experience undesired pressure of 
70 bar because the FCV is designed for an operating pressure of 10 bar. The volume 
between the EPR and latch valve is maintained very less, in case of a pressure rise 
due to the leak; the large downstream volume will negate the high-pressure rise at 
the FCV inlet (Fig. 8).

The thrusters are configured around the thrusters in order to cater to its various 
manoeuvring requirement and only four thrusters can be operated at a time due to 
various constraints placed due to flow and power.
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Fig. 7 Propulsion system schematic 

Fig. 8 Configuration of thrusters around SSR

3 Criticalities 

At the onset of design phase, many criticalities were faced by the design team. The 
constraints placed by space, mass, low power and pressure called for devolvement 
of new systems and major modifications on existing system. Existing propulsion 
components used were carefully analysed and trade-offs were studied to meet project 
requirement. The major criticalities are discussed below,
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3.1 Space and Mass Management 

The initial available volume for propulsion system was 1 L. While considering a 
loading factor of 2, this called for propellants to be stored at 400 bar pressure. But 
after rigorous reconfiguration of components and redesign of the subsystems, the 
space was increased to 2.6 L. In addition, it was decided that a loading factor of 
1.3 would be adequate since the mission duration is only 667 s. This reduced the 
pressures to 70 bar which is a comfortable value and gave confidence to the system 
designers. 

Mass of the system is also an important constraint. Though the initial mass require-
ment specified a max of 3 kg for propulsion system, with the introduction of pres-
sure regulation and pressure measurements, the mass of the propulsion system has 
increased to 5 kg. The trade-off between mass and reliability of the system was 
analysed, and it was decided to accommodate the higher mass of propulsion system. 

3.2 Power Management 

The lower power generated is a major constraint when designing system for nanosat. 
The power requirement of available solenoid valves was higher that the power supply 
capability. Amelioration of the power supply and miniaturisation of existing solenoid 
valve enabled to scarcely meet the power requirement. 

3.3 Pressure Management 

The constraint on the tank pressure indirectly comes from space constraint. The initial 
volume of 1 L was increased to 2.6 L after reconfiguration of subsystems, and storage 
pressure was reduced to 70 bar. It was also very significant to finalise a system for 
pressure drop management from 70 bar in tank to 7 bar in thrusters. In this regard, two 
types of system were sought after: the one was with conventional multiple orifice 
system and the another one was a regulated system using an Electronic Pressure 
Regulator (EPR). 

The orifice system was considered owning to its simplicity and low mass. But 
on careful analysis, it was found that orifice system was unsuitable because of the 
repercussions of choking occurrence upstream of the thruster throat. Thus, a pressure-
regulated system was selected in spite of higher mass since it provides more reliable 
performance.
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4 Conclusion 

Although cold gas thrusters are simpler compared to other propulsion systems, it 
still contains various constraints like volume envelope, simplicity, power constraints, 
voltage constraints and mass which makes it a complicated optimisation problem. In 
addition to that, the requirement of multiple restarts calls for a robust and versatile 
system. This paper lists out various constrains and thought process in the design 
phase of the cold gas system which uses a GN2 gas as working fluid and within the 
operating duration of 667 s. 
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Compensation of Drift in Ring Laser 
Gyros 

G. S. Anish, Nisha S. Dathan, K. Usha, and S. Paul Pandian 

Abstract Ring Laser Gyroscopes (RLGs) offer highly accurate angular measure-
ment capability for inertial class applications. They offer high stability in scale factor 
and bias drift. The gyro being a voluminous module with at least ten specific compo-
nents or interfaces which are sensitive to temperature, thermal compensation becomes 
a complicated problem. Further, the direct thermal measurements are limited and 
sensitivity factors have to be derived from available monitoring parameters, which 
increases the complexity of the problem manifold. Published literature is available on 
many compensation algorithms; however, they limit their research mostly to using 
temperature reading of the optical block in order to predict bias. In this paper, we 
study the drift variations in the gyro as a function of temperature monitored from 
the optical block as well as the control signals used to sustain the optimal mode 
of the laser including path length control signal, high frequency oscillator signal 
and dithering frequency variations. We applied these data on linear and polynomial 
regression models and obtained up to 76% and 88% reduction in bias drift, respec-
tively. Further, the denoising filter is studied by varying its type and the window 
length. Training and testing sensors in INS cluster configuration gave bias drift 
reduction of up to 74%. All these improvements are achieved in the navigation loop 
cycle timing itself enabling a smooth compensation for INS applications. 

Keywords RLG—ring laser gyro · Sagnac effect 

1 Introduction 

Ring Laser Gyroscopes provide a very reliable and accurate means of measuring 
angular displacement for tactical and space applications. They were first published
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in 1963, and since then, several variants of the gyro have emerged [1]. With the 
production of RLGs, theoretical formulations have improved to better match the 
designs. Lamb formalization [2] is one such model which assumes the presence of 
an electromagnetic field within the cavity which polarizes individual atoms. These 
polarizations are explained according to quantum theory and creates the reaction 
field as per Maxwell’s equation. Since, quantum theory and Maxwell’s equations are 
used to explain in the model, it is considered as a semi-classical approach. This also 
imparts environmental factor dependency, particularly temperature dependency to 
the RLGs output. 

2 Drift  in  RLG  

Ring laser Gyroscopes offer a high accuracy system with long life compared to 
mechanical gyros. They also have very high bandwidth and scale factor stability 
compared to conventional gyros. One important performance metric for RLGs is its 
angle bias stability. RLGs offer extremely good bias stability of the order of 0.01 
degrees/hr and better. They, however, have temperature dependency due to thermally 
induced stress in electro-opto-mechanical interfaces. 

Many publications are available in this area analysing various aspects of compen-
sation for different kinds of RLGs. Seon et al. [3] studies the drift compensation of 
RLG against temperature effects and found this to be a function of temperature and 
temperature gradient. Yang et al. [4] discusses RBF and BP neural network imple-
mentation based on readout signals to achieve nonlinear modelling. Li et al. [5] 
takes this discussion further and implements multi-point temperature gradient algo-
rithm based on PSO SVM. Weng et al. [6] discusses the optimization of RLG bias 
compensation in variable temperature environment and achieved compensation for 
trend of bias variation with temperature. Huang et al. [7] discusses the temperature 
modelling of a strap-down inertial navigation system. However, these papers discuss 
mainly about analysing bias as a function of temperature. Further, the compensation 
relations seem to vary depending on the construction and excitation mechanisms of 
the laser gyros and cannot be generalized for all types of RLGs. Further, using multi-
layer neural networks can often result in an overfit of the model and the repeatability 
of the model may not be ensured across multiple sensors, across multiple tempera-
ture profiles and in an INS system configuration where the close proximity of other 
sensors changes its ambient environment. 

This paper attempts to develop a bias compensation system which predicts angle 
bias as a function of temperature and control parameters for RLG. The algorithm 
should deliver angle deviations at rates suitable for navigation loop and the model 
should be deployable in the sensor DSP without overshooting the tight loop frequency 
requirement and should make use of only limited temperature data and control signals 
as its inputs. 

In this paper, firstly, a comparison is made between the bias drift reduction for 
various least square regression models between training and testing data. Then the
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model is trained on the sensors using path length control signal, high frequency 
oscillator drive signal, dither frequency monitoring signals and temperature readout 
signals and their results are presented. These models are trained and tested using 
separate thermal cycling data. Then the effect of denoising filter is studied and the 
results for different filter window types and duration are also shown. Further, the 
regression model is trained for sensor in INS cluster configuration and the results are 
tabulated. 

3 Drift Model 

The relationship between bias and temperature is found to be dependent on time 
derivative and gradient of temperature in [3]. In case of RF-excited RLGs, this is 
approximated to 

Yerror = β0 + B(X ) + ∈ (1) 

where β0 is the fixed component of RLG bias, ∈ is the random error and B(X) is the  
basis function. 

B(X) = G × X (2) 

where G is the generator matrix and X is the input vector of temperatures and other 
parameters. G and X are chosen as per the type of regression model and the input 
parameters used for that particular training. 

The experiments for various regressions, preprocessing functions and configura-
tions and the results are discussed in next section. 

4 Compensation Scheme 

A block diagram of the training scheme is provided in Fig. 1 and that of the compen-
sation scheme is provided in Fig. 2. In order to capture thermal variations, 2 temper-
ature sensors are placed on suitable locations in the sensor. Then thermal cycling of 
sensor is done, and this data is taken and passed through a preprocessing stage. This 
stage suppresses spurious spikes and other disturbances in the data. This stage does 
not suppress the random noise components in angle output. In order to get small 
bias variations from a sea of noise, a denoising filter is implemented. This filter is 
implemented by means of a rolling window over the training data in order to amplify 
the thermal variations and attenuate the random noise components. The results for 
different rolling window types, and durations are presented in Tables 1, 2 and 3. 
As the window length increases, the computation overload increases and we were 
able to achieve a nearly constant improvement within the window ranges of 0.5 s to
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20 s. The 0.5-s window length gave slightly better performance due to better thermal 
representation. 

This denoised data is taken and the regression model is trained for various 
monitoring parameters. The temperature showed highest dependency to bias drift. 
However, since the temperature variation across the optical block is not uniform, one 
thermal sensor is found to be inadequate for monitoring. So we used two temperature 
sensors for monitoring. 

The processed data is then fed to the training algorithm which trains the regression 
model. The trained coefficients are then loaded and applied on testing data in order 
to get bias compensated output. In order to evaluate the sensor performance in high 
thermal fluctuation situations, thermal cycling is conducted. The regression model 
is then applied on the sensors in INS cluster configuration. The model is shown to 
hold for system configuration also in spite of the temperature gradient changes in 
INS cluster configuration. The model is further tested on short term stability data.

Fig. 1 Block diagram of regression training scheme 

Fig. 2 Block diagram of compensation scheme 

Table 1 Angle bias improvement (%) for sensor data for different LS algorithms 

Sensor L.S. linear 
regression (% 
Improvement) 

L.S. polynomial 
regression (degree 2) 
(% Improvement) 

L.S. polynomial 
regression (degree 3) 
(% improvement) 

L.S. polynomial 
regression (degree 4) 
(% improvement) 

S1 76.53 75.55 74.90 74.32 

S2 67.85 82.51 84.61 88.47 

S3 54.93 59.2 65.85 66.75 

S4 40.11 42 55.53 48.98
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Table 2 Angle bias improvement (%) for sensor data for different parameters 

Sensor Temp (% 
improvement) 

Dither frequency (% 
improvement) 

Temp, PLC (% 
improvement) 

Temp, dither freq, 
HFO control (% 
improvement) 

S1 76.53 71.84 76.00 76.63 

S2 67.85 62.96 70.71 67.11 

S3 54.93 49.87 53.97 55.34 

S4 40.11 28.27 45.77 46.61 

Table 3 Angle bias improvement (%) for sensor data for Boxcar window of variable width 

Sensor Boxcar 0.5 s Boxcar 5 s Boxcar 20 s 

S1 75.82 75.78 75.70 

S2 67.83 67.83 67.82 

S3 55.15 55.13 55.08 

S4 39.78 39.98 39.97

5 Experimental Results 

Four RLGs are taken for experimental study. The observed angle and prediction 
value are plotted for thermal cycling data. The 1-sigma improvements in bias for 
temperature inputs for least squares linear and polynomial regressions of various 
degrees are given in Table 1. Further on training, the least squares linear regression 
model with control and monitoring signals namely PLC drive, HFO drive voltage 
and dither frequency, the percentage bias improvements are tabulated in Table 2. 

While preprocessing the data, the window function is varied and the corresponding 
changes in performance are presented in Tables 3, 4 and 5. The 0.5-s window provided 
the most promising results, and Gaussian window provided slightly better results over 
boxcar and triangular windows. The observed bias in case of the test run and the bias 
value predicted by the model for least square linear regressor are shown in Figs. 3, 
4, 5 and 6. 

The data of the above 4 sensors in INS cluster configurations are also anal-
ysed and the corresponding bias stability improvements are compiled in Table 6.

Table 4 Angle bias 
improvement (%) for sensor 
data for triangle window 
of variable width 

Sensor Triangle 0.5 s Triangle 5 s Triangle 20 s 

S1 75.82 75.77 75.7 

S2 67.83 67.83 67.82 

S3 55.15 55.13 55.07 

S4 39.79 39.98 39.95
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Table 5 Angle bias 
improvement (%) for sensor 
data for Gaussian window 
of variable width 

Sensor Gaussian 0.5 s Gaussian 5 s Gaussian 20 s 

S1 76.53 76.17 76.13 

S2 67.85 67.82 67.81 

S3 54.93 55.11 55.05 

S4 40.11 39.49 39.37 

Fig. 3 Actual bias and predicted bias of sensor 1 accumulated to 1200 s 

Fig. 4 Actual bias and predicted bias of sensor 2 accumulated to 1200 s 

Fig. 5 Actual bias and predicted bias of sensor 3 accumulated to 1200 s 

Fig. 6 Sensor 4, actual bias and predicted bias of sensor 4 accumulated to 1200 s
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Table 6 Bias improvement (%) for system level short term stability data when trained with 
standalone sensor data and sensor data in INS cluster configuration 

Sensor Percentage improvement (training with 
standalone sensor data) 

Percentage improvement (training with 
system data) 

S1 48 60.1 

S2 34.4 74.5 

S3 60.8 47.8 

S4 34.6 71.4 

Further, a comparison of results obtained by training the model in sensor standalone 
configuration and in INS cluster configuration is also made. 

6 Conclusion 

The regression model offered drift improvements of up to 76% for the RLG sensor 
for linear regressor and up to 88% improvement for polynomial regressor. The model 
could track bias drift when sensor is in INS cluster configuration and offered bias 
improvements of up to 60% even when they are trained using standalone sensor 
data and showed up to 74% bias improvement in bias in INS cluster configuration 
when trained using the sensor data in same configuration. Based on results, bias 
compensation using dither frequency, HFO control voltage and path length control 
voltage can be used to augment the model accuracy further. The impact of different 
denoising filters on bias improvements and the results are also studied, and Gaussian-
based filter provided better results in most cases. Multipoint temperature capturing 
along with more monitoring signals can be explored for future implementations. 
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Field-Oriented Control for Performance 
Improvement in Reaction Wheels 
and Implementation of Algorithm 
in FPGA 

K. Ratheesh, S. Sreejith, and T. R. Haridas 

Abstract The reaction wheels play a major role in attitude control of the spacecraft. 
As they work on the principle of conservation of angular momentum, any ripple in 
reaction torque will affect the performance of critical on-board instruments such as 
atomic clock, high-resolution cameras, etc. in the spacecraft. The three-axis stabiliza-
tion system using reaction wheels aims to provide high-pointing accuracy, low jitter 
and long-term attitude stability. The stringent attitude and micro-vibration require-
ment of future missions cannot be met practically with the existing reaction wheels 
with conventional trapezoidal brushless direct current motor (BLDC) drive. A suit-
able upgrade in reaction wheels with permanent magnet synchronous motor (PMSM) 
instead of BLDC motor and field-oriented control instead of six-step commutation 
will be enabled to meet these requirements. Improvements in torque ripple will give 
additional benefit in losses and hence lesser load on thermal system. This study 
investigates the possible usage of PMSM and field-oriented control for future gener-
ation reaction wheels and its implementation in FPGA. Simulation results showed 
improved steady-state performance in terms of torque ripple without any degradation 
in the transient response of the wheels. The study can be well extended to gimbal 
control of CMG and other high-precision servo applications in the spacecraft. 

Keywords PMSM · BLDC · SVPWM · FOC 

1 Introduction 

In BLDC motor with six-step commutation, current has to rise sharply through the 
stator-winding inductance. This leads to torque ripple, which prevents the usage 
of these motor for precise servo application [1, 2]. The space vector modulation 
technique improves the system performance with low torque ripple, thus making it 
suitable for high-precision applications employing electromechanical actuators [3]. 
In order to evaluate the current oscillation and torque ripple generated by BLDC
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motor, every instant of power device turning on and off is to be simulated. To make 
results correct, the input phase current is to be synchronized with the back EMF. Here, 
the primary focus is to control the motor in d-q axis using field-oriented control and 
space vector modulation techniques. Vector control technique will help to improve the 
torque ripple and efficiency, making it suitable for applications employing electrome-
chanical actuators [4–6]. Simulation and modelling of permanent magnet brushless 
DC motor drive [7] gives a baseline modelling method for general BLDC motors. 
However, in this study a more detailed modelling approach specific to reaction wheels 
of Indian IRS satellites is carried out to investigate more realistic behaviour of BLDC 
motor. Digital implementation of FOC in FPGA is another challenge. The imple-
mentation of the permanent magnet synchronous motor (PMSM) controller by using 
field-oriented control (FOC) method has been discussed. A scheme for FOC using 
a fixed 32-bit DSP controller TMS320F2808 controller [8] was taken as a base-
line and implemented using generic VHDL to avoid processor dependency. Earlier 
reports have discussed the design of space vector pulse width modulation (SVPWM) 
integrated circuit [9, 10] in FPGA and CORDIC algorithm to solve trigonometry, 
hyperbolic and exponential function on FPGA [11]. This provides efficient hardware 
utilization of FPGA resources. 

Literature survey shows that even though various control strategies in controlling 
the brushless DC motor have been presented as above, the area of space vector 
PWM for controlling the brushless DC motor/PMSM has not been much investigated. 
Usage of vector-controlled PMSM for reaction wheel and CMG applications are not 
explored much. The comparative study of FOC control of BLDC and PMSM are 
not investigated. A complete simulation model as detailed in this study will help to 
optimize the performance of the reaction wheel assembly. As the torque ripple and 
micro vibration are closely related, improvement in the torque ripple performance 
will reduce the micro-vibrations in the spacecraft compared to existing scheme. All 
the sub-modules required for FOC has been implemented in view of optimized use 
of FPGA resources and tested in Actel fusion FPGA-AFS600. 

2 Field Oriented Control (FOC) for PMSM Motors 

In a BLDC/PMSM motor, torque produced can be maximized when stator mmf 
vector is in quadrature with the rotor flux vector. The main aim of FOC is to maxi-
mize the torque produced. In this scheme, three-phase current of the motor stator is 
measured in the stationary coordinate system of the stator which is further converted 
in to two-phase current in the stator coordinates. This transformation is known as 
Clarke transformation. Furthermore, this current is converted into the rotor coordi-
nate system known as d-q reference frame of the rotor. This transformation is known 
as Park transformation. Two currents obtained by these transformations are direct
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and quadrature components. Direct component will not produce any torque. Quadra-
ture component of current is responsible for torque. Current obtained will appear as 
DC upon which PI controller can be operated easily. Inverse Park and Clarke trans-
formation are applied and corresponding reference vectors of space vector PWM 
are generated. To model the field produced by the winding currents in the stator, 
‘current space vectors’ are used. The direction and magnitude of field produced in 
the winding is same as that of current space vector. The total stator field is the vector 
sum of three current space vector components. The d axis current (direct component) 
is set to zero so as to minimize any unwanted torque given to the motor, since the 
direct component produces torque that is aligned with the rotor. 

Va = Vm × sin(ωt) (1) 

Vb = Vm × sin(ωt − 120◦) (2) 

Vc = Vm × sin(ωt + 120◦) (3) 

The above three vectors (1) can be combinedly represented by a single vector 
which is known as space vector and it is represented as, 

Vs = Va + Vbe 
j2π 
3 + Vce

− j2π 
3 (4) 

Following transformations are performed. 

2.1 Clarke Transform

[
iα 
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]
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√
3 
2

]⎡ 
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ib 
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where, 

ia, ib, ic are the three-phase currents in the 1200 stationary reference frame of 
stator. 
iα,iβ are the two orthogonal currents in the ationary reference frame where iα is 
aligned to ia . 

2.2 Park Transformation
[
id 
iq

]
=

[
cos θ sin θ 

− sin θ cos θ

][
iα 
iβ

]
(6)
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where, 

id,iq are two orthogonal currents in the rotor reference frame with id aligned along 
flux vector of a pole pair. 
θ is the angle between the rotating and stationary reference frame. 

2.3 Inverse Park Transform
[
Vα 
Vβ

]
=

[
cos θ − sin θ 
sin θ cos θ

][
Vd 

Vq

]
(7) 

where, 

Vd , Vq are two orthogonal voltages proportional to outputs of PI controller in the 
rotor reference frame. 
Vα, Vβ are two orthogonal voltages in the stationary reference frame, with θ as 
the angle between the rotating and stationary reference frame. 

The following equation represents a general transformation between three phases 
to two-phase voltages and resultant vector in stationary frame.
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Vβ

)2 
θ = tan−1 Vα 

Vβ 
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The required space vector in SVPWM technique is generated by null vector and 
two adjacent vectors. The calculation of sector in which the voltage vector belongs 
can be obtained from Eq. (8). The sector number is used for timing signal generation 
and duty cycle calculation. 

2.4 Duty Cycle Calculation 

General equation for duty cycle in each sector is 

Tk+1 = 3T /Vdc

(
vα sin 

kπ 
3 

− vβ cos 
kπ 
3

)
(9) 

Tk+1 = 3T /Vdc

(
vα cos 

(k − 1)π 
3

− vβ sin 
(k − 1)π 

3

)
(10) 

where Tk and Tk + 1 are switching time for vectors k and k + 1, respectively, where 
k denotes sector number (1, 2, …6).
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Fig. 1 Complete closed-loop Simulink model of field-oriented control for PMSM motor and 
hierarchical view of hardware developed inside Actel fusion FPGA-AFS600 

The Fig. 1 shows the (a) complete closed loop model of field-oriented control for 
PMSM motor developed in MATLAB Simulink and (b) hierarchical view of main 
module developed in Actel fusion FPGA- AFS600. 

3 Analysis  

The stator-side equations for each of the phases are given as follows [3]: 
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(11) 

Va, Vb and Vc represent motor phase voltages; L inductance, R resistance, M 
mutual inductance, and ea, eb and ec are the back EMFs of each of the phases.
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The instantaneous back EMF generated in a 3-phase BLDC motor is a function 
of rotor position 

ea = Kb(θ )ωm (12) 

eb = Kb(θ − 2π/3)ωm (13) 

ec = Kb(θ + 2π/3)ωm (14) 

where Kb is back EMF constant in V /(rad/sec) and ωm speed of motor in rad/sec. 

Te = (eaia + ebib + ecic)/ωm (15) 

The electromagnetic torque Te is also related to motor constant, phase current 
and back EMF function which is given as 

Te = Kt ( fa(θ )ia + fb(θ )ib + fc(θ )ic) (16) 

where fa(θ ), fb(θ ), fc(θ ) are back EMF functions. 
The developed torque Te is a function of back EMF and stator current and hence 

the smoothness and close match between the two determines the torque ripple perfor-
mance of the motor. In view of this, reaction wheels with FOC control and PMSM 
motor is expected to have lower torque ripple compared to the six-step commutation 
with BLDC motor or FOC scheme of BLDC. Six-step commutation considers that 
the commutation of phase current is immediate which is not the case as in practical 
systems due to rise time of current in motor coils. FOC control on BLDC although 
avoids sudden commutation changes, but has mismatch between the sinusoidal 
current and trapezoidal back EMF resulting in torque ripple. 

The equation of flywheel motion in a motor is 

J (d ωm/dt) + B ωm = Te − Tl (17) 

where B represents coefficient of friction and J is the inertia of the rotor, which will 
be negligibly small and Tl is load torque. 

In the PMSM motor, the back EMF function mentioned in Eq. (16) can be replaced 
by three 120 degree-shifted sinusoidal. PMSM/BLDC motor model has been devel-
oped in Simulink. The equations mentioned above have been used for modelling. 
The exact value of inertia, friction, torque constant and back EMF constant of reac-
tion wheels and magnetic suspension reaction wheels in IRS satellites are used for 
modelling. FOC control modelled in MATLAB Simulink and simulation results were 
generated. It involves the modelling of Park and Clarke transformation and SVPWM.
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4 Simulation Results and Implementation 

The phase voltage obtained from the simulation model shows that switching between 
two space vectors happens during motoring. The phase voltages of all the three phases 
have been generated. It can be observed that the FOC control of BLDC also leads to 
a torque ripple of about 7% of the developed torque due to mismatch in trapezoidal 
back EMF and sinusoidal phase current. As the phase current waveforms are smooth 
sinusoidal and closely matching to sinusoidal back EMF, torque ripple observed 
in FOC control of PMSM is very small (< 1%). A comparative study on the FOC 
model of BLDC, PMSM and trapezoidal control has been carried out to establish 
the advantage of FOC with PMSM motor. Torque ripple observed in trapezoidal 
control can be completely eliminated in FOC control of PMSM. Table 1 shows the 
comparison of simulation results. 

After evaluating the performance of the FOC control by Simulink model, VHDL 
code has been developed and implemented in ACTEL fusion FPGA AFS600. Imple-
mentations of different sub-modules are carried out in view of optimizing the 
resources of the target FPGA. It used only 56% core cells for implementing entire 
algorithm. The fused FPGA is tested by applying appropriate input to the required I/O 
pins of the FPGA. The output SVPWM waveforms were captured by using digital 
oscilloscope. The sub-module such as CORDIC, SVPWM, PWM value genera-
tion, sector calculation, Clarke transformation, Park transformation and inverse Park 
transformation are implemented in VHDL. 

Park transformation is implemented in VHDL to generate a DC value from two 
orthogonal I-alpha and I-beta signals of Clarke module. That is, here the two-phase 
orthogonal vectors laying in the stationary frame are transformed into two orthogonal 
vectors laying in the rotating frame of the rotor. 

Here, from the inverse Park output, SVPWM module will calculate duty cycle 
value required for each sector vectors. After that, this value will be converted into 
a form compatible to PWM generation, i.e. the vectors are to be generated in such 
a way that minimum switching should happen for the driver circuits. Here, at each 
sector, resultant is decided by two vectors and a null vector. Timing signal for each 
phase is generated by this section. 

The resource requirement (logic cells) for the FOC algorithm was highly reduced 
by the usage of CORDIC algorithm for sin and cosine generation. Algorithm was 
developed which was based on state machine structure, iterative and pipelined. A 
27-bit CORDIC algorithm was developed to eliminate the truncation error as 24 bits

Table 1 Comparison of simulation results 

Method in reaction wheel Developed torque (Nm) Torque ripple (%) 

Trapezoidal control with PWM (existing)-BLDC 
based 

0.25–0.3 < 9.09  

Field oriented control BLDC 0.225–0.26 < 7.21  

Field oriented control PMSM 0.2 < 0.5  
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Fig. 2 Simulation results 
(torque in Nm at vs. time in 
milli seconds), experimental 
setup and hardware level 
sector waveforms (volt vs. 
time in milliseconds) 

are used for other modules. The developed code can be used for numerical controlled 
oscillator, whose frequency and phase can be controlled. The VHDL implementation 
was used to drive a three-phase load using a H-bridge power stage to verify the sector 
switching and phase waveforms. 

Figure 2 shows simulation results, experimental setup and hardware level sector 
waveforms captured in FPGA pin using storage oscilloscope. It clearly shows the 
wave form obtained for different sectors. 

5 Conclusions 

The simulation results reveal that the PMSM and field-oriented control (FOC)-based 
reaction wheels can give improved performance with respect to torque ripple over 
the trapezoidal drive-based BLDC reaction wheels used in Indian remote sensing 
space crafts.
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A resource-optimized generic hardware description language implementation of 
the SVPWM, CORDIC algorithm, and forward-inverse Park and Clarke transform 
was carried out and tested using fusion FPGA kit (AFS600). 

The study can be extended in applications such as gimbal control of control 
momentum gyroscopes and other high-precision servo applications in the spacecraft. 
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Structural Analyses for a Typical Small 
Satellite 

G. Biju, T. Sundararajan, and S. Geetha 

Abstract Miniaturisation of electronics, newer materials especially composites and 
advanced manufacturing techniques including 3D printing has encouraged the devel-
opment of small satellites. This enabled many commercial companies to venture in to 
this area since the development can be made possible with small budget. The market 
size of small satellite is expected to flourish in the next few years. Small satellites 
are used mainly in the areas of Earth observation services, monitoring of agricultural 
fields, detection of climatic changes, disaster mitigation, meteorology, etc. In the 
current day scenario of launch vehicle industry, every mission of a launch vehicle is 
unique since they are used for putting satellites of different mass, size, shape, purpose 
and to various orbits. Satellites are exposed to dynamic/fluctuating excitations due 
to different dynamic environment from lift off to the completion of its intended 
mission. The dynamic environment of the satellite will be different for different 
launch vehicle configuration and its mounting scheme. This paper addresses quasi-
static and dynamic analyses carried out for a typical small satellite using indigenously 
developed finite element software FEASTSMT by Vikram Sarabhai Space Centre 
(VSSC). This study helps in assessing the structural adequacy of small satellite as 
well as the acceleration level experienced by different components and packages. 
This will help the satellite team to modify the structure, change the mounting loca-
tion or by adopting new mounting schemes of components/packages in order to 
optimise the design well before realising the hardware. 

Keywords FEASTSMT · Small satellite · Frequency response · Random response 

1 Introduction 

Small satellite is one of the fastest growing segments in space applications. The 
miniaturisation of electronics, newer and newer materials especially composites as 
well as manufacturing including 3D printing has encouraged the development of
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small satellites. Usually, the small satellites are launched along with main satellite 
as co-passengers. These co-passengers are mostly accommodated on equipment bay 
(EB) structure or on multi-satellite adaptors through interface ring and appropriate 
separation system. Launch vehicle and spacecraft are exposed to dynamic/fluctuating 
excitations due to different dynamic environment [1] from lift off to the completion of 
its intended mission. Different dynamic environments are wind and turbulence, motor 
generated acoustic noise, engine cut off and ignition thrust transients, aerodynamic 
forces, solid motor pressure oscillations, solid motor generated pressure spikes, stage 
separation, payload fairing separation, POGO, etc. These dynamic environments 
create random, periodic or transient excitation of different frequency regimes to 
vehicle and spacecraft. The acceleration level experienced by satellite at the interface 
with launch vehicle is used to carry out qualification/acceptance test and analysis. 
This is one of the several important analyses carried out to ensure that the mission 
objectives can be achieved without any mechanical damage to the satellite by launch 
vehicle vibration environments. The satellite finite element model will be subjected 
to these quasi-static, sine and random levels to estimate the stress and acceleration 
response of all packages to check the design adequacy. 

In this paper, a small satellite of size 350 mm × 350 mm × 450 mm and mass 
nearly 35 kg is analysed using indigenous finite element software FEASTSMT [2]. 
Detailed 3D model of the satellite is made using the pre-processor PREWIN. The 
main structure of satellite is made of sandwich panel of 30 mm core with 0.5 mm 
aluminium face sheets. All panels are joined by edge splicers. The satellite is mounted 
to aluminium interface ring of 60 mm height. Analysis [3] is carried out to estimate the 
stress due to quasi-static acceleration, first few global frequencies, its modal effective 
mass and response at important locations due to sine and random vibration. The sine 
and random levels considered in this analysis are the envelope of all dynamics events 
launch vehicle faces during the mission. 

As part of indigenization process and to build competency in the area of compu-
tational numerical simulation for aerospace applications in ISRO, development of 
finite element-based structural analysis software, FEASTSMT (Finite Element Anal-
ysis of STructures) was initiated. Over the years, the software has attained a greater 
level of maturity in the area of structural engineering analysis and catered most of the 
requirements of ISRO. The current version of the software includes analysis capabil-
ities such as linear static, viscoelastic, free-vibration, buckling, transient, frequency 
and random response. These capabilities are supported by a rich element library 
comprising of beam, shell, solid, axisymmetric, spring, rigid-links, gap, etc. and 
can handle isotropic, orthotropic, incompressible and layered orthotropic material 
models. It is designed to use the hardware resources optimally, and hence, it can run 
in a range of platforms from personal computers to parallel processing systems.
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2 Finite Element Model and Analysis 

The finite element model used to simulate the satellite is shown in Fig. 1. The panels 
of the satellite were modelled by laminated sandwich shell elements. The package 
masses are lumped at appropriate location on the panels. The satellite is attached to 
interface ring which is modelled using shell element and fixed boundary condition 
is simulated at aft end of this interface ring. 

2.1 Quasi-Static Analysis 

The satellite is subjected to accelerations during the entire launching phase causing 
tension and compression of the structure in axial and lateral directions. The maximum 
quasi-static acceleration (static + low frequency vibrations) is ± 11 g in longitu-
dinal direction and ± 6 g in lateral directions. The stresses are estimated due to 
the body forces generated by these acceleration levels. The maximum normal stress 
on the honey comb panel facing sheet for axial quasi-steady load case is 0.33 MPa. 
Maximum shear stresses on the core for this load case are 1.31e-03 and 2.23e-03 MPa. 
Maximum normal stress of 0.17 MPa is obtained on the facing sheet during lateral 
quasi-static load applied in lateral (X) direction as shown in Fig. 2. Maximum shear 
stresses on core for same load case are 5.73e-04 and 1.27e-03 MPa.

Fig. 1 Finite element model 
of a small satellite 
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Fig. 2 Distribution of normal stress (σ z) for lateral (X) quasi-steady load case 

Usually sine burst (SB) excitation test is used for strength evaluation of satellite 
hardware as an alternate to static pull and centrifuge tests. The shaker controller is 
used to apply a sinusoidal base drive acceleration to the item at a pre-resonant or as 
close as possible to the rigid body mode, usually being not more than 1/3 of the first 
mode frequency of the test article. Because the test article is being accelerated as a 
rigid body, a uniform inertial body load is generated in the test article. 

2.2 Dynamic Analysis 

Structural dynamic parameters of the launch vehicle such as frequency, mode shape 
and damping are very important for mission critical studies such as digital auto pilot 
design, POGO stability studies as well as the dynamic envelope studies. The dynamic 
envelop is the usable volume for a spacecraft inside the payload fairing which very 
much depends on the satellite dynamic deflections. The specification for the lateral 
and axial frequencies of satellites is arrived considering the significant lateral and 
axial modes of the launch vehicle. Usually, it is kept two times that of launch vehicle 
significant modes. Table 1 gives the first lateral and axial frequencies and associated 
effective mass. Nearly, 50% of the total mass of the satellite is participating in these 
modes. Figure 3 shows the finite element model and mode shapes for first lateral and 
axial mode.
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Table 1 Base fixed modes of 
the satellite 

No Frequency (Hz) Modal effective 
mass (kg.) 

Remarks 

1 71.1 16.20 Lateral mode (ZY) 

2 75.1 16.35 Lateral mode (ZX) 

3 182.4 16.00 Axial mode 

Fig. 3 PREWIN-pre/post window showing FE model and lateral and axial mode shapes of a typical 
satellite 

2.3 Response Analysis 

Response analysis of this typical small satellite is carried out in both sine and random 
environment. Sine test qualification level specified are 4.5 g (0 to peak) from 8 to 
100 Hz for axial test and 3 g from 8 to 100 Hz for lateral axis. For random excitation 
[4], the PSD at different bands are from 20 to 110 Hz 0.002 g2/Hz, from 110 to 250 Hz 
the level changes from 0.002 to 0.034 g2/Hz, from 250 to 1000 Hz the level remains as 
0.034 g2/Hz and from 1000 to 2000 Hz the level changes from 0.034 to 0.009 g2/Hz. 
Analysis is carried out to estimate accelerations at different package location as well 
on certain location on the structure. These excitations are given as base excitation 
as in test. Damping used in the analysis is 2% for all frequencies. Figure 4 shows 
the acceleration response at top corner node of the satellite structure due to sine 
excitation. The peak is at global lateral frequency 75.1 Hz, and the amplification 
factor is 14. Figure 5 shows the response at top corner node of the structure due to 
random excitation in lateral direction. Similar responses obtained from this analysis 
corresponding to component and package mounting locations has to be considered 
for its qualification.
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Fig. 4 Acceleration response at top corner node due to sine excitation 

Fig. 5 Acceleration response at top corner node due to random excitation 

3 Conclusion 

This paper gives the details of quasi-static, dynamic characterisation and response 
analyses to be carried out for a typical small satellite design. The stress and the 
responses help the satellite team to assess the structural adequacy and vibration 
levels of the components and electronic packages during its ride with the launch
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vehicle. This analysis helps in modifying the structure or adopting alternate mounting 
schemes for packages/modules if required. The response estimated from these anal-
yses can be used for qualification of components and packages mounted on to 
it. 
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Modeling Deployment of Tape Spring 
Antennas and Its Effects on CubeSat 
Dynamics 

Aniruddha Ravindra Ranade and Salil S. Kulkarni 

Abstract Tape spring mechanisms have been widely used to design deployable 
structures for satellites. In this paper, the dynamics of the deployment of VHF tape 
spring antennas from a CubeSat have been discussed. A set of nonlinear equations 
of motion representing the coupled dynamics of the deployment and the overall 
motion of the CubeSat were obtained using Kane’s method. These were integrated 
numerically to obtain parameters of interest like the time taken for deployment, the 
trajectory of the antenna, and variation of the CubeSat angular velocities during the 
interval of deployment. These models have been used to analyze the design of Advitiy 
(1U CubeSat conceptualized by IIT Bombay’s Student Satellite Team). Based on 
simulations, comments have been made on this design of the antenna deployment 
system, and few performance specifications have been laid down for the CubeSat. 

Keywords Tape spring · Deployable antenna · Kane’s method · CubeSat 
dynamics 

1 Introduction 

Over the last decade, rapid growth has been seen in the CubeSat market. Due to 
the miniaturization of technology, it is possible to send numerous small satellites or 
CubeSats rather than one “mega” satellite. Several deployable members like antennas 
and solar panels are typically incorporated in CubeSats, allowing a smaller volume 
during the launch. These members are deployed after reaching the desired orbit. The 
design of such mechanisms is a complicated task. Investigations to develop passive 
and active control for primitive spacecraft, which were typically rigid, have been 
carried out. The same analysis cannot be directly extended to modern spacecraft, 
the primary reason being the inclusion of several flexible members and deployable 
structures [5].
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Fig. 1 Advitiy 

This paper analyzes the antenna deployment system for CubeSats being developed 
by the Student Satellite Team, IIT Bombay.1 The dynamics of the deployment are 
of interest as it influences several mission parameters. It is essential to know at 
what angular rates of the satellite can the antennas be deployed. Time taken for the 
deployment to complete is of interest. Based on the analysis, some remarks have 
been made on the design of other subsystems. 

2 Design of the Antenna Deployment System for CubeSat 
Application 

Student Satellite Team, IIT Bombay, has been developing an antenna deployment 
system for CubeSat applications [6]. This system comprises two tape spring antennas 
wrapped around a circular ring supported by a PCB. Advitiy, the second student 
satellite of IIT Bombay, was being designed with this antenna deployment system [4]. 
In Fig. 1, Advitiy, along with the antenna deployment system, is shown. Advitiy, a 1U 
CubeSat, was being designed for a Low Earth Orbit (LEO) mission. The amateur band 
144–146 MHz was selected for communication. The monopole or dipole antennas 
for this band cannot be accommodated inside 1U volume constraints. To meet this, an 
antenna deployment system was designed. An antenna deployment system, capable 
of deploying dipole antennas of 51 cm length, was designed and prototyped by the 
team.

1 Student Satellite Program, IIT Bombay, is an initiative taken up by the students to build a centre 
of excellence in space science and technology at IIT Bombay. The first satellite, Pratham, under 
this program, was launched onboard the PSLV-C35 on 26th September 2016. Information about 
current projects can be found here: https://www.aero.iitb.ac.in/satlab/. 

https://www.aero.iitb.ac.in/satlab/
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3 Dynamics of the CubeSat Over the Interval 
of Deployment 

Tape springs are straight, thin-walled strips with a curved cross-section [10]. A 
carpenter’s tape is a tape spring. Due to its curvatures, it exhibits unique behavior. 
It is stored as a coil but can be extended into a stiff tape that can be easily folded. 
Except for the region of the fold, the rest of the tape spring is mostly straight and 
undeformed. Tape springs store elastic strain energy during folding and, in principle, 
would deploy freely into the straight unstrained configuration once the restraining 
forces have been released. Tape spring can be folded in two ways, depending upon 
the sense of curvatures. Several deployable structures that make use of tape springs 
have been analyzed [2, 9, 11]. Different modeling approaches have been proposed, 
ranging from a theoretical model [10] to develop a FE-based model [3, 7]. In this 
paper, a suitable extension is proposed to the theoretical model proposed by Seffen 
[10]. 

A model to study the dynamics of uncoiling of a tape spring mounted on a spool and 
its experimental verification is presented by Seffen [10]. This analysis is applicable 
when the radius of curvature of the tape spring and tape spool is nearly the same. 
The tape spring is modeled as a rigid body of varying length, which uncoils from the 
circular base. This modeling approach assumes the conservation of energy. 

The antenna deployment system consists of a disk around which the antennas are 
wrapped. The CubeSat can be assumed to consist of a rigid cube with two flexible 
tape spring antennas wrapped around a disk mounted on one of the faces. Figure 2 
shows the schematic and parameters used to denote the unwrapping of the antenna 
from the deployment system. The x and y axes are parallel with the face containing 
the antenna deployment system, and the z-axis is normal to the face with the antenna 
deployment system, pointing towards the reader. The x-axis is parallel to the deployed 
antenna and points towards the right side. It was assumed that no external torques and 
forces are acting on the system during the deployment. It is expected that the angular 
momentum of the system remains conserved. The system gains kinetic energy at the 
expense of the potential energy stored in the coiled tape spring. 

Fig. 2 Schematic of the 
model
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Table 1 Results of simulation on disk 

Test ID Parameters Results 

No. of 
antenna 

Thickness 
(mm) 

Direction of 
folding 

Total energy 
(J) 

Deployment 
time (sec) 

Angular 
velocity 
(rad/sec) 

FT01 1 0.2 Opposite 0.4115 0.177 −10.76 

FT02 1 0.1 Opposite 0.0514 0.364 −2.86 

FT03 1 0.1 Equal 0.0277 0.496 −2.10 

FT04 1 0.2 Equal 0.2216 0.242 −7.92 

FT05 2 0.2 Opposite 0.8231 0.170 −19.53 

FT06 2 0.1 Opposite 0.1029 0.355 −5.40 

FT07 2 0.1 Equal 0.0554 0.484 −3.96 

FT08 2 0.2 Equal 0.4432 0.232 −14.35 

Before developing the full model for the CubeSat, a more straightforward problem 
was analyzed - a disk with one or two antennas in a plane, where translation in 
two axes and rotation about one axis were permitted.2 Kane’s method was used to 
obtain the dynamics equations. This set of nonlinear differential equations was then 
integrated numerically. A set of simulations were performed to understand the effect 
of the number of antennas, thickness, initial energy, and the sense of folding for 
the tape springs on the final angular velocity attained and the time taken for the 
deployment. This was later extended for the CubeSat by simulating a cube with one 
or two antennas, where translations in three axes and rotations about three axes were 
permitted [8]. Values assigned for various parameters were obtained from the design 
of Advitiy. 

4 Results 

4.1 Simulations on Disk 

Different test cases, their parameters, and the results have been tabulated in Table 1. 
For all these simulations, initially, the disk is at rest, and 0.99 fraction of the antenna is 
wrapped around the disk. The numerical integration is performed over two intervals. 
Timestep of 0.00001 was used from 0 s to 0.001 s, and a timestep of 0.001 was used 
from 0.001 s for the rest of the period of analysis. The mass of the disk is the same 
as that of the satellite, and the moment of inertia for the disk is the same as that for 
the satellite, about the z-axis.

2 Refer Appendix—Derivation of dynamics of disk with 1 coiled antenna. 
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Table 2 Results of simulations on cube 

Test ID Parameters Results 

No. of 
antenna 

Thickness 
(mm) 

Direction of 
folding 

Total energy 
(J) 

Deployment 
time (sec) 

Angular 
velocity 
(rad/sec) 

FT09 1 0.2 Opposite 0.4115 0.177 {3.98, 
1.08, − 
11.59} 

FT10 2 0.2 Opposite 0.8236 0.173 {4.04, 
1.65, − 
20.13} 

4.2 Simulations on Cube 

Different test cases, their parameters, and the results have been tabulated in Table 2. 
For all these simulations, initially, the cube is at rest, and 0.99 fraction of the antenna is 
wrapped around. The numerical integration is performed over two intervals. Timestep 
of 0.00002 was used from 0 to 0.001 s, and a timestep of 0.001 for FT09 and 0.002 
for FT10 was used from 0.001 s for the rest of the period of analysis. 

For the simulations performed, the velocity of the center of mass and the angular 
momentum were monitored. It was observed that the velocity of the center of mass 
remains nearly zero, and the angular momentum is conserved. These slight variations 
have been attributed to numerical errors, but they are within engineering approxi-
mations and can be neglected. Since the system begins from rest, the total energy 
is equal to the potential energy stored due to the tape spring coiling. This potential 
energy depends on the strain energy per unit area and the coiled area of the tape. The 
opposite sense of folding is responsible for a higher value of the strain energy, while 
the equal sense of folding is responsible for a lower value. A thicker antenna, when 
coiled, stores more strain energy than a thinner antenna. 

The plots for test case FT10 are shown. Figure 3 denotes the plot of the fraction of 
deployment for both the antennas over time. Both the antennas take nearly the same 
amount of time for deployment. Figure 4 shows the angular velocity of the cube. 
ω1, ω2, and ω3 denote angular rates about the 3 axes, where ω3 is about the z-axis, 
about which the antennas are wrapped around. Hence, maximum change is observed 
about the z-axis. The non-zero cross-terms in the moment of the inertia matrix are 
responsible for angular rates about the other two axes.

5 Conclusions 

In this paper, a model for coupled dynamics of the deployment of the tape spring 
antennas mounted on disk and cube were derived, and simulations were performed. 
The following qualitative remarks can be made from the analysis:
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Fig. 3 Fraction of 
deployment 

Fig. 4 Angular rates of 
CubeSat

• The maximum change in angular velocity is observed along the axis about which 
the antennas are wrapped around. 

• A thicker antenna with an opposite sense of bending produces the maximum 
angular velocity, while a thinner antenna with an equal sense of bending produces 
the least angular velocity. 

• For the same thickness and direction of folding, the system with one antenna and 
two antennas have nearly the same deployment time, with the system with two 
antennas requiring slightly less time than the system with one antenna. 

Following are some considerations which shall influence the design of other 
subsystems:
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• The initial angular velocity of Advitiy, while in orbit, may be non-zero. Depending 
on the direction of the unfolding of the antennas, this can either increase or 
decrease the angular velocity. Hence, the onboard logic should check the angular 
rates and factor in the direction of the unfolding of antennas. Based on this, an 
appropriate instant should be decided to issue the command for deployment. 

• From the model, the anticipated angular rates with which Advitiy spins after 
deployment can be evaluated. The attitude determination and control subsystem 
should be able to control Advitiy under these conditions. Thus, a set of require-
ments must be generated by performing a more exhaustive set of simulations on 
the model. 

Acknowledgements We want to thank the Student Satellite Team for their inputs, which made this 
research work possible, and the Department of Mechanical Engineering for their support. 

Appendix—Derivation of Dynamics of Disk with 1 Coiled 
Antenna 

The system with a uniform disk and one tape spring antenna wrapped around its 
periphery is considered. The schematic is shown in Fig. 5. The disk has radius r, 
mass md , and moment of inertia about its center of mass Id . The tape spring has 
length L, mass per unit length ρ, the radius of curvature R, and thickness t. The  
inertial frame is defined using N. The frame attached to the disk, located at its center 
of mass, is denoted by A. At  ψ = 0, the frames N and A are parallel to each other. x 
and y denote the position of the center of mass of the disk in N frame. Let λ1 denote 
the fraction of length of tape spring, which has been unwrapped. Let δ1 denote the 
angle subtended at the center of the disk by the portion of tape spring coiled, at a given 
instant. The subscript has been added to identify the antenna. There are two parts of 
the tape spring, a coiled section, and an unwrapped section. A generic point on the 
coiled section is denoted by xP11Aa and on the unwrapped section by xP12Aa. ζ 1 
is the parameter, which is dependent on δ1. Kane’s method has been used to derive 
these equations [1, 8]. xANn denotes the position vector of the center of mass of 
disk with respect to frame N, expressed in unit vectors of N frame. Similar notations 
have been used throughout.

vANa = {u1, u2, 0}T (1) 

&ANa = {0, 0, u3}T (2) 

u1, u2, u3 are generalized speeds.
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Fig. 5 Schematic for 1 
antenna uncoiling from disk

L(1 − λ1) = rδ1 (3) 

xP11Aa = {r sin(ζ1L/r ), r cos(ζ1L/r ), 0}T (4) 

xP12Aa = {r sin(δ1) + (L ζ1 − r δ1) cos(δ1), r cos(δ1) 
−(L ζ1 − r δ1) sin (δ1), 0}T (5) 

Velocities are written as follows. dδ1/dt is set as u4, the 4th generalized speed, in 
addition to the 3, defined before. 

vP11Na = vANa + dxP11Aa/dt + &ANa × xP11Aa (6) 

vP12Na = vANa + dxP12Aa/dt + &ANa × xP12Aa (7) 

Using these, partial velocities (i =4 terms each. p indicates that these are partial 
velocities)-vANapi, vP11Napi, vP12Napi, and partial angular velocities ωANapi 
are evaluated by taking derivatives with generalized speeds. Accelerations are 
evaluated as follows. 

aANa = dvANA/dt + &ANa × vANa (8) 

aANa = d&ANa/dt (9) 

aP11Na = dvP11Na/dt + &ANa × vP11Na (10)
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aP12Na = dvP12Na/dt + &ANa × vP12Na (11) 

The potential energy for the coiled section of the tape spring is written as PE = 
μR2αδ1 where μ denotes strain energy per unit area, α angle of the embrace of the 
cross-section. Generalized inertia forces, F* 

i, and generalized active force, Fi, are  
written 

F∗ 
i = −[

mdaANa · vANapi + IdaANa · &ANapi 

+
∫ r δ1 /L 

0 
ρL(aP11Na · vP11Napi)d ζ1 

+
∫ 1 

r δ1 /L 
ρL(aP12Na · vP12Napi)d ζ1

]
(12) 

F4 = −dPE/dδ1 (13) 

Other generalized active force terms are zero. Using these, equations of motion 
are obtained. 

− (Lρ + md )du1/dt 

− 0.5ρ
[−2r2 sin(δ1) − 2r (L − r δ1) cos(δ1) + (L − r δ1)2 sin(δ1)

]
du3/dt 

+ 0.5ρ
[
(L − r δ1)2 sin(δ1)

]
du4/dt  = −(Lρ + md )u2u3 

+ 2r2 u2 3(1 − cos(δ1)) + 2r (L − r δ1)
(
u2 4 − u2 3

)
sin(δ1) 

+ (L − r δ1)2 (u4 − u3)2 cos(δ1) (14) 

− (Lρ + md )du2/dt 

− 0.5ρ
[
2r2 (1 − cos(δ1)) + 2r (L − r δ1) sin(δ1) + (L − r δ1)2 cos(δ1)

]
du3/dt 

+ 0.5ρ
[
(L − r δ1)2 cos(δ1)

]
du4/dt = (Lρ + md )u1u3 − 2r2 u2 3 sin(δ1) 

+ 2r(L − r δ1)
(
u2 4 − u2 3

)
cos(δ1) + (L − r δ1)2 (u4 − u3)2 sin(δ1) (15) 

0.5ρ
[−2r2 sin(δ1) − 2r (L − r δ1) cos(δ1) + (L − r δ1)2 sin(δ1)

]
du1/dt 

+ 0.5ρ
[
2r2 (1 − cos(δ1)) + 2r (L − r δ1) sin(δ1) + (L − r δ1)2 cos(δ1)

]
du2/dt 

+ [
Id + ρLr2 + (ρ/3)(L − r δ1)3

]
du3/dt 

− (ρ/3)(L − r δ1)3 du4/dt 
= −  r2 u1u3ρ(1 − cos(δ1)) − rρ(L − r δ1)2 (u4 − u3)u4 

− rρu3(L − r δ1)[ u2 cos(δ1) + u1 sin(δ1)] 
− 0.5ρu3(L − r δ1)2 [u1 cos(δ1) − u2 sin(δ1)] (16)
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0.5ρ(L − r δ1)2 [du2/dt cos(δ1) + du1/dt sin(δ1)] 
− (ρ/3)(L − r δ1)3 [du4/dt − du3/dt] 
= −0.5ρu3(L − r δ1)2 [u1 cos(δ1) − u2 sin(δ1)] 
− 0.5rρ(L − r δ1)2

(
u2 4 − u2 3

) + μR2 α (17) 

Note that these equations of motion (14–17) are functions of the generalized 
speeds, their first derivatives, and only one generalized coordinate δ1. These are 
solved simultaneously with the following four Eqs. (18–21) to obtain the trajectory 
of the system in terms of the generalized coordinates of the system. 

dx/dt = u1 cos(ψ) − u2 sin(ψ) (18) 

dy/dt = u2 cos(ψ) + u1 sin(ψ) (19) 

dψ/dt = u3 (20) 

dδ1/dt = u4 (21) 

The example considered by Seffen [10] restricts the translation of the disk. The 
set of equations can be reduced by setting u1 = u2 = 0 and du1/dt = du2/dt = 0 to  
verify these against the equations presented by Seffen [10]. 

This approach of deriving dynamics has been extended for a disk with two 
antennas and a cube with one or two antennas [8]. Use of symbolic manipulation 
software is highly recommended to obtain and solve these equations. 
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Analysis and Experimental Validation 
of Solder Joints of CCGA Packages 

B. K. Chandrashekar, Santosh Joteppa, and Vinod Chippalkatti 

Abstract Continuous development in electronics industries results in the intro-
duction of many complex electronics packages. Nowadays, digital and frequency 
modulation technology occupies a major part in commercial, telecommunication, 
space, and defence electronics applications. Space industries use high-reliable elec-
tronics packages like the Ceramic Column Grid Array package (CCGA) which is 
programmable as per application in satellite modules. These packages have more 
number of columns for electronics as well as for mechanical strength. As the number 
of columns increases, mechanical strength increases, but same time screening of 
columns that are very closely constructed is very difficult. When these packages 
undergo screening tests like thermal cycling, there may be chances of solder cracks 
and bending of columns due to temperature variation. Thereafter, the high-level 
vibration test makes the solder cracks grow faster and bent columns to fail. These 
grid array packages shall be integrated onto PCB through reflow technology; reflow 
creates the solder fillets at the bottom portion of columns which mounts upon PCB. 
During these reflow processes, in any chance the solder fillet is not properly formed, 
and vibration test followed by thermal cycling may lead to damage of columns in-turn 
whole package. As the cost of one package itself is very high, damage to multiple 
packages may result in huge losses to industries. In this paper, two numbers of 1752 
columns CCGA (VERTEX 5 CN1752 CCGA) packages are considered which are 
mounted on 2.6-mm thick, 12-layer polymide PCB. The board along with CCGA 
packages is placed inside an aluminium housing, and this assembly is considered to 
perform dynamic analysis like eigen value, sine response and random response anal-
ysis and is subjected to vibration tests to study the solder joint behaviour of CCGA 
columns; observations are discussed in detail.
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Keywords Solder joints · CCGA · Copper ribbons · Solder crack · SMD · FEA ·
Vibration 

1 Introduction 

The formation of solder joint during attachment of any electronic components is 
governed by two processes, the wetting and spreading. Wetting process concerns to 
the formation of a metallurgical bond between the solder and substrate. Spreading 
describes the voluntary flow of molten solder over a substrate surface. Wetting 
and spreading processes together form the solderability of the solder-substrate-flux 
system [1] (Fig. 1). 

There are two common types of solder joint technologies used in highly credible 
electronics applications, through-hole technology and surface mount technology. 
Surface mount technology (SMT) is relatively a novel one used to attach electronic 
components to a printed circuit board. SMT provides various advantages over conven-
tional through-hole technology [2]. Eutectic 63Sn 37Pb is used highly as an inter-
connection material in electronic packaging. It provides a mechanical as well as 
electrical connection between component and board. Based on the application, the 
combination like 63Sn-37Pb and 80Sn-20Pb, etc. are also considered. The solder 
fillet furnishes both electrical continuity and mechanical fastening for surface mount 
interconnects (Fig. 2).

Fig. 1 CCGA columns 
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Fig. 2 Surface mounting 
packages 

2 Problem Description 

During the reflow process, flaws like contaminated surfaces, inadequate flux strength 
and low processing temperature will result in poor solderability which is often indi-
cated by incomplete joints (cracks) and void formation in the solder fillet, which can 
degrade the load-bearing capacity as well as electrical functionality [3]. When these 
are subjected to high-level vibration test followed by thermal cycling, the solder 
cracks grow rapidly and lead to failure almost immediately. Hence, it is important to 
study solder joint behaviour for the actual loads through finite element analysis and 
testing before the actual packages are subjected to screening processes. 

3 Finite Element Analysis 

Finite element method is a numerical technique used extensively to solve complex 
engineering problems. In this work, the following analyses are performed to analyse 
the behaviour of the solder joints, 

(1) Eigen value analysis (Modal analysis) to evaluate the fundamental frequencies 
and modes. 

(2) Sine response analysis to check the maximum amplification and vibration 
signature. 

(3) Random response analysis to check the dynamic fluctuation over a confined 
frequency bandwidth [4].
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Fig. 3 Finite element model 
of the assembly 

Fig. 4 Finite element model of CCGA columns 

3.1 Finite Element Model 

The PCB with two numbers of 1752 columns CCGA packages is modelled using two-
dimensional shell elements and three-dimensional tetrahedron elements. The PCB 
along with CCGA packages is placed inside the aluminium housing (refer to Fig. 3) 
since PCB cannot be mounted directly on armature of the vibration machine. The grid 
analysis has been performed to optimize the FE model, and standard values of quality 
parameters like Warpage, Aspect ratio, Tet-collapse and Jacobian are maintained to 
achieve accurate results [5] (Figs. 4, 5 and Table 1).

3.2 Load Specifications 

3.3 Eigen Value Analysis Results 

The first fundamental frequency for the assembly is observed at 575 Hz, which is on 
PCB away from the CCGA packages. Similarly, mode 6 and mode 7 are observed 
on CCGA packages along with PCB at 838 Hz and 895 Hz, respectively (Fig. 6).
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Fig. 5 Boundary condition and excitation location for random response analysis 

Table 1 Element type details 

Serial number Element type Parts Number of elements 

1 2-dimensional shell element PCB 471,064 

2 3-dimensional tetrahedron 
element 

CCGA packages and 
Housing 

11,262,069 

3 1-dimensional BEAM 
element 

M3 bolts 16 

4 RBE2 elements Coupling elements 38

Fig. 6 Eigen value analysis result plot (from left to right—Mode 1, Mode 6 and Mode 7) 

3.4 Sine Response Analysis Results 

Since the first fundamental frequency of the assembly is observed at 575 Hz, the 
responses will be flat for sine load as the sine response load is in a frequency 
bandwidth between 5 and 100 Hz. Hence, sine response analysis is not performed.
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3.5 Random Response Analysis Results 

The random response analysis is performed with a base excitation for the load as 
specified in Table 2. The random response 132.31 g2/Hz (85.5 grms) is observed 
on the CCGA package which is mounted at the centre of PCB. Since the observed 
acceleration level is high, it is decided to apply adhesive at all four corners of the 
packages for safe operation. The maximum RMS stress of 3.94 MPa is observed on 
the column at the junction where the copper ribbon is attached to the column and 
solder fillet (Fig. 7). 

Table 2 Vibration test 
specification 

Resonance search test 

Frequency (Hz) Amplitude 

5–2000 0.5 g 

Sweep rate 2 oct/Min 

Sine response specification 

Frequency (Hz) Amplitude 

5–22 12.4 mm (peak-peak) 

22–70 25 g 

70–100 20 g 

Sweep rate 2 oct/min 

Random response specification 

Frequency (Hz) Normal to mounting plane 

20–100 +3 dB/oct 

100–1000 0.30 PSD (g2/Hz) 

1000–2000 −6 dB/oct  

Overall 20.8 Grms 

Duration 2 min/axis  

Fig. 7 Random response results plots (from left to right—acceleration plot, RMS stress plot, RMS 
stress contour)
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4 Dynamic Test 

During the thermal cycling test, the CCGA columns and solder fillets experience 
temperature variation, which weakens the pre-existing voids and cracks. Thus, post 
thermal cycling the assembly shall be subjected to high-level vibration test to identify 
the failures [6, 7]. 

The below vibration tests are performed to study the dynamic behaviour of the 
CCGA columns and solder joints, 

(1) Low-level sine (LLS) 
(2) Sine response test 
(3) Random response test. 

The LLS vibration test is performed by applying 0.5 g load for a frequency band-
width from 5 to 2000 Hz to identify the resonance frequencies (natural frequencies) 
in the assembly. 

The sine and random response tests are performed as specified in the below 
sequence,

• Pre LLS test—Sine response test—Post LLS test
• Pre LLS test—Random response test—Post LLS test. 

Then, the board shall be subjected to detailed visual inspection under the micro-
scope to find any physical changes in columns and solder fillets. The analysis results 
are referred for visual inspection to reduce the time consumption. 

4.1 Test Set up 

Vibration test is performed as per the specification shown in Table 2 in all three 
directions (X, Y & Z) to study the dynamic behaviour of PCB and its effect on 
CCGA packages. Five number of accelerometers are used to extract the response 
(two accelerometers on each CCGA packages and three accelerometers on PCB near 
to CCGA packages). A qualified circular fixture made of aluminium [8, 9] (475 mm 
in diameter and 40 mm thick) is employed to fix the assembly to the vibration shaker 
(Figs. 8 and 9).

In this paper,

• the test results when the assembly is loaded along normal to mounting plan (Y 
direction) are discussed since it is the critical loading direction for PCB and CCGA 
packages;

• from sine and random response tests, peak response on the CCGA package is 
discussed; and

• the pre and post-LLS vibration test values for sine and random response tests are 
tabulated in Table 3 (Figs. 10, 11 and 12).
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Fig. 8 Vibration shaker 

Fig. 9 Vibration test setup

Table 3 Analysis and test result details 

Sl. 
No. 

Description Fundamental frequency (Hz) Acceleration (g) RMS 
stress 
(MPa) 

1 FE 
analysis 

Eigen value 
analysis 

575 – – 

Random 
response 
analysis 

575 85.5 grms 3.94 

2 Dynamic 
test 

LLS 619 – 

Sine 
response 
test 

Pre-Sine Post-Sine Pre-Sine Post-Sine – 

590 590 12.54 12.42 

Random 
response 
test 

Pre-Random Post-Random 63.12 grms – 

590 588 

3 Visual inspection No cracks on solder fillets and column bend
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Fig. 10 Low-level sine (LLS) response plots 

Fig. 11 Sine response test plots

4.2 Visual Inspection 

Detailed visual inspection is performed under the microscope to identify any major 
changes or damage in the CCGA columns and solder fillet. It is observed that there 
is no column bend, column cracks, solder cracks and solder detachments. Later the 
CCGA packages are subjected to electrical tests, and it is found that both packages 
are working fine [10–14] (Fig. 13).
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Fig. 12 Random response test plots

Fig. 13 Visual inspection of CCGA columns and solder fillet under 10× microscope after vibration 
tests (Left—before vibration test; Right—after vibration test) 

5 Conclusion 

The RMS stresses obtained from the FE analysis are well within the yield limit of the 
material used to design columns and solder (yield strength is 26 MPa). The % error 
between pre- and post-vibration tests are also well within the allowable limits (10%), 
but the acceleration amplification is quite high; hence corner stacking is proposed for 
future studies to avoid amplification. The visual inspection after each vibration test 
depicts no observation such as crack initiation, cracks growth and solder detachments. 
Table 3 shows the analysis and testing results in detail.
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Challenges in the Dynamic Condensation 
and Internal Response Prediction 
of Small Satellites 

Narendra Nath , K. P. Venkateswaran, T. Sundararajan, and S. Geetha 

Abstract Emerging small satellite market faces many challenges mainly to protect 
their payload during the launch. Satellite team has to share their finite element model 
to the launch vehicle team for the various analysis like launch vehicle dynamic char-
acteristics, Coupled Load Analysis (CLA), dynamic envelop studies, etc. FE model 
contains sensitive details about the satellite, and dynamic condensation of the satel-
lite is the only way to protect satellite details. This also helps in reducing the number 
of degrees of freedom of the satellite finite element model. Craig-Bampton technique 
is the most popular method to reduce the satellite into a mass and stiffness matrix 
with the required number of modes. Satellite team needs a physical node at critical 
locations to study the responses, and these nodes need to be retained while reduc-
tion. This paper examines the Craig-Bampton reduction method and discusses how 
to compute the response at various locations of the satellite. A frequency response 
analysis with reduced model and full model is also compared in this paper. 

Keywords Craig-Bampton · Modal condensation · Frequency response · Small 
satellite 

1 Introduction 

Small satellite manufacturing is the fastest growing market with a market share of 
2.8 billion dollars by the year 2020 and would be 20% substantial growth from 2020 
to 2025 [1]. As the market share increases, the challenges also ballooned to protect 
their design and internal payload details from other competitive companies. Satellite 
manufacturer has to share their finite element model (FEM) to the launch vehicle 
team for the overall launch vehicle dynamic analysis as well as transient analysis 
for predicting response at the critical location, from where the satellite ground test 
vibration levels used to be generated. Various condensation techniques are currently 
being used by various agencies to reduce the finite element model to mass and
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stiffness matrices, and among all, Craig-Bampton technique is most popular and 
widely recognized [2]. 

Craig-Bampton mathematical formulation is extensively used in aerospace appli-
cations, where large finite element models cannot be directly integrated or increases 
the size of the whole model, which ultimately takes a large time to solve [3]. The 
mathematical formulation of Craig-Bampton is often used for: 

(1) Reducing the number of degrees of freedom of the actual model and supply to 
other agencies for coupled load analysis (CLA) and dynamic characterization 
of the launch vehicle [4]. 

(2) Modal synthesis, where the satellite model can be attached to interfacing 
structure like payload adapter and multi-satellites interface adapter. 

Small satellite payloads need to be vibration tested as a qualification plan, and 
it becomes mandatory to find the response levels at the critical package locations. 
These responses can be estimated through CLA if the satellite is reduced with a 
single interface node, and the responses of internal nodes of interest are estimated 
using various ways. Another way is to condense the satellite model with the degrees 
of freedom of the desired nodes (internal points) where the responses are of interest. 
Detailed condensation technique and efficacy of this technique is brought out in this 
paper. Frequency response will also be compared between the full and condensed 
model for one of the critical payload locations. Various techniques will also be 
discussed to calculate internal point response of the satellites. 

2 Mathematical Formulation of the Craig-Bampton 
Technique 

A brief description of the Craig-Bampton theory will be discussed in this section [5]. 
The basic equation of motion is generally considered below ignoring structural 

damping 

[MAA]{ü A} + [K AA]{u} = {F(t)} (1) 

The Craig-Bampton transformation is defined as: 

{u A} =
{
ub 
uL

}
=

[
I 0 

∅R ∅L

]{
ub 
q

}
(2) 

where, ub = boundary degrees of freedom (DOF), uL = internal (leftover) DOF’s, φR 

= rigid body vector, φL = fixed base mode shapes and q = modal DOF’s,

[
I 0 

φR φL

]

= φcb = C-B transformation matrix. 
Combining Eqs. (1) and (2) and pre-multiplying by [φcb]T
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∅T 
cb[MAA]φcb

{
üb 
q̈

}
+ ∅T 

cb[K AA]φcb

{
ub 
q

}
= ∅T 

cb

{
Fb 

FL

}
(3) 

Defining the C-B mass and stiffness matrices as 

[Mcb] = ∅T 
cb[MAA]φcb =

[
Mbb Mbq 

Mqb Mqq

]
(4) 

[Kcb] = ∅T 
cb[K AA]φcb =

[
Kbb 0 
0 Kqq

]
(5) 

Re-write Eq. (3) using Eqs. (4) and (5)

[
Mbb Mbq 

Mqb Mqq

]{
üb 
q̈

}
+

[
Kbb 0 
0 Kqq

]{
ub 
q

}
=

{
Fb 

0

}
(6) 

When structural damping is considered, dynamic equation motion can be written 
as

[
Mbb Mbq 

Mqb I

]{
üb 
q̈

}
+

[
0 0  
0 2ζω

]{
u̇b 
q̇

}
+

[
Kbb 0 
0 ω2

]{
ub 
q

}
=

{
Fb 

0

}
(7) 

where 2ζω  = modal damping. 

3 Analysis  

A small satellite model with the dimension 378 mm × 378 mm × 453 mm with 
32.5 kg of mass was considered for the study. All the electronic packages were 
modelled as lumped mass at the centre of gravity and connected using rigid beams. 
Nodes on the interface ring with the launch vehicle were brought to a single node. 
While condensation of the model, this single node was treated as an interface node. 
This satellite model was reduced to a single interface node using the Craig-Bampton 
technique through NASTRAN solver for 60 modes [6]. Actual/full satellite model 
and Craig-Bompton reduced models are analysed for the base fixed conditions. 
Frequency, mass and inertial parameters are compared to check the effectivity of 
the technique. 

Frequency response analysis also was carried out to understand the effect of 
reduction. Full model, as well as reduced models, were excited in X-axis (see the 
axis definition in Fig. 1) and responses at critical package locations were compared.
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Fig. 1 Small satellite FE model is shown in left figure and right figure shows satellite internal 
details with mass lumping locations connections 

4 Results and Discussions 

Craig-Bompton technique was used to reduce the given model into a single node. 
Comparison of frequencies between the full and reduced model for the base fixed 
boundary condition for first 60 modes (1438 Hz) are plotted in Fig. 2. Figure 2 
illustrates that both the full and reduced models are in very good agreement. Since 
the first base fixed frequency is 82 Hz, the curve starts from the 82 Hz. Mass and 
moment of inertia of reduced and full satellite model are very well comparable, which 
show reduction in technique efficiency. 

Fig. 2 Shows frequency comparison between the full and reduced model for the base fixed condition 
of the satellite
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Fig. 3 Frequency response comparison between the full and reduced model for the excitation in 
X-axis, at a node 151,672 in X-axis, b node 151,672 in Y-axis and c node 151,672 in Z-axis 

Figure 3 shows frequency response comparison in X, Y and Z directions at 
node 151,672 which is one of the critical package location nodes, between the full 
model and reduced model with internal nodes retained; a clear difference in response 
between full and reduced models is seen from 500 Hz frequency onwards. The peak 
amplitude 1.4 is seen in X-directions; however, Y and Z response amplitudes are 0.4 
and 0.6, respectively. Higher frequency mismatch is due to not including the residual 
vectors, hence it is recommended to include the residual vector while reducing as 
well as during transient analysis. 

5 Internal Point Response Computation 

Satellite model contains various sensitive packages like camera or sun sensors where 
responses need to be computed to define test levels. This is another challenging 
area which needs to be taken care while computing the internal point responses. 
This section is going to introduce various techniques which can be incorporated for 
computing the internal point response. 

The physical node extraction technique is a very popular technique in which crit-
ical locations nodal degrees of freedom are kept free while doing generalized dynamic 
reduction or component mode synthesis. These physical nodes in the reduced model 
are to be used for the extraction of response directly while doing coupled load anal-
ysis with the launch vehicle. Another method is to make restitution matrix which 
is the mode shape of the internal points. Response at the launch vehicle satellite 
interface is calculated through CLA, and this response is extrapolated to the internal 
point using this restitution matrix. The technique is very effective when the number 
of internal points are quite high, especially large satellites. 

In some of the cases where the satellite is supplied to a single node without having 
given the extraction node or restitution points, it is difficult for the launch vehicle 
agencies to extract the internal point response. In such a case, launch vehicle agencies 
can only supply the satellite base response to the satellite team and satellite team has 
to apply this given base response as transient to satellite base and extract response 
to the desired locations. Certain cases where satellite reduced FE model is not at
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supplied, a lumped mass technique is used in which satellite mass is lumped at the 
centre of gravity of the satellite and responses are extracted. 

6 Conclusions 

Satellite reduction technique was discussed in this paper, and a detailed formulation 
of the most popular Craig-Bampton reduction technique was demonstrated. The full 
FE model and reduced model is compared for the frequency and found that they 
are in excellent agreement to each other. Similarly, frequency response analysis was 
also brought out and mismatch in frequency response is attributed to residual vector 
which needs to be included while analysing the model. Another challenge is how 
to compute the internal point response at the critical/sensitive package location. A 
detailed internal point response computation technique is also brought out in this 
paper. 
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Design and Additive Manufacturing 
of a Mechanical Chassis for Small 
Satellite Launch Vehicle Inertial 
Navigation Package 

Tony M. Shaju , D. Syamdas, G. Nagamalleswara Rao, K. Pradeep, 
and Joji J. Chaman 

Abstract The demand for a small satellite launch vehicle for ISRO has been ever 
increasing due to growing launch requirements from the rising number of industrial 
and academic players who are venturing into design and fabrication of smaller satel-
lites for their specific applications. Therefore, a new lightweight navigation system 
needs to be designed for catering to the requirements of a low weight small satel-
lite launch vehicle. The major mechanical component of a navigation package is the 
cluster (chassis) which is used for mounting gyroscopes and accelerometers required 
for providing information about the position and attitude of the launch vehicle. The 
cluster adds a good percentage to the total mass of the package. As a first step towards 
proving the technical feasibility of AM route, the CNC machinable cluster was 3D 
printed along with test coupons, and their structural and thermal characteristics were 
studied. Then, improvements were made on the cluster to increase one of the normal 
mode frequencies using design for additive manufacturing philosophy. This modifi-
cation also helped to reduce the mass, which was made possible with the flexibilities 
offered by additive manufacturing in terms of manufacturing constraints. The modal 
analysis carried out on the modified cluster proved the improvement in performance 
of the cluster. The modified cluster was successfully 3D printed, followed by testing 
to meet all geometric and performance requirements. 

Keywords Additive manufacturing · Chassis design · Design for additive 
manufacturing · Direct metal laser sintering · 3D printing 

1 Introduction 

The growth of the additive manufacturing (AM) process over the past few years as a 
mainstream manufacturing process has been tremendous. Compared to conventional 
methods such as machining and injection moulding, AM offers unparalleled potential 
in manufacturing of complex shapes and customized geometry. The major advantages
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of AM include part consolidation, weight reduction, functional enhancement, part 
customization, etc. [1]. AM particularly supports low volume manufacturing [2], 
as manufacturing these components via traditional manufacturing methods might 
turn out costly. This also creates opportunities for supply chain simplification [3]. 
AM helps in reducing raw material cost for components where the input stock is 
machined away to less than 10% [4]. Current advances in automated manufacturing 
technologies have also enabled hybrid manufacturing (HM) processes that combine 
the complementary capabilities of AM and subtractive manufacturing [5]. 

When using conventional design methodology, one has to take into consider-
ation the limitations of the CNC machining processes like geometric complexity, 
tool access to interior locations, etc. But AM can build different types of intricate 
features without being limited by the CNC machining design constraints [6]. A design 
philosophy called Design for Additive Manufacturing methodology has been devel-
oped and adopted, and still being improved for the purpose of designing efficient 
and performance-enhanced structures for AM [7]. While AM provides huge design 
potentials, the geometric freedom available is not unlimited [8]. 

Determining the properties of the powder used for AM, as well as the properties of 
the resulting bulk metal material, is necessary for qualification of the AM component 
[9]. Powder testing methods include chemical composition check and a range of 
complex physical measurement techniques like laser diffraction particle sizing and 
morphological analysis [10]. Testing for mechanical properties like Yield strength, 
Young’s modulus, shear strength, fracture toughness, hardness, etc., helps in adding 
confidence to the material and process being used for building the component. The use 
of NDT methods for the substantiation of quality and structural integrity of additively 
manufactured parts are necessary in this respect. X-ray computed tomography (CT) 
is the most encouraging method for the inspection of parts with complex geometries 
[11]. 

2 Mechanical Design of Cluster 

The sensor cluster (or cluster) is used to mount navigation sensors like gyroscopes 
and accelerometers and their associated electronic components at required locations. 
The cluster package is then assembled in the cluster housing suspended through a 
set of vibration elastomeric isolators, which is eventually mounted on the equipment 
bay of the Small Satellite Launch Vehicle. The design drivers for the cluster are its 
stiffness and thermal performance to ensure optimum sensor performance during 
launch environment. The requirement is that inertial sensor errors does not vary in 
time due to dynamic inputs to the cluster due to vibrational and thermal loading. The 
rocket motor acoustics induced random vibration input to the cluster is attenuated by 
suspending the cluster on elastomer-based vibration isolators. The inertial sensors 
used in launch vehicle navigation generate heat while they are at work. These sensors 
perform optimally in a given temperature range only. Thus, a thermal control needs 
to be implemented within the cluster to maintain thermal equilibrium, as external
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Table 1 Chemical composition of AlSi10Mg material 

Element Al Si Cu Mn Mg Zn Fe 

Weight % Bal 9–11 ≤0.1 0.05 0.45–0.6 0.05 ≤0.55 

Table 2 Typical mechanical properties of AlSi10Mg material 

Property Horizontal Vertical 

Yield Strength in MPa 248 228 

Tensile strength in MPa 386 412 

Elongation in % 8.6 7 

conditions vary as the launch vehicle ascends. However due to elastomeric suspen-
sion, the conduction paths do not exist, and the only means of transporting heat is 
radiation, which demands more area, which would in turn increase the mass. There-
fore, a material with high specific stiffness and stable thermal properties is preferred 
for manufacturing a cluster. For CNC machining, aluminium alloy 6061 is used. 

For the feasibility of using traditional manufacturing methods, the cluster was 
initially designed keeping in mind the design constraints imposed by 5-axis CNC 
machining. This design itself is complicated due to the closed structure of the cluster 
and assembly challenges caused by small available design volume of the cluster. 
Initially, this design was taken for 3D printing to assess the feasibility of the process 
and to make sure the process meets all design and functional requirements. AlSi10Mg 
alloy was used for additive manufacturing of the cluster owing to its good mechanical 
properties like Yield strength and Young’s modulus, high thermal conductivity, and 
low density [12]. The chemical composition of AlSi10Mg material is given in Table 
1. Typical mechanical properties of AlSi10Mg material [13] are given in Table 2. 
The 3D printing operation was performed successfully. 

Later, design modifications (Figs. 1, 2, 3, and 4) were done on the cluster using 
design for additive manufacturing philosophy for decreasing the mass and increasing 
the first normal mode frequency of the cluster. The design of the centre stem and 
mounting locations of the accelerometers underwent major modifications.

Modifications were done on two other locations as well. This helped in further 
reduction in mass. The modified cluster was 3D printed along with test coupons using 
the same process and the same machine. 

The geometrical tolerances of areas where the sensors are mounted on the cluster 
need to be very stringent. However, this is difficult to be achieved with AM. Hence, 
stock material was added at these critical locations to allow post machining of 
the cluster to achieve high precision geometric tolerances. Build simulation was 
performed to assess the distortion that forms on the structure during the printing 
operation.



196 T. M. Shaju et al.

Fig. 1 The CNC machinable design and the modified design of the cluster 

Fig. 2 Modifications done at the centre stem which is the location for mounting accelerometers 

Fig. 3 Conversion of the cross section of the cluster handle to C section
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Fig. 4 Modification at the internal faces by addition of pockets which are not machinable by CNC 
milling

3 Additive Manufacturing and Testing of Cluster 
and Coupons 

The CNC machinable cluster and the modified cluster was 3D printed using DMLS 
technology on an EOS M280 machine. The build orientation was selected in such 
a way that the part height was minimized. The build was performed on a preheated 
platform to reduce the formation of residual stresses in the structure. The build 
platform with the cluster and the test coupons is shown in Fig. 5 

The 3D printed clusters are shown in Figs. 6 and 7. Three each test coupons were 
printed on the same build in XY and Z directions in order to use them for mechanical 
testing. The test coupons were made extra longer to enable a cutting of samples 
for thermal conductivity tests. The tensile testing was conducted in UTM, and the 
Young’s modulus was analytically calculated from force vs deflection graph. The 
yield strength and percentage elongation at break also were obtained during the test.

Fig. 5 Build orientation of 
the cluster along with 
respective test coupons 
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The thermal conductivity testing was conducted on a sample sized 12.7 mm dia * 

3 mm length as per ASTM E1461 standard. The thermal conductivity in all three 
directions of the print were measured. Other test coupons were also printed in the 
same build for enabling the measurement of hardness, fracture toughness, and shear 
strength of the material. 

Finish machining of 3D printed cluster was performed to obtain precision in 
critical features and geometry of the cluster. Holes for mounting the gyroscopes and 
accelerometers were drilled using a jig boring machine to achieve high positional

Fig. 6 CNC machinable 
cluster printed by Direct 
Metal Laser Sintering 

Fig. 7 Modified cluster 3D 
printed by Direct Metal 
Laser Sintering 
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accuracy. CT scan of the 3D-printed cluster was performed to detect formation of 
pores in the internal structure of the component during the printing process. 

4 Results and Discussions 

The modification done on the CNC machinable cluster using design for additive 
manufacturing methodology yielded an increase in the first normal mode frequency 
and a decrease in the mass of the cluster. A lower bound Young’s modulus value of 
65GPa was used for AlSi10Mg material during simulation for maintaining a safety 
margin. The first normal mode frequency of the CNC machinable cluster and the 
modified 3D printed cluster, which is in the thrust direction of the launch vehicle is 
shown in Fig. 8. Details of mass reduction and frequency increase are given in Table 
3. 

Fig. 8 First normal mode frequency of the CNC machinable cluster and the modified 3D printed 
cluster in the launch vehicle thrust direction 

Table 3 Increase in centre 
stem thrust mode frequency 
due Design for Additive 
Manufacturing-based design 
change 

Design CNC Machinable 
cluster 

Modified AM 
cluster 

Material AA6061/6351 AlSi10Mg 

Young’s Modulus 
used for simulation 

70GPa 65GPa 

Centre stem thrust 
mode frequency 

1352 Hz 1427 Hz 

Percentage reduction 
in Centre stem mass 

– 40% 

Overall Reduction in 
cluster mass 

– 13%
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The centre stem of the cluster where maximum amount of mass reduction was 
done is shown in Fig. 9 This mass reduction was the reason for the substantial increase 
in the first normal mode frequency of the cluster. 

Build simulation performed on the cluster CAD model using SimufactTM soft-
ware yielded total displacement results for different locations of the cluster. The 
maximum predicted total displacement (Fig. 10) at any location on the cluster was 
1.24 mm. 

The CNC machinable cluster and the modified cluster were successfully 3D 
printed using DMLS technology. The printing process of one cluster took 70 h for

Fig. 9 Centre stem comparison of the CNC machinable and the modified clusters. Mass reduction 
of 40% was achieved due to the modification 

Fig. 10 Simulation on the total displacement of the critical features of the cluster 
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Fig. 11 3D scanning results for the 3D printed modified cluster 

completion, against time taken for CNC machining which is about 3 weeks. After 
printing process, 3D scanning was performed, and the scanned data was compared 
with original CAD file of the cluster to study the deviations of the printed cluster with 
respect to the original geometry. A maximum deviation of 260 microns (Fig. 11) was  
observed. Although measured values of distortion are less than the predicted values, 
the predicted areas of high distortion matched the areas in the cluster where high 
distortions were measured. 

3 each test coupons printed in XY and Z direction were tested using a UTM to 
obtain the Yield strength, Young’s modulus and percentage of elongation at break. 
The nominal values (Tables 4 and 5) obtained are close to values reported in technical 
literature [13]. Thermal conductivity tests were done on small button sized samples 
cut out from the respective tensile coupons. The results indicated a range of 165– 
200 W/mK values for different build directions. 

Fracture toughness and shear strength for XY and Z directions of test samples were 
tested as per ASTM E399 and ASTM E769, respectively, and the results are shown 
in Table 6. These values are close to the respective values reported for aluminium 
alloy 6061, which is used to manufacture the CNC machinable cluster.

Table 4 Tensile properties of 
test coupons in XY direction 

Property XY-1 XY-2 XY-3 

Yield strength in MPa 254 244 245 

Elongation in % 9.70 9.80 10.00 

Reduction area in % 11.25 16.78 12.56 

Modulus in GPa 75 73 76
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Table 5 Tensile properties of 
test coupons in Z direction 

Property Z-1 Z-2 Z-3 

Yield strength in MPa 247 235 235 

Elongation in % 5.20 5.30 5.03 

Reduction area in % 6.52 9.72 10.05 

Modulus in GPa 76 74 76

Table 6 Fracture toughness 
and shear strength 
measurements for AlSi10Mg 
material 

Property XY Z 

KQ value in MPa
√
m 31.99 23.49 

Shear strength in MPa 215 197 

Table 7 Hardness 
measurement of AlSi10Mg 
test samples in HBW 

Sample identification 1 2 3 

H1 102 102 104 

H2 102 102 99 

H3 102 99 102 

Hardness values of AlSi10Mg test samples tested as per ASTM E10 are shown 
in Table 7. Measurements were taken for three samples at three different locations 
for each sample. 

CT scanning results (Fig. 12) for one layer of the cluster are shown in Fig. 5. Scan 
of each layer of the cluster that is 100 microns apart was obtained and studied to 
identify potential crack formation. The results showed no porosities or cracks bigger 
than 100 microns in the entire volume of the cluster. 

Fig. 12 A cross sectional 
view from the CT scan 
results
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5 Conclusions 

The following conclusions were obtained as part of the work done on the cluster used 
for inertial navigation purpose on small satellite launch vehicles: 

• The design change carried out on the CNC machinable cluster was inspired by 
the Design for Additive Manufacturing methodology. This paved the way for a 
reduction in mass of the cluster and an increase in the frequency of a critical mode 
of the cluster. 

• The mechanical properties of the AlSi10Mg material used for 3D printed were lab 
tested and found to be similar to or higher than the AA6061 material. The higher 
measured Young’s modulus value compared to the inputs used for simulation 
studies will further help in increasing the critical mode frequency of the cluster. 
Thus, the increase in critical mode frequency is contributed both by the advantages 
of design for additive manufacturing methodology and by the higher Young’s 
Modulus of the material used for 3D printing. 

• The thermal property of the AlSi10Mg material and the 3D printing process 
methodology used, in terms of thermal conductivity is very similar to the AA6061 
material used for CNC machining of cluster, and therefore meets the functional 
requirement of the cluster design. 

• Build simulation conducted before printing operation helped in identifying 
optimum orientation of the cluster for best possible print results with minimum 
distortion and residual stresses. 

• The DMLS technology produced good results in terms of shear strength, fracture 
toughness, hardness, and lack of cracks and porosity in the internal volume of the 
cluster. 

• The use of AM route for manufacturing of the cluster resulted in reduction of time 
for realization of the cluster. 
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Investigation of Change in Dynamic 
Unbalance of a Reaction Wheel After 
Random Vibration Test 

D. Syamdas, K. Pradeep, Joji J. Chaman, and K. Anilkumar 

Abstract Spacecraft elements like reaction wheels are subjected to random vibra-
tion tests. These tests are done to simulate launch loads during ascend phase of the 
launch, to establish the design margins, and to bring out workmanship-related issues. 
Random vibration tests typically excite all natural frequencies of the structure within 
the excitation bandwidth. The excitation bandwidth typically ranges between 20 and 
2000 Hz. The excited range of frequencies is significantly wide, so that it is prac-
tically impossible to design a structure without any natural frequencies within the 
range of excited frequencies. Hence, they must be designed in such a way that they 
must perform satisfactorily during these tests even when they are resonated at their 
natural frequencies. Flywheels of reaction wheels are subjected to very high vibration 
loads; these loads are transferred to bearing unit through the assembly joints. The 
integrity of these joints plays a critical role in change in unbalance of reaction wheels 
during vibration. The reaction wheels used for spacecraft applications are balanced 
to very fine levels such that the on-orbit vibrations generated by a running reaction 
wheel does not affect the performance of payloads onboard a spacecraft (especially 
optical payloads). Random vibration tests may slightly increase the unbalance of a 
reaction wheel, but the change in unbalance of a wheel after vibration test must be 
limited within specified values. As part of qualification of a new generation reaction 
wheel it was subjected to random vibration test. After the test, it was seen that the 
dynamic unbalance value after vibration test has gone out of specification. This study 
indents to find the reason for this deviation and propose design improvements for 
limiting the change in dynamic unbalance values within the acceptable range. 
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1 Introduction 

All components of a launch vehicle or spacecraft are subjected to various kinds of 
loads during the ascent phase. Low-frequency loads are generated by events like 
engine shut off/ignition, wind gusts, and quasi-static loads. Other environments are 
acoustics, random vibration, sine vibration, and shock. Acoustics and random vibra-
tions are generated during aerodynamic events like buffeting and during lift-off phase. 
Shock loads are generated as a result of separation events like separation of stages, 
payload fairing, spacecraft, etc. [5]. Sine vibrations are generated mainly due to pogo 
and slosh in liquid fuel and/or oxidizer tankages. The frequency band of all these 
events is so wide that it is practically impossible to design a spacecraft component 
without resonating at any of its natural frequencies. 

Reaction wheels for spacecraft are subjected to qualification level random vibra-
tion tests. These tests are done to establish the design margins and to bring out 
workmanship-related issues. During this test, they are subjected to random vibration 
typically for 120 s in each of the three principal axes. During random vibration envi-
ronment, all the structural frequencies (fundamental resonant frequencies and higher 
harmonics) within 20–2000 Hz will be excited simultaneously. The excited range of 
frequencies is significantly wide, and it is practically impossible design sub-systems 
without any natural frequencies within the range of excited frequencies. Hence, they 
must be designed in such that they have to perform its intended function satisfac-
torily during these tests, even when they are resonated at their natural frequencies. 
Flywheels of reaction wheels are subjected to very high vibration loads; these loads 
are transferred to bearing unit through the assembly joints. The integrity of assembly 
joints plays a critical role in the change in unbalance of a reaction wheel after vibra-
tion. The reaction wheels used for spacecraft applications are balanced to very fine 
levels such that the on-orbit vibrations generated by a running reaction wheel does 
not affect the performance of payloads, especially optical payloads onboard a space-
craft. Random vibration tests may slightly increase the unbalance of a reaction wheel, 
but the change in unbalance of a wheel after vibration test must be limited within 
specified values. 

As part of qualification of a new generation reaction wheel it was subjected to 
random vibration test of 11.77g_RMS along the spin axis. After the test, it was seen 
that the dynamic unbalance value after vibration test was 18 g-cm2 as against the 
specified value of 8 g-cm2. This study indents to find the reason for this deviation and 
propose design improvements for limiting the change in dynamic unbalance values 
within the specified limits. In order to get better insight into the joint design, it was 
necessary to estimate the slipping margin, clamping load, and the nut factor. 

Nut factor of a preloaded fastener joint is one of the important properties that 
determines the magnitude of the clamping force for a given tightening torque. Nut 
factor and diameter of the fastener establishes the torque preload relationship through 
[2, 4] 

T = K f  d (1)
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where T is the applied torque, f is the preload, and d is the nominal diameter of the 
screw. The value of nut factor depends on various factors like friction and tolerance 
between the thread, the kind of thread, the surface condition of the object being 
clamped, etc. While performing design computations, if the assumed nut factor is 
higher than the actual value, then the estimated clamping load would be lower and 
hence would give a conservative estimate on the slipping margins of the joint, but it 
would underestimate the stresses on the fastener. If the assumed nut factor is lower 
than actual, it would be vice versa. Hence, it is very important to use the right value 
of nut factor in the design computations for a fastener joint. 

Due to the complex nature of the nut factor and the factors influencing the value of 
it, the ideal method for evaluating it is by experimental means. This study was done as 
part of preload characterization and nut factor estimation of the bolted joint between 
bearing unit housing and flywheel of reaction wheel. The flywheel is fastened to 
the bearing unit using six M4 × 30 mm, standard 12.9 class bolts. The bolts were 
torqued with 4.5 Nm torque. Exact value of nut factor of the joint was not avail-
able for computation of the fastener preload on the joint; therefore, as part of the 
characterization, a test setup was made for this purpose. 

Nut factor estimation studies are generally done by placing a load washer in 
between the screw joint and monitoring the compressive strains on the load washer 
for applied torque levels. From the measured compressive strain, the fastener preload 
force is computed using the load-strain calibration data of the load washer. The 
bearing unit housing flange has a seating area of 8 mm for the flywheel-bearing unit 
interface. Standard load washers available commercially for preload characterization 
studies could not be accommodated in this very limited space. Hence, as part of 
measuring the preload on the joint, cylindrical-shaped load washers with an outer 
diameter of 7.9 mm, inner diameter of 4.1 mm, and length of 10 mm was fabricated 
and used for the test (see Figs. 1 and 2). 

Fig. 1 Dimensions of the load washer and load washer with strain gages on diametrically opposite 
locations
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Fig. 2 Load washer under calibration in UTM 

Two strain gages (strain gages 1 and 2) were instrumented on diametrically oppo-
site positions on the load washers (Fig. 1). Compressive load up to 10000 N was 
applied on the load washers, and the compressive strains were monitored (see Figs. 3 
and 4 for Load v/s strain data). The factor of safety the load washer would have 
at 10 kN force is 1.6. The calibration data of the load washers showed no signifi-
cant nonlinear behavior. This calibration test was carried out on a universal testing 
machine. This calibration (load v/s strain) data of the instrumented load washers was 
used for estimating the joint preload force, preload scattering factor, and nut factor. 

As part of the study, fasteners with different materials and/or surface coatings were 
tested for estimating the nut factor, joint preload, and preload scattering factor. These 
values were used to compute the slipping margin for the fastener joint. Based on these 
computations, necessary improvements were implemented, and the improved design 
has successfully cleared the vibration qualification test.

Fig. 3 Load strain calibration data of strain gages 1 and 2 of load washer 1
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Fig. 4 Load strain calibration data of Strain gages 1 and 2 of Load washer 2

2 Load Washer Calibration Results 

The load washers were calibrated multiple times in order to check for the repeatability 
and linearity of the load washer. It was seen that the response of the load washers 
was highly linear and repeatable. A straight-line fit was generated for the calibration 
data. This data was used to measure the clamping load at the fastener joint. 

The load-strain data shows very good linearity, and hence this method of testing 
is expected to give a good estimate of the preload on the fastener. Force computed 
using this line fit is averaged to minimize the errors and to get a better estimate of 
the preload force on the joint/fastener. 

3 Experimental Procedure 

The flywheel-bearing unit interface is joined using six M4 bolts. The six mounting 
points were used to get six sets of readings. During the test, instrumented load washers 
were used to measure the clamping load at the joint. The compressive strains (1 and 
2) on the load washers were monitored. The value of strain was used to estimate the 
clamping load on the joint using load washer calibration data (Fig. 5).

The test was carried out with four types of M4 screws, viz., (Table 1)

1. Cadmium coated Ti6Al4V screws 
2. Standard 12.9 class black finish screws 
3. Al I.V.D. + MoS2 Coated 12.9 class screws 
4. Al I.V.D. + MoS2 Coated E40CDV20 screws 

4 Design Calculations for Bolted Interface 

Tightening a group of fasteners to a predetermined torque value does not ensure the 
same preload on every fastener location. Geometric, material and surface variation 
will introduce some amount of scatter. Accounting the value of scatter in the design
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Fig. 5 Bearing unit housing 
used for test

Table 1 Nut factor mean and 
standard deviation for 
different types of screws 

Type of screw Nut factor (Mean) Nut factor (Std. 
Deviation) 

Cd coated Ti6Al4V 0.21 0.02 

Std. 12.9 class black 
finish 

0.22 0.02 

Al IVD + MoS2 
coated 12.9 class 

0.13 0.005 

Al I.V.D. + MoS2 
Coated E40CDV20 

0.14 0.01

computations would give a better estimate on slipping margin of the joint and the 
margin of safety during tightening of the bolt. The scatter in preload δ is also estimated 
during the test discussed in previous section. 

Various bolt parameters used for design calculations are: 

d nominal diameter of screw 
p pitch of screw 
μv Thread friction and collar friction of the bolt 
μ Joint friction coefficient 
ds Diameter at stress cross section 
As Stress cross section of bolt thread 
λa Ratio of external load carried by the assembly 
λs Ratio of external load carried by the screw 
Pmin Minimum pre-load of the screw 
Pmax Maximum preload of the screw 
Pnom Nominal preload of the screw 
Ct Torsion torque
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σyield Yield strength of screw material 
σultimate Ultimate strength of screw material 
δ Preload scattering factor 
Faxial Out-of-plane external force 
Fshear In-plane external force 
τ Shear stress 
σ Axial stress 
σvon mises Von mises stress 
T Bolt tightening torque 
SMslipping Safety margin w.r.t slipping of the assembly. 

Equations used for design calculation are [1] 

Pnom = Pmax + Pmin 

2 
(2) 

δ = Pmax 

Pmin 
(3) 

Ct = (0.161 × p + 0.583 × μv × d2) × Pmax where d2 = d − 0.6495 × p (4) 

T =
(
0.161 × p + μv ×

(
0.583 × d2 + dm 

2

))
× Pnom (5) 

where dm = 2 
3 
× d

3 
ext − d3 

int 

d2 
ext − d2 

int 

(6) 

SMslipping = μ × Pmin − λa × SFslipping × Faxial 

SFslipping × Fshear 
− 1 (7)  

Safety margin with respect to slipping of the joint is computed using minimum 
preload (see Eq. 7); this gives a conservative estimate of the quantity. 

Shear stress in screw due to tightening torque 

τ = 16 × Ct 

π × d3 
s 

(8) 

Von Mises stress in the screw [4] 

σvon mises =
√

σ 2 + 3 × τ 2 (9) 

Safety margin w.r.t tightening of screw: 

SMtightening = σyield 

σvon mises 
− 1 (10)
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When a fastener tightened with a tightening device such as a torque wrench is 
exposed to simultaneous torsion and tension, will yield at a slightly lower level of 
tensile stress than a fastener subjected to pure tension. This same fastener, however, 
will support a higher tensile stress in service before yielding further because the 
torsion stress component will, in general, disappear rather rapidly after initial tight-
ening in most cases. The shear stress due to torsion is created by frictional force 
developed between the mating threads of the fastener joint; therefore, the magnitude 
of it is proportional to the thread friction, and hence the torsional stress component 
for a lubricated screw is relatively low. The torsion stress will consume a part of the 
total strength of the bolt only while the torsion stress is present. Once the torque 
wrench is removed, the torsion stress will tend to disappear, and the fastener will 
recover its full tensile capacity after the torsion stress has disappeared [3]. The tensile 
stress required to further yield the fastener is higher than that required to yield, while 
it is being tightened. 

5 Results and Discussions 

The preload characterization and nut factor estimation test had given a better insight 
into the behavior of the fastener joint. A better estimate of clamping load, preload 
scattering factor, and mean and standard deviation of nut factor for various bolt types 
were obtained. Bolts used in aerospace application which are not reused could be 
preloaded up to 90% percentage of the allowable stress. However, torsional stress 
induced during the tightening process of the bolt must be estimated, and positive 
safety margin during tightening of the bolt should be ensured during tightening 
(Table 2). 

MoS2-coated E40CDV20 screws were used for the reaction wheel assembly with 
a safe tightening torque of 4.6 Nm, this would induce a nominal clamping load of 
8212 N at the fastener joint. This clamping load would provide necessary margin of 
safety with respect to slipping even under worst-case situations. This assembly was 
subjected to qualification level random vibration tests and the dynamic unbalance of 
the reaction wheel was within the required specification of 8 g-cm2.

Table 2 Slipping margins for different types for screws for maximum possible tightening torque 

Std. black finish 
12.9 class 

MoS2 coated 
12.9 

MoS2 coated 
E40CDV20 

Cd coated 
Ti6Al4V 

Yield strength 
(MPa) 

1100 1100 1300 850 

Nominal axial 
preload (N) 

5717 7155 8212 4319 

Margin of safety 
w.r.t slipping 

−0.35 −0.03 +0.11 −0.53 
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6 Conclusions 

The increase in unbalance of the reaction wheel was found to be triggered due to 
slipping occurring at the flywheel-bearing unit joint. This was found to be due to 
insufficient clamping force at the joint. Higher clamping force was applied at the 
fastener joint, and positive margin of safety for slipping of the joint and yield of bolt 
was ensured. The reaction wheel assembly with higher clamping load at the fastener 
interface was subjected to vibration test, and the dynamic unbalance of the reaction 
wheel was within the required specification. As an improvement for the future, the 
joint would be redesigned with larger diameter screws which would increase the 
clamping load on the joint in order to improve the integrity of the joint further. 
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Abstract Understanding the radiation environment of the low earth orbit (LEO) 
is of considerable scientific interest, due to its unpredictable nature and variability. 
Temporal and spatial distribution of the ionizing as well as non-ionizing radiation 
levels in the LEO are especially important considering the negative impact these 
radiation have on the spacecraft avionics by causing Single Event Upsets (SEUs) 
and single-event latchups (SELs). With in-situ data about the radiation environ-
ment, we can gain an insight on the reliability of various Commercial off-the-shelf 
(COTS) in the space environment, as ground-based testing with simulated radiation 
levels for a long duration is often not practical. Further, the data collected about 
the ionizing radiation levels can also prove useful for the upcoming human space 
flight mission planning, wherein shielding against ionizing radiation is an important 
aspect to consider regarding the safety of the astronaut. With this primary objective 
of in-situ radiation dosimetry, the Ahan 3U CubeSat has been developed with a mass 
of around 2 kg and a nominal power consumption of less than 3 Watts. The satellite 
contains two different sensors, a Geiger-Muller Counter and a Radiation Field Effect 
Transistor (RADFET) to monitor radiation dosage in the LEO. This paper describes 
the design and development of the above-mentioned CubeSat mission. 
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1 Introduction 

The magnetic fields surrounding the earth and the earth’s rotation about its axis 
give rise to highly dense radiation zones called the Van Allen belts. The radiation 
particles in these belts seem to originate from the solar winds which are eventually 
captured by the Earth’s magnetic fields [1]. Conventionally, the inner Van Allen belt 
lies in an altitude range of 1000 to 12,000 km. However, in certain geographical 
areas, the inner boundary may decline down to roughly 200 kms. The South Atlantic 
Anomaly (SAA) is one such region, located at an altitude of approximately 500 km, 
spanning from −50° to 0° geographic latitude and from −90° to 40° longitude 
[2]. Such regions are characterized by unexpected events which completely change 
the orientation of the Van Allen belts; one such example being the formation of a 
narrow third belt of charged particles in September 2012 [3]. The primary motivation 
of our mission is that the unpredictable nature and continuous transformation of 
the radiation environment makes real-time monitoring and in-situ measurements a 
necessity. The current acclaimed standard models, namely, AP-8 and AE-8 (used 
for simulating trapped proton and trapped electron flux) have inaccuracies when 
modelling the fluctuations in radiation levels during solar maximum and minimum 
conditions [4]. The data from the proposed mission can be used to understand the 
temporal changes in the radiation levels by comparison with previously collected 
data by missions such as Hiscock Radiation Belt Explorer (HRBE) [5] and Cat-1 [6]. 

The Ahan mission is IIST’s first student satellite mission developed at Small-
spacecraft Systems and PAyload CEntre (SSPACE) of IIST, which is highlighted in 
the name Ahan derived from a Sanskrit word meaning ‘the first ray of the sun’. The 
Ahan satellite is built with the objective of monitoring the space radiation environ-
ment using new, compact, and robust disruptive small satellite technologies. Most 
subsystems of Ahan are indigenously built at IIST, the details of which are summa-
rized in Table 1. A successful demonstration will show the feasibility of radiation 
environment monitoring using small satellites and can lead to implementation of a 
future constellation of small satellites that continuously monitor the radiation envi-
ronment. In addition to the scientific objective of in-situ radiation dosimetry, the 
Ahan mission is also aimed as a technological demonstration of the various in-house 
developed small satellite subsystems. Correlating the radiation data with the on-orbit 
performance of the subsystems will lead to a better understanding of the negative 
impact these radiations have on the spacecraft avionics by causing single event upsets 
and single event latch-ups.

2 Science Objectives and Payload 

In order to understand the amount of radiation the Ahan satellite will be exposed to 
in orbit, an analysis was conducted to predict the expected incoming flux and total
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Table 1 Ahan specifications 

Dimensions and mass 34 × 10 × 10, Standard 3U form factor, 2 kg (approx.) 

Power 3 W (Nominal), 8 W (during RF transmission) 

Proposed orbit 500 km, 97.8 Inclination 

Science objective In-situ radiation measurement in the LEO 

Engineering objective To flight qualify in-house developed small satellite subsystems 

ADCS Passive Magnetic Attitude Control. Uses a 0.55 Amˆ2 magnet and 
hysteresis rods 

CDH Microsemi SmartFusion2 SoC, 128 GB SD card, 64 MB Flash 

EPS 2S2P battery pack (6–8.4 V), 4 body mounted panels, 
Load switches, VC sensors 

Comms UHF transceiver (NanoAvionics), 9600 bps, half-duplex

dose rate of different types of ionising radiations. These include solar energetic parti-
cles (SEPs), galactic cosmic rays (GCRs), trapped protons, and trapped electrons. 
Considering a tentative launch date of September 2021, the cumulative radiation flux 
over a mission duration of 6 months was analysed using the SPENVIS software [7] 
for different altitudes ranging from 350 to 900 km. Figure 1a,b show the cumulative 
proton flux estimated at 500 km and 700 km, respectively, using the standard AP-8 
model that covers an energy range of 0.1 to 400 meV for trapped protons. Similarly, 
Fig. 1d,e show electron flux estimated at 500 km and 700 km, respectively, using the 
standard AE-8 model which covers an energy range of 0.04 to 7 meV for trapped 
electrons. Similar plots were also obtained for the range of altitudes, and Fig. 1c,f 
show the trend of variation of the integral flux in this altitude range. The simulation 
results show that the energy of protons ranges between 0.1 meV and 300 meV which 
is about 100 times more energetic than the energy range of electrons (4e-2 to 7 meV). 
Protons have energy dominance in this region; however, the overall average integral 
flux of electrons (6.8596e + 4 for 500 km) is higher than that of protons (8.0822e + 2 
for 500 km). Further, it is also observed that the integral flux increases exponentially 
with altitude, which can cause spacecraft avionics failures (due to SEUs and SELs) at 
higher altitudes. Thus, following the simulation, an altitude of 500 km was consid-
ered most suitable as it provides decent radiation exposure without saturating the 
radiation sensor/ harming the spacecraft avionics. It is also observed that the regions 
of higher radiation flux are located near the south polar region, in accordance with 
the South Atlantic Anomaly. Based on the results of the proton and electron flux, a 
high inclination polar orbit (97.8°) that passes through the South Atlantic Anomaly 
region was chosen for further analysis. The incoming flux of galactic cosmic rays 
in this orbit was also analysed using different models which indicate that particle 
flux having a very wide spectrum of energies will be observed in such an orbit. The 
details of the analysis are available in the internal technical report.

To characterize the radiation, the science payload of the Ahan mission consists of 
two sensors: a Geiger-Muller Counter (GMC) and a RADFET-based radiation sensor 
which take two different measurements. The GMC estimates average ion density by
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Fig. 1 a Proton Flux at 500 km, b Proton Flux at 700 km, c Variation of Proton Flux with Altitude. 
d Electron Flux at 500 km, e Electron Flux at 700 km, f Variation of Electron Flux with Altitude

counting the amount of incident radiation received by the satellite. The payload 
design consists of a commercially available end window GM detector with a gas 
filling of Ne + HaI, typically used for Beta and Gamma ray counting applications. 
The detector has an outer diameter of 14.5 mm, a sensitive length of 39 mm, and 
requires a 500 V supply voltage to operate. An engineering model has been developed 
that contains the Geiger-Muller tube, as well as the power supply circuit and a readout 
circuit. For radiation dose measurement, the Ahan mission utilizes novel low-cost 
technology to conduct the radiation dosage measurement using a Radiation Field 
Effect Transistor (RADFET). The RADFET can be used to measure a cumulative 
dose using a nonlinear and a pre-recorded calibration curve. An engineering model 
has been designed in house in order to implement the read-out circuit for the RADFET 
using a high-resolution ADC. The science traceability matrix in Table 2 summarizes 
the science objectives and the instruments used to achieve them. 

Table 2 Science traceability matrix 

Science objective Measurement Instrument 

Average density of ionizing radiation within the South Atlantic 
Anomaly (SAA) region 

Ion density GMC 

Radiation exposure rates on spacecraft avionics Ion density GMC 

Cumulative radiation dose received by spacecraft avionics in the 
LEO 

Radiation Dose RADFET
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3 Mission Design and Analysis 

Ahan being a small satellite, has to be launched as a secondary (piggyback) small 
satellite payload on a PSLV. Thus, the orbital requirement of the primary satellite 
payload puts a constraint on the orbit selection for the Ahan mission. Typically, 
most primary satellites launched by the PSLV are delivered to sun-synchronous 
orbits with altitude ranging from 500 to700 Km. The previous section described the 
radiation flux observed at different altitudes, which shows that the radiation levels 
increase significantly as the altitude increases beyond 500 km. Thus, for the Ahan 
mission, a 500 km altitude was chosen that provides a suitable radiation environment 
to characterize, which isn’t too high to harm the spacecraft avionics. Further, using 
a polar 500 km orbit enables greater global access as compared to a low inclination 
orbit, allowing the Ahan mission to create a radiation map across a wider range 
of latitudes. A high inclination polar orbit also passes through the South Atlantic 
Anomaly region, which would allow the mission to characterize the unique radiation 
phenomena in this region. In addition, a sun-synchronous polar orbit gives an added 
benefit of having lesser eclipse time, which aids the power subsystem of the small 
satellite. In order to ensure that the satellite remains power positive throughout the 
mission, a power analysis was performed to simulate the power generation and the 
state of charge of the battery as the satellite moves in the orbit. Further, an access 
time analysis was conducted in order to determine the average number of the satellite 
with the ground station as well as the amount of total data that can be downlinked per 
orbit. The details of both these analyses are described in the subsequent subsections. 

3.1 Power and Detumble Analysis 

The Ahan satellite contains a passive magnetic attitude control (PMAC) that aligns 
the satellite along the earth’s magnetic field and can only reduce it’s angular rates 
to 2 degrees/second. Thus, the angle between the sun-vector and the normal vectors 
of the four solar panels changes with time, which leads to different values of power 
generated by the satellite. A simulation testbed created in MATLAB that uses an 
orbit propagator to determine satellite position and also determines the angular rates 
by solving the dynamics of the satellite. Figure 2a shows the variation of the satellite 
angular rates after deployment from the launch vehicle considering a worst-case tip-
off angular rate of 5°/s in each axis. These are then reduced to less than 2°/s within a 
time period of 10 days using the PMAC system. The power generation is estimated 
by using a sun vector model and determining the angle between the sun vector and 
the solar panels. As shown in Fig. 2b, the satellite remains power positive, the SoC 
remains between 95 and 100% dropping to the lower boundary in the eclipse.



220 T. K. Anant Kumar et al.

Fig. 2 a Satellite angular rates, b State of Charge (SoC) of the battery, c Access time analysis for 
different initial RAANs 

3.2 Access Time Analysis 

An access time analysis was also conducted (using the Systems Tool Kit student 
version software) that showed that the satellite had an average access time of 10 min 
per day with the primary groundstation established at IIST. The Ahan satellite 
contains a UHF transceiver having a data rate of 9600 bps using which an average 
of 720 KB of data can be downlinked per day. Preliminary estimates on the total 
data generated by the satellite indicate that less than 10 KB of data will be generated 
per day, giving a sufficiently large data margin. The graph in Fig. 2c shows access 
time analysis for different initial RAANs of the satellite. For this analysis, links with 
access time greater than 5 min are considered, as in a worst-case scenario it will 
take 1 min for connection establishment, 3 min for downlinking data, and 1 min for 
uplinking any commands required. 

4 Satellite Subsystems Overview 

The Ahan satellite is designed with a 3U form factor. A 3D render of the satellite 
(Fig. 3a) shows how the different components are placed in the satellite. The satellite 
has dimensions of approximately 34 × 10 × 10 cm and a mass of around 2 kg. 
Figure 3b shows a system-level block diagram of the entire satellite highlighting 
the interconnections between the different subsystems. The various subsystems PCB 
which includes the payload, the on-board computer (OBC), the electrical power 
system (EPS), and the UHF transceiver are stacked in the middle part of the satellite 
and connected using the PC104 interface.

The on-board computer is built in-house using the SmartFusion2 M2S090 SoC 
(System on Chip) FPGA which incorporates ARM Cortex M3 microprocessor, FPGA 
fabric, and other features on a single chip. The OBC designed for the Ahan mission 
is an improved version of the previously designed OBCs at IIST (developed for 
INSPIRESat-1 [8] mission). The OBC is also responsible for running the flight soft-
ware for the mission which is developed in C language. The communication system 
of Ahan uses a COTS UHF half-duplex transceiver developed by NanoAvionics with 
a proposed operating frequency of 437 MHz. A tape-measure monopole antenna that
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Fig. 3 a Ahan 3D CAD model, b Ahan system block diagram

is housed in an antenna deployments module (placed near the bottom of the satellite 
(−z face)) is used for transmission and reception. The antenna is deployed using 
a burn-wire deployment mechanism that derives heritage from the INSPIRESat-
1 mission. The electrical power system of the Ahan satellite consists of a charger 
board, a battery board, and four solar panels (with 7 solar cells per panel). The battery 
board consists of lithium ion cells in a 2S-2P configuration, generating a nominal 
battery voltage of 7.2 V and a nominal battery capacity of 5000 mAh. Since the 
radiation dosimetry payload doesn’t have any stringent pointing requirements, there 
is no necessity to use an active attitude determination and control system for the 
Ahan mission. Thus, a passive magnetic attitude control (PMAC) system was used, 
which contains a permanent magnet with a magnetic moment of 0.55 Am2 (derived 
mathematical relations developed in previous small satellite missions [9]) is fixed on 
the z axis of the satellite. Hysteresis rods are added to along the X and Y axes of the 
satellite to dampen the oscillatory motion of the permanent magnet about the local 
magnetic field vector. Satellite attitude and angular rates are determined to verify the 
proper functioning of the PMAC system. This is done using an inertial measurement 
unit (IMU) sensor present on the OBC that consists of an accelerometer, gyroscope, 
and a magnetometer. Further, coarse sun sensors are also added to the six faces of 
the satellite for sun vector determination that can be used to determine the attitude 
of the satellite when combined with other measurements from the IMU. 

The structural design of Ahan is based on the ISIS standard 3U design was devel-
oped with minor modifications, so that it can interface with the INLS deployer (devel-
oped by VSSC-MVIT). A finite element method (FEM) analysis was done on the 
structure to analyse the effect of the launch loads as prescribed by the PSLV team. The 
structure was analysed considering it to be made of aluminium-6061. Static, modal, 
sine vibration, and random vibration analysis were completed on the satellite struc-
ture to make sure that the satellite is able to survive the requirements of the launch 
vehicle (PSLV). The modal analysis shows a minimum modal resonant frequency of 
518.17 Hz, the minimum natural frequency prescribed by ISRO being 90 Hz. A repre-
sentative displacement contour for the first mode is shown in Fig. 4a. Results from 
the static load analysis indicate a minimum factor of safety of 6.8 (Fig. 4a), whereas
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Fig. 4 Ahan structural simulation: a Von Mises stress plot—static load analysis in simultaneous 
application of lateral and longitudinal loads, b First mode—representative contour, c Random 
vibration von mises stress plot in X-direction 

the FoS from the random vibration analysis is around 1.75 (Fig. 4c). The avionics 
subsystems as well as payloads of the Ahan mission do not contain any compo-
nents (such as CCD detectors) having stringent temperature requirements. Thus, 
the only major requirement of the thermal subsystem is to ensure that the temper-
atures of different subsystems do not cross beyond the absolute maximum ratings. 
Moreover, the total power consumption of Ahan is <10 W. It has been observed in 
small satellites with such low power consumption values that they do not need active 
thermal control in orbit. Hence, a passive thermal control strategy was adopted. This 
strategy involves locating effective heat sinks for the satellite and ensuring efficient 
heat transfer through passive conduction and radiation. This transfer of heat from 
the PCBs to the skeleton can be achieved using spacers, provided they have good 
contact with the PCBs. Copper strips can also be placed to enhance the heat removal 
rate from the PCBs. 

5 Integration and Testing 

In order to ensure the robust working of the various in-house developed subsystems, 
engineering models of the subsystems are created and tested, referred to as subsystem 
wise unit-testing. Once the unit tests are completed, interfacing tests are performed 
between the subsystems. The different subsystems are then integrated together in the 
form of a Flat-Sat (which consists of the avionics boards laid out on a bench without 
the structure) in order to test the functionality of the satellite avionics system. This 
is followed by the assembly of the engineering model (EM) of the satellite with the 
structure. After the EM of the satellite is tested, the flight model build can be started. 

Currently, the engineering models of the OBC, the communications board as 
well as the RADFET payload board of the satellite have been developed. Shown in 
Fig. 5a is the test setup for the UHF transceiver during an end-to-end test with the 
groundstation at IIST. The transceiver was connected to an antenna and the commands 
were sent to it using a serial utility on a computer. Test packets were also transmitted



Design and Development of a 3U CubeSat for In-Situ Radiation … 223

Fig. 5 a Transceiver testing, b GMC testing, c OBC EM testing, d UHF-OBC interfacing, e Ahan 
mass dummy 

and received in the ground station. Figure 5b shows the breadboard testing of the 
GMC payload with an external radiation source. Figure 5c shows the unit testing 
of the OBC board and flight software. During this test, the flight software was run 
on the OBC, and the data was constantly logged to a computer to ascertain robust 
functioning of the software scheduler. Once the boards were tested individually, the 
two subsystems were interfaced together as shown in Fig. 5d. Figure 5e shows  the  
assembled mass dummy model of the Ahan satellite was manufactured in-house at 
IIST. For the mass dummy model, all the electronic subsystems including the solar 
panels were replaced with mass dummies made of acrylic, steel, aluminium, etc. 
The structure is planned to undergo the PSLV-Launch specific qualification tests for 
different vibration loads. 

6 Conclusions 

The Ahan small satellite is being developed by the Small-spacecraft Systems and 
PAyload CEntre (SSPACE) at IIST. The mission will help to demonstrate that in-
situ radiation dosimetry can be conducted through low-cost novel disruptive small 
satellite technologies to enhance the understanding of the radiation environment. For 
the development of the mission, an analysis has been done to simulate the radiation 
environment of the LEO region, and also develop various low-cost sensors that can 
be used to measure and characterize the radiation. Currently, the engineering models 
of the different subsystems have been developed after multiple iterations of design 
and testing. The next key steps include flight model fabrication, completing the flat-
sat tests, the deployment tests, and environmental tests including thermal vacuum 
and vibration. After completion of the tests, the Ahan satellite will be delivered for 
launch to the Indian Space Research Organization in 2021.
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Performance Evaluation of Aluminum 
Heatsink for High Reliable CCGA 
Packages 

K. R. Suresha, Santosh Joteppa, and Vinod Chippalkatti 

Abstract Digital technology is trending in modern electronic applications. Due to 
its high reliability, space technology uses electronic packages like CCGA which are 
molded inside ceramic case hence named ceramic packages. Some of these packages 
have thermal path from junction (die) to top surface of the package. Thus, external 
thermal coupling is required to drain out excess of heat to maintain the temperature 
within allowable limits for safe operation of satellite. Since, these packages are 
high in cost and one-time programmable devices, cannot be used for R&D purpose; 
hence, equivalent thermal component which dissipates the way CCGA dissipates is 
employed to duplicate the model. Aluminum heat sink is used as a thermal coupler to 
drain out excess of heat. In this paper, effectiveness of heat sink is studied. Thermal 
analysis has been performed using CFD software by considering different heatsink 
configurations. Based on analysis results, the best heatsink design is selected and 
fabricated. Experiments are performed under different boundary conditions as per 
the analysis. Assembled unit is subjected to thermal testing, and the results are 
compared with that of thermal simulation, and they are well within the acceptable 
limit. Using these results, the same heat sink is implemented with actual CCGA to 
maintain junction temperature within allowable limit specified by the manufacturer. 

Keywords CCGA · CFDs · Junction temperature · Heat sink · Thermal coupling 

1 Introduction 

As technology grows, industries seek advancement in day to day. Electronic indus-
tries is one such field spreading its foot print in telecommunication, defense, space,
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Fig. 1 Network block defines CCGA (thermal resistance from junction to top is less hence heat 
flow to the top) 

medical, etc. As we aware, in space applications, weight is an important constraint 
which determines the cost of the satellite launch. Advancement in technology 
replaces bigger modules with small packages with high dissipation and prone to 
use complex thermal management methods. These small packages construction are 
such that heat has to drain out through columns or from the top side surface of the 
component; hence, thermal management plays a crucial role in space electronics for 
failure-free products. 

Digital applications use ceramic packages like CCGA; based on application 
and load, these packages dissipates more and unable to transfer the heat to board 
because of high thermal resistance from junction to board. These packages may 
lead to complete system failure if there is no proper thermal management. While 
adopting thermal solution, many factors need to be considered such as weight, cost, 
application or attachment area, availability, acceptability, mode of heat transport, 
distance from source to sink, power dissipation, etc. Customized aluminum heat 
sink is designed and used to handle the dissipation of CCGA up to 10 W with 55 °C 
ambient. Though there are high conductance thermal solutions like heat pipes and 
cold plates, aluminium heat sink (purely conductive heat transfer) is selected because 
of its low cost with minimum number of mechanical fixing elements. These heat sink 
performances are evaluated with analysis using CFD software and experimentation 
using test setup, which is discussed in Sect. 2. 

Figure 1 shows the network block having less thermal resistance from junction 
to top of the component compared to thermal resistance from junction to bottom 
of the package. Component junction temperature [1] is controlled by controlling 
surface temperature of the component when the thermal path is from junction to top 
surface. Temperature rise from junction to case is depends on the thermal resistance 
of the component from junction to case. Temperature raise from case to junction is 
calculated with the formulae 

T j  − T c  = R jc  ∗ Q 

where Tj is the junction temperature in °C, Tc is the case temperature in °C, Rjc is 
the thermal resistance from junction to case in °C/W, Q is the heat dissipation in W, 
Rjb—thermal resistance from junction to board in °C/W.
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2 Thermal Design and Analysis 

The practice of usage of simulation software plays a predominant role in reducing 
time and cost before realizing the product. By creating virtual model and simulating 
the model gives the areas need to improvise. Heat sinks are simulated with proper 
boundary conditions to check heat sink adequacy to meet intended specification. 
The steady state thermal analysis is performed with commercial CFD software. Two 
concepts have been studied in this work to attain best configuration heat sink [2, 3]. 

2.1 Concept 1 

In space application, component temperature is reduced by transferring heat from 
component to housing through PCB or by introducing external element. Based on this, 
heat sink is designed and steady-state thermal analysis is carried out [4]. Assembly 
consists of housing, PCB, HMC (equivalent thermal component), and customized 
heat sink. Housing made up of Aluminium and HMC is modelled [5] such a way that 
more heat should flow toward heat sink (Fig. 2). 

Heat sink dimensions: Lug diameter—6 mm; Thickness of flat portion—4 mm. 
PCB consists of six layers and equivalent thermal conductivity [2] is calculated 

using copper percentage and layer thickness with help of below formulae. 

Kinplane =
∑i=n 

i=1 ki ti
∑i=n 

i=1 ti 
& KOutplane =

∑i=n 
i=1 ti

∑i=n 
i=1 

ti 
ki 

where K is the thermal conductivity in W/mk; “i” is the Layer number; and t is the 
thickness of the layer.

Fig. 2 Concept 1 design with boundary conditions 
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Table 1 Mesh details from software 

Details of mesh Mesh quality 

Sl. no Description Number Sl. no Description Range 

1 No. of nodes 1,987,981 1 Face alignment 0.366 to 1 

2 No. of elements 1,868,825 2 Volume 9.35e-13 m3 to 6.11e-5 
m3 

3 Skewness 0.02 to 1 

Calculated value of PCB thermal conductivity in in-plane is 39.6 W/mk and out 
plane is 0.47 W/mk. 

Material properties are assigned [1] to each of the components. 8 W heat dissipa-
tion is added to the junction of equivalent heat source (HMC) of which almost 7.5 W 
is drain out from top side of the component. By considering test condition, convec-
tion is consider for analysis. Base of the unit is maintained at 55 °C with an ambient 
of 25 °C. The grid generation plays an important role in the CFD results. Improper 
grid size has major impact on result. Selection of fine mesh leads to increase in the 
computational cost and time. Usage of course mesh leads to wrong solution; hence, 
it is important to take care grid size during mesh generation (Table 1). 

The meshed model is simulated using the following set of equations [2]. 
Continuity Equation 
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Momentum Equation in Z direction 
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Fig. 3 Temperature profile of assembly (Concept 1) 

where (u, v, w) are the component of the fluid velocity and ( fx , fy, fz) are body force 
in direction of (x, y, z) direction, p is pressure, T is temperature, and φ is viscous 
dissipation. 

Flow simulation is coupled with thermal analysis, software will calculate heat 
transfer coefficient h itself and gives the result. The temperature plot is shown below 
(base plate is not shown) (Fig. 3). 

The temperature on equivalent component (HMC) from analysis is found to be 
93.4 °C, which is quite high. For further reduction of temperature of the component, 
heat sink contact area with the housing needs to be increased. Increasing lug size of 
the heat sink demands more PCB area; hence, the heat sink is projected to housing 
as discussed in concept 2. 

2.2 Concept 2 

To give more contact area flat portion of the heat sink extended to the housing by 
proving projection in housing. Contact area got increased and simulation done for 
the updated thermal model with same configuration as there in concept 1. And mesh 
parameters are well within the acceptable limit. Thermal model and temperature 
plots are shown below (Figs. 4 and 5).

The temperature on equivalent component (HMC) from analysis is found to be 
83.5 °C. For 55 °C base plate. Concept 2 gives the 10 degree advantage over concept 
1 and same heat sink is fabricated for the experimentation.
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Fig. 4 CAD model (concept2) 

Fig. 5 Thermal profile concept 2

3 Experimentation 

The experimental set up consisting of PCB with equivalent thermal component 
(HMC), which is kept inside the aluminum mechanical housing. A 10 Ω thick film 
resistor (Part no. MP930) is used as a power source, which is attached to the lid of 
the dummy HMC (equivalent thermal component), and the ends of the resistor are 
soldered to the HMC pins (For power supply). The package is hermetically sealed. 
The HMC is raise mounted to minimize the heat flow towards PCB (similar to 
CCGA). Chotherm of 0.4 mm thickness with thermal conductivity 2.6 W/mk is used 
as thermal interface material between HMC top and Heatsink. Lambda tdk power 
supply is used for power up the unit, and K-type thermocouples are used to monitor
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Fig. 6 Experiment test unit 

Fig. 7 Equivalent heat source and final heat sink configuration (hole in middle of heat sink drilled 
for temperature measurement on HMC) 

the temperature. All calibrated devices are employed to perform this experimentation 
[6] (Figs. 6 and 7). 

The fabricated heat sink is attached to HMC with thermal interface material 
chotherm. Hot plate is employed to maintain base temperature at 55 °C. The complete 
experimental set up is shown in Fig. 8. The resistor is powered by power supply, and 
the current voltage values are set to dissipate 8 W. Selected locations are monitor for 
the temperature. Before switching ON the unit, hot plate is allowed to stabilize for 
55 °C. After this unit is switched ON, the unit is allowed to stabilize. The temper-
ature values are taken once the unit is stable, and results are recorded. Results are 
discussed in below section [7].

4 Experimental Results 

The unit is tested before fixing the heat sink and the temperature is monitored on 
the HMC. In experiment, HMC without heat sink reaching 110 °C within 3 min 
of duration, hence the unit is switched OFF to avoid the damage of resistor. With 
heatsink integration the temperature on HMC was 83 °C. Which is close to the 
temperature obtained in analysis (83.5 °C). The temperatures on the unit at selected 
location are tabulated after stabilization with base at 55 °C (Fig. 9 and Tables 2 and 
3).
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Fig. 8 Experiment test set up

Fig. 9 Temperature 
monitored locations 
(resistors on PCB are not 
used, mounted for additional 
dissipation to PCB if 
required)
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Table 2 Experimental results 

Location Component Temperature (°C) 

1 HMC top 83 

2 Heatsink 68 

3 Heatsink 67 

4 Heat sink 66 

5 PCB 60 

6 PCB 53 

7 Housing 64 

Table 3 Experimental and analysis results comparison 

Location Component (Experiment) Temperature 
(°C) 

(Analysis) Temperature (°C) % of error  

1 HMC top 83 83.5 0.6 

2 Heatsink 68 70 3 

3 Heatsink 67 70 4.2 

4 Heat sink 66 66 0 

5 PCB 60 58 3.3 

6 PCB 53 56 5.3 

7 Housing 64 62 −3.2 

The temperature of the components was crossing 110 °C without heat sink, with 
the concept 1 the temperature reduced to 93 °C. By projecting the heat sink (concept 
2), contact area of the heat sink with housing is increased and it tends to decrease 
in temperature of the component i.e. temperature got reduce to 83 °C from 93 °C. 
The results of experimental are compared with analysis results and the maximum 
deviation is found to be 5.3%, which is well within the acceptable limit. 

5 Conclusion 

From this work, it is observed that equivalent thermal component (HMC) temperature 
without any thermal coupling is reaching 110 °C within 3 min, and in order to bring 
down this high temperature within allowable range heat sinks are employed. Two 
heatsink concepts have been studied among which concept 2 found to more effective 
because of more contact area. The temperature values obtained from the experiment 
are well within the allowable range (max. 5.3% deviation) hence heat sink concept 
2 is safe to implement in the real-time application for high-dissipating electronic 
packages like CCGA and same can be implemented for similar electronic packages 
whose thermal path is from junction to top with same dissipating ratio.
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Navigation and Small Satellites



Big Paradigm Shift in Small Satellite 
Technology and Applications 

Vinod S. Chippalkatti, S. S. Rana, and Rajashekhar C. Biradar 

Abstract In recent years, the space sector is going through an incredible transforma-
tion. The services from large satellites are actively considered for replacement with 
smaller satellites which have several advantages compared to the traditional satellites. 
These are designed and manufactured at a lower cost with flexibility in reducing the 
lead times. In addition, several low earth orbit satellite Iinternet constellations using 
small satellites are already being developed for low-cost and low-latency Internet 
access from space. The services are comparable with addition of the newer func-
tions. The experimentation possibilities using new technologies are more feasible 
resulting in an accelerated pace of innovation. Starting from the selection of compo-
nents including those which are rated non-space Commercial Off-The-Shelf (COTS), 
following the revised derating guidelines, up screening the modules and subsystems 
to the required environmental stress levels, and complying with the modified product 
realization and packaging guidelines are some of the path-breaking practices that 
are becoming common in faster realization of small satellite. Modular designs and 
application of best practices of a manufacturing industry set up dominate the cost 
expectations from the small satellite programs. The miniaturization trends in multiple 
technologies such as in sensors, computing and electronic subsystems have benefited 
different types of small satellites. Communication, data, earth observation and navi-
gation areas are benefitted in small satellites with the technological advancements in 
the commercial and industrial domains and their chipsets. While the small satellites 
are generally in low earth orbits (LEOs), they can offer services comparable to larger 
satellites in medium earth orbits (MEOs) or geosationary earth orbit (GEOs). This 
paper describes the small satellite classification, drivers for their growth, technology
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trends, and applications. It also explains the eco-system available and the players 
involved in the growth of the small satellite markets. 

Keywords Small satellites · Space missions · COTS · Miniaturization · Space 
economy 

1 Introduction 

The development and popularization of small satellites represent a shift in the tradi-
tional space sector. Small satellite industry is experiencing a revolution in the last 
few years across all aspects of the space economy. They incorporate the best of tech-
nologies from the industrial, aerospace, and to some extent from the commercial 
world. 

There is no standard definition of a small satellite and multiple sources [1] have  
classified them based on mass, volume, capabilities, and cost. One set of defini-
tion based on wet mass can be: Femto satellites (10–100gms), Pico satellites (0.1– 
1 kg), nanosatellites (1–10 kg), micro-satellites (10–100 kg), and Mini-satellites 
(100–500 kg). Satellites whose mass is less than 200Kgs are generally discussed 
under small satellite category. 

Small satellites also include CubeSats, a special class whose volume is a cuboid 
of 10 × 10 × 10 cm and wet mass of <1.33 Kgs. These have the form factors of 
1-3U and 6U. A smaller version called “Pocket Cube Standard” defines a satellite 
with a wet mass of 125 g having a dimension of 5 × 5 × 5 cm. These CubeSats 
have an additional advantage of being standardized for their containerization, mass 
production and launcher intefeaces. This ultimately brings increased manufacturing 
efficiency and cost reduction. 

The number of applications and users for such small satellites are increasing 
rapidly and covers remote sensing (earth observation and imagery-based intelli-
gence), space-based communication (broadband and low latency internet), scientific 
experimentations, and technology demonstrators. The technological adavcenement 
are in the areas of synthetic aperture radar, high-resolution optical imaging, onboard 
processing, hyperspectral imaging, advancements in miniaturization, propulsion 
systems, and debris management. 

2 Drivers for Small Satellites Growth 

Flexible and agile design, commercial-off-the-shelf components, digitalization and 
miniaturisation, dual-use, and spin-in have become synonymous with the ongoing 
change within small satellite systems. Today’s business models [2] thrive not only on
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Fig. 1 “Established → Emerging” areas of space economy 

technological improvements, but also on shorter generation cycles, aggressive spin-
in approaches, and a consequent trade-off between risk, cost, and time to market (see 
Fig. 1). 

The following factors drive the small satellite revolution resulting in dispropor-
tionate growth of their technology and applications [3]. 

• Latest Technology: Unlike traditional satellites that use space-qualified materials 
and components, which have a gap of 10–15 years compared to the latest technolo-
gies. The miniaturization of electronics and increase in reliability and performance 
have enabled small satellites to generally attempt to use COTS components. Use 
of Micro Electromechanical Systems (MEMS), plug and play systems, Rapid 
prototyping techniques are increasing the overall speed of hardware realization. 

• Standardization: The standardization of satellite bus and associated modules 
makes small satellite technology accessible. 

• Platform for New Technologies Testing: Small satellites enable cheaper and faster 
qualification of new subsystems and systems in space environment. 

• Life Cycle Reduction: Since small satellites have simpler architecture and make 
use of easily available COTS components, the development phase is shorter. 

• Lower Cost: By introducing single purpose mission objectives unlike multi-
payload missions, the complexity is reduced resulting in faster development and 
demonstration and cost reduction. 

Answers to questions like “What is the right size and cost for small satellites” 
are attempted by many researchers and reviewers [4]. Figures of Merit to assess the 
right sizing of the small satellites are evolving. Spacecraft Utility (factor of satellite 
volume, payload volume, and power), mission utility (aggregate value of a small
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Fig. 2 Return on investment versus time—S curves for different cases 

satellite constellation), and optimum cost (break even point including launch vehicle 
integration and containerization). 

The return on investment versus time frame S curves for general product devel-
opment (see Fig. 2), traditional satellite subsystem, system development, and for 
the emerging small satellite systems. For traditional space technology, especially on 
the hardware side, the product development phase is at least 5 years but may take 
up to 15 years or longer. These extended development phases create a significantly 
longer “valley of death” that needs to be bridged financially, represented by a longer 
S-curve (curve-2). Nevertheless, the phase of productivity and harvesting is consid-
erably longer, typically reaching 10–15 years, resulting in a minimum of 30 years 
between product development and product obsolescence. NewSpace and small satel-
lite system approaches, however, reduce the initial very long research and innovation 
phase, pushing the space tech S-curve (curve-3) to the left, nearer to the general tech 
S-curve (curve-1). 

3 Technology Trends in Small Satellite 

This section covers [5] the trend in technological developments for the small satellites 
and their ever-increasing applications. They are categorized into different areas of 
bus systems and payloads. 

Bus Systems: 

• Electrical Power: Generally, 30% of satellite mass is used up in supplying elec-
trical power to all the subsystems. This comprises power generation, storage, 
and distribution using solar cells and arrays, battery, and power electronics 
subsystems, respectively. 

– Solar Cells: Single-to triple-junction solar cells (with standard and customized 
sizes) are currently used in small satellites. They have the efficiencies around
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15–35%. In the coming years, multi-junction solar cells with more than 5– 
6 junctions with efficiencies increasing to around 45–70% are expended to 
make break through and come out competitively priced. Flexible and thin-film 
solar cells are also making a mark in the development of efficient solutions for 
tomorrow. 

– Batteries: The Li-ion and Li-po batteries are the secondary type batteries 
commonly used in small satellite missions. They have the advantage of 
being designed for proven aerospace and terrestrial applications. Thermo-
photovoltaic battery is another area of development in progress. 

– Power Electronics: The advent of latest power electronics semiconductor 
devices (GaN FETs, point of load converters, regulators) is bringing in signifi-
cant changes in the power electronics subsystems in distribution and regulation 
of power within the small satellites. 

• Thermal Control: This refers to all the subsystems and technologies pertaining 
to the maintaining of onboard temperatures to ensure satisfactory functioning of 
electronic subsystems. These controllers are passive and active in nature. The 
use of multi-layer-insulation (MLI), optical solar reflectors (OSR) and thermal 
Coating which are in the form of blankets, tapes, and paints work as thermal 
diodes in the stoppage of heat flow from outside to inside of the satellite and 
enable the efficient heat flow from inside to outside. Sunshields (offer shading 
of satellite from solar radiation), thermal Straps (flexible strips of metal foils or 
fibers), thermal Louvers (blinds that can be raised or lowered), and deployable 
radiators are at various technological levels on their way to getting deployed in 
tomorrow’s small satellites. Use of fluid loops (mechanical pumping mechanisms 
to circulate fluid) and are technological advances in heat pipes are in the queue 
for qualification and commissioning onto small satellites. 

• AOCS: Attitude and orbit control systems covers sensors, actuators, and control 
electronics subsystems. The sensors that help the satellite control are sun sensors, 
earth sensor, and star sensors. Actuators consist of magnetic troquers, wheels, and 
gyroscopes. 

– The star trackers use advanced miniature technologies, and several models 
are available (25–75 arc seconds accuracy ranges) for use onboard the small 
satellites. 

– The light-weight coarse and fine sun sensors weighing 15–50 g can give 
accuracy ranges of 0.1–5°. 

– Earth sensors with advanced thermopile sensors weighing less than 50 g are 
providing 0.25–0.75° accuracies. 

– Actuators such as magnetometers used for measuring local magnetic field are 
developed with accuracy ranges of 0.65–15 nT and weigh about 200 gms. 

– Gyroscopes are based on MEMS and Fibre Optic technologies. MEMS gyro-
scopes use vibrating structures that estimate the rotation rate. They weigh 
around 16gms to 2.8 Kgs for different performance specifications (10– 
35 deg/hr). The FOG (Fibre Optic Gyroscopes) perform better and weigh 
around 750gms with bias stability of 1 deg/hr.
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• Propulsion Systems: The propulsion system comprises thrusters, power processing 
systems, propellants, storage systems, and feed systems. Due to toxic nature of 
hydrazie, the hydrazine propellants are being changed to non-toxic propellants 
with potential thrust levels of 0.2–25 N and specific impulses of around 250 s. 
Cold and warm gas-based and solid fuel-based propellants are under various stages 
of development. Electric propulsion is also gaining the developer’s attention for 
their applicability to small satellites. In the coming years, latest versions of the 
electrosprays, RF ion thrusters, pulsed plasma and vacuum arc thrusters, and 
hall-effect-based thrusters are being watched for applicability to small satellites. 

• Data Handling and Autonomous systems: The digital hardware and associ-
ated software are going through transformation in subsystems required for 
satellite mission. Onboard computing is provided using microcontrollers, Field 
Programmable Gate Arrays (FPGA) and open source platforms. High perfor-
mance multi processor architecture allow more onboard processing resulting 
in use of lower bandwidth for downlinking, thus reducing the burden on the 
communication systems. 

• Communication systems: Since most of the small satellites are in LEO, the whip, 
tape, or patch antennae are in common use. Ease of deployability and low direc-
tionality make these as popular choices. The UHF-S band, L and X band communi-
cation systems with multiple technology readiness are considered for small satel-
lite systems. Laser communication and inter-satellite communication are other 
areas where significant research is in progress. 

• Mechanical Systems: Mechanical system design maximizes the electrical capa-
bility to accommodate various payloads and to integrate and miniaturize parts and 
subsystem functions/performance. The standard platform designs are based on an 
optimized and lightweight modular design with reducing the cost and schedule 
of the entire satellite development. 

Payload Systems: 

Payloads for Small satellites are generally classified into Earth Observation and 
Communication [5]. 

• High-resolution optical imaging payload form is the most important part of the 
remote sensing or earth observation payload. The approaches such as deploying 
space assets at lower altitudes, deployable lenses, and post processing software. 
This can help achieve an optical imagery around 0.5 m. Post processing has so 
far been able to achieve 0.9 m imagery. 

• Synthetic Aperture Radar payloads need significant power and size. Use of 
Frequency Modulated Continuous Wave (FMCW) than using traditional pulse-
based radar technology are increasingly popular to manage the mission with lesser 
power. 

• Higher level of onboard processing with techniques such as data compression, 
data synthesis in orbit, and modulation schemes reduces bandwidth and spectrum 
requirements.
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• Advances in optical communication, particularly for intersatellite links ease 
spectral bandwidth constraints. 

• Miniaturization using multiple technologies such as micro-nano electronics and 
advanced packaging techniques are significantly bringing down the size and mass 
of the payload electronics. 

Assembly Integration and Testing: 

• The time from concept to commissioning of small satellites in orbit has been 
shrinking significantly. The timeline is reducing from about a decade in tradi-
tional satellite to anywehere between 6 months and 5 years depending on the 
constellation complexity for the Small satellites. 

• The number of small satellites in the constellation is also necessitating changes in 
the assembly, integration, and testing activities. Automation of the manufacturing 
line like the high-end car manufacturing is implemented resulting in a lower cost 
higher quantity production. 

• Modular designs using standard bricks often is helping cost reduction and 
increased speed of small satellite manufacturing. Future satellite factories 
comprise robot-filled assembly lines like automotive industry. 

• Customized environmental testing for tests like thermo-vacuum and vibration is 
carried out to different levels during design validation and qualification stage of 
the subsystems. 

Constellations: 

• Every satellite mission has its own objectives and characteristics. One satellite may 
be some time enough to achieve its objectives. However, with small satellites and 
each having its own capacity constraint, there will be certain mission objectives 
or services needing coordinated way to have group of satellites to offer certain 
global-level services. 

• In LEO, a satellite completes around 14–15 polar orbits per day, but not over the 
same area. Hence, each step is different from the previous one. For earth observing 
missions, involving slow and gradually changing scenario like crops, snow melt, 
etc., and seven-day repeat cycle is manageable. However, for applications such as 
traffic control, where frequent images are necessary, the seven-day waiting period 
is too long, and hence the mission is not viable with only one satellite. 

• During the initial mission design phase, it is important to decide how many satel-
lites a constellation will have. Some of the questions [6] that can be answered to 
finalize a small satellite constellation mission are: 

– Which global areas will this mission serve? 
– How often the satellites receive and transmit information, 
– How are frequencies coordinated to prevent interference? 
– How soon can the constellation enter the service? How is satellite replacement 

planned?



244 V. S. Chippalkatti et al.

4 Small Satellite Applications 

The broad category of Small satellite applications [7, 8] are earth observation/remote 
sensing and communications. 

Under the earth observation class, the following applications are fast emerging 
and advancing. 

• Agriculture: Ability to predict the crop yields, precision agriculture, assess crop 
irrigation needs, water use and sustainability using the satellite imagery. 

• Resource Management: Water management, tracking reserves, drought assess-
ment and also mineral, coal, and oil resource assessment, and tracking illegal 
logging and burning are excellent applications in economic monitoring area. 

• Automatic Identification System (AIS) tracking: of ships to identify illegal port 
activity, liiegal fishing, and oil spills. 

• Weather predictions and disaster monitoring: Monitoring atmospheric and climate 
shifts, extreme weather events or earthquakes, and hurricane predictions. 

Under the applications relating to meeting consumer demands related to commu-
nications, the following applications are becoming popular. 

• Broadband Internet—LEO constellations: DTH and Community aggregator. 
• Low latency upgrades to compete with GEO based broadband providers. 
• IoT for asset tracking, autonomous vehicle connectivity. 

5 Small Satellite EcoSystem 

Like the conventional space ecosystem, small satellite also has its own ecosystem that 
comprises different players. New players and startups are considering the advantages 
of the growing market, technological advancements, and launch cost reductions. The 
dependance on governmental agencies and set ups is decreasing in the small satellite 
eco system and larger growths are seen in private sector. Table 1 gives the details of 
players and their roles.

The level of activity by a player varies across the eco system. Some of the players 
focus on vertical integration and others on horizontal integration. Figure 3 shows the 
small satellite ecosystem model.

6 Conclusion 

The small satellite ecosystem is an emerging sector that has rapidly grown in the last 
decade. There are many inter-related drivers that are influencing the direction and 
growth of the small satellite technology and applications. These have the advantages 
of enjoying the benefits of both the commercial/industrial and aerospace domains.
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Table 1 Small satellite ecosystem and players involved 

Industry Traditional space players 
Start ups 
Non-traditional space players 

• Traditional space has generally medium 
to large established players operating 

• Startups have emerged developing new 
applications and technologies 

• New space has attracted new companies 
traditionally not engaged in space sectors 

Academic Universities and academia • Universities and academic and research 
institutes have been using Small satellites 
to test their concepts, products, and 
technologies 

NonProfit Non-profit research organisations • Non-governmental organizations and 
foundations are active as end users and 
funding agencies 

Government Space agencies 
Defense and intelligence agencies 

• Governmental organizations use small 
satellite platforms for technology 
developments and scientific projects

Fig. 3 Small Satellite ecosystem and its players

While the end users continue to evaluate the benefits of small satellite-based applica-
tions when compared to the other terrestrial and aerospace domains, the challenges 
such as debris mitigation, regulatory and legal aspects must be clearly defined. In 
the future, there will be increased evolution of COTS standards and modular design 
approaches and blurring of lines between larger small satellite and more compact 
traditional satellite domain offerings. 
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Abstract Coherent population trapping (CPT) is a promising technique to realize 
miniaturized atomic frequency standard (clocks) and magnetic field sensor (magne-
tometer) for precision measurements in space. Atomic clocks in particular are the 
reference source for precision time and frequency signals in navigational satel-
lites. Frequency stability of atomic clocks and sensitivity of magnetometer depend 
primarily on the quality factor of CPT resonance which is the function of amplitude 
(contrast) and line width (ΔνFWHM). In this paper, the CPT resonance characteristics 
are studied with respect to various critical operating parameters such as laser excita-
tion intensity (atomic excitation), cell temperature, and radio frequency (RF) power. 
Our study shows that FWHM increases linearly with laser intensity, whereas reso-
nance signal contrast increases with cell temperature up to an optimum temperature 
and then after decreases with increase in temperature. The numerical values for these 
operating parameters are then derived by analyzing the experimental results and then 
arrived at an optimized quality factor for the atomic system. 
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1 Introduction 

Quantum interference can be well explained by considering a three-level energy 
system in alkali atoms. It can be excited in these atoms when two coherent optical 
fields couple two long-lived hyperfine ground states (|1⟨ and |2⟨) to a common 
excited state (|3⟨) as shown in Fig. 1. When Raman resonance condition is satisfied, 
i.e., the frequency difference of synchronized laser fields (ω1 − ω2) is equal to the 
splitting of hyperfine ground states (ν1 −ν2) then the atoms do not absorb light. This 
is due to the destructive interference of transition probabilities, and as a result, the 
atoms are trapped in a new state called dark state which is decoupled from optical 
fields. This phenomenon is called as coherent population trapping (CPT) [1]. 

When laser field interacts with an atom, the corresponding Hamiltonian can be 
represented as [2]: 

Ĥint =  ΩR1 

2 
e−i(ω1t+ϕ1)|3⟨⟩1| +  ΩR2 

2 
e−i(ω2t+ϕ2)|3⟨⟩2| + h.c (1)  

where ω1, ω2 and ϕ1, ϕ2 are angular frequencies and phases of laser fields acting 
on |1⟨ → |3⟨ and |2⟨ → |3⟨, respectively. ΩR1 and ΩR2 are the Rabi frequencies 
which indicate the strength of the atom-laser field interaction and h.c is Hermitian 
conjugate. Under CPT condition, the non-coupled state (|NC⟨) satisfies:

⟩3| Ĥint|NC⟨ = 0 (2)  

Thus, there is no transition from |NC⟨ to |3⟨ which indicates that the atoms in 
|NC⟨ cannot absorb photons, and it is called as dark state. 

CPT phenomenon in Rb and Cs atoms has been employed in the development 
of miniaturized high precision atomic clocks [3–5] and atomic magnetometers [6, 
7] which can be used as sensors in small satellites. Frequency stability of clocks 
and sensitivity of magnetometer based on CPT phenomena depend primarily on the 
characteristics of CPT resonance signal such as its amplitude (contrast) and full 
width at half maximum (FWHM), i.e., line width (ΔνFWHM). These characteristics 
are studied with respect to quality factor (q) which is the ratio of contrast (C) to

Fig. 1 Hyperfine energy 
levels in Rb-87 atoms 
forming a Ʌ-system for 
atom-laser field interaction 
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FWHM of CPT resonance: 

q = C

ΔνFWHM 
(3) 

A CPT resonance signal with maximum contrast and minimum full width at half 
maximum would result in higher the value of q, leading to superior performance of 
atomic systems. However, signal contrast and width depend on the number of atoms 
coupled to the dark state and the life time of ground state coherence, respectively 
[8]. Thus, the quality factor depends on various critical operating parameters such as 
laser excitation intensity, cell temperature, and RF power. This paper describes the 
influence of these operating parameters on quality factor and its optimization. 

2 Experimental Setup 

The functional block diagram of CPT implementation scheme employed in this study 
is as depicted in Fig. 2a. VCSEL diode emitting light at 794 nm is used to produce 
two coherent optical fields by means of current modulation such that the frequency 
difference between these two coherent optical fields is equal to splitting of hyperfine 
ground states. The laser light with beam diameter 3 mm first passes through a neutral 
density (ND) filter in order to change the laser excitation intensity to a desired value. 
The attenuated laser light is then travels through a quarter-wave (λ/4) plate which 
converts the polarization of light from linear to circular for state selection. 

The circularly polarized light is passed through a pyrex vapor cell with a length 
of 25 mm and diameter of 25 mm containing natural Rubidium (Rb-85 + Rb-87) 
and Ne as buffer gas at 50 Torr pressure. The transmitted light through vapor cell is 
detected by a Silicon photo detector. Magnetic field is applied along the laser beam 
direction using a solenoid coil for exciting CPT among field independent Zeeman

Fig. 2 a Block diagram of CPT atomic clock. b Engineering model of sensor head (~800 g) 
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lines (mF = 0). When the laser field with RF modulation is scanned such that two-
ground state hyperfine transitions of Rb-87 atoms are resonant with the first order 
side bands, CPT resonance is observed [9]. The characteristics of CPT resonance are 
studied by varying the cell temperature from 65 °C to 83 °C. Laser frequency and 
the OCXO are stabilized by employing phase sensitive detection (PSD) and servo 
locking system as shown Fig. 2a. The engineering model of physics package (sensor 
head) is as shown in Fig. 2b. 

3 Laser Intensity and Cell Temperature 

CPT resonances were measured at different laser excitation intensities, ranging from 
4 W/m2 to 19 W/m2. Figure 3a shows CPT resonances for different laser intensities 
while maintaining the temperature of atomic cell at 71 °C. It can be observed that 
the width of CPT resonance increases with increase in laser intensity. FWHM is 
calculated by fitting Lorentzian function to the CPT resonance. Figure 3b shows  
the FWHM of CPT resonance and quality factor (q) as function of laser intensity. 
Maximum quality factor is observed at laser intensity of 4.25 W/m2. 

Figure 4a shows the variation of quality factor with cell temperature, measured 
at a fixed laser excitation intensity of 7.08 W/m2. It is clear that the quality factor 
increases with cell temperature initially, and reaches a maximum value at a particular 
temperature beyond which it decreases sharply. The optimum operating temperature 
of the atomic cell is defined as the temperature at which its measured quality factor is 
maximum (as shown in Fig. 4a) while the laser excitation intensity is kept constant. 
The atomic density increases exponentially with increase in the temperature of atomic 
vapor cell. Hence, more atoms are available for interaction with laser fields which 
results in higher contrast [10]. As the temperature reaches above certain value, higher 
atomic density induces more single photon absorption between the hyperfine levels

Fig. 3 a CPT resonances for different laser intensities at cell temperature = 71 °C (Back ground, 
BG, removed from each resonance for comparison). b FWHM and quality factor (q) for different 
laser intensities at cell temperature = 71 °C 
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Fig. 4 a Quality factor as a function of temperature at laser intensity of 7.08 W/m2 and b Optimum 
operating temperature and its corresponding magnitude of quality factor as function of laser intensity 

thereby quenching the CPT resonance which is two-photon resonance transition 
leading to reduction in contrast. 

From experiments, it is also observed that the optimum operating temperature 
of the atomic cell varies with laser excitation intensities. The optimum operating 
temperature values are obtained for each laser intensities individually by fitting Gaus-
sian to the corresponding quality factor versus temperature curve. Figure 4b depicts 
the variation of optimum operating temperature and corresponding magnitude of 
quality factor as function of laser excitation intensity. Highest quality factor (q = 
0.01065 Hz−1) is observed at optimum temperature of 72 °C and laser excitation 
intensity value of 4.25 W/m2, i.e., at the lowest laser excitation intensity. However, 
at intensities below 4.25 W/m2 the resonance amplitude drops to noise floor owing 
to the reduced laser-atom interaction, making the detection difficult. 

4 RF  Power  

The RF power that couples to laser diode also influences the resonance signal char-
acteristics. Figure 5 depicts dependence of the quality factor on RF power. The q 
value increases for lower RF power and then decreases sharply with RF coupling 
power. Here, the q value is predominantly governed by resonance amplitude which 
decreases at higher RF power. Maximum q value is observed at −8.465 dBm for 
optimum cell temperature of 71 °C.

Finally, experimentally derived values of optimized cell temperature (72 °C), 
laser intensity (4.25 W/m2), and RF coupling power (−8.465 dBm) would result 
in an optimal quality factor, q = 0.01065 Hz−1. Under these operating conditions, 
the estimated CPT clock’s short-term stability is expected to be <10–12 and field 
sensitivity of magnetometer <100 nano Tesla.
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Fig. 5 Quality factor of 
CPT resonance as function 
of RF power

5 Conclusion 

The performance efficiency of CPT-based miniaturized atomic clock and atomic 
magnetometer primarily depends on the CPT resonance characteristics (quality 
factor) such as contrast and FWHM. The experimental investigation is carried out 
on optimizing the operating parameters, viz., laser intensity, cell temperature, and 
RF power which influence the resonance characteristics. Our results indicate that the 
quality factor exhibits an optimum operating temperature whose magnitude decreases 
with increase in laser excitation intensity. Finally, an optimized quality factor, q = 
0.01065 Hz−1 is achieved in our CPT atomic system by setting the operating parame-
ters to their optimal values that are derived from the experimental results. This study 
is useful in the construction of portable, reliable, stable, and sensitive atomic systems 
needed in small satellites. 
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GNSS Receiver Autonomous Integrity 
Monitoring 
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Abstract Global navigation satellite system has become a de-facto standard for 
navigation, with enormous applications worldwide. Currently, four global navigation 
satellite systems are operational and a number of regional navigation satellite systems 
are also in place including Indian Regional Navigation Satellite System (IRNSS) 
which is also known as Navigation with Indian Constellation (NavIC). NavIC is 
a regional navigation satellite system owned and operated by ISRO. The appli-
cation of GNSS ranges from commercial applications to intercontinental ballistic 
missiles or heavy lifters of ISRO/NASA. High dynamic NavIC receivers are used 
in ISRO launch vehicles for preliminary orbit determination/closed loop guidance 
along with inertial navigation system in an integrated manner. When such crit-
ical applications of GNSS are considered, the integrity of navigation data in real 
time is a prime concern. Different methods are developed by different agencies 
over time in this area. Usage of inbuilt health information from satellite is one of 
the possible methods of integrity check. Receiver autonomous integrity monitoring 
(RAIM) provides integrity checking of GNSS without an external aid. NavIC/GPS 
receiver architecture is presented in this paper, the satellite signal analysis is done, 
and possible integrity threats are identified. The different approaches are considered 
in RAIM algorithm, and a simplified RAIM approach is developed which has good 
real-time performance. The simulation studies and flight software development are 
completed. 
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1 Introduction 

GNSS receivers are used in all phases of a modern civil society now. However, 
commercial GNSS receivers are meant for terrestrial use and are bound by ITAR 
restrictions and are invariably designed for low dynamics applications—typically 
accelerations less than 3 g and jerks less than 2 g/s. For high dynamic applica-
tions, such as launch vehicles, commercial GNSS receivers are unsuitable and hence, 
specially designed high dynamic GNSS receivers are employed. Most important char-
acteristics of such receivers are the accuracy and integrity with hard-real-time perfor-
mance. The accuracy of the system is ensured by measurement accuracy and navi-
gation algorithms. The hard-real-time nature is mainly decided by the high dynamic 
tracking loop. The integrity of the system is currently ensured in the receiver using the 
inbuilt health bit of the satellite. However, for mission/safety critical applications like 
human space mission, an independent real-time autonomous integrity monitoring is 
essential. A simplified, processing efficient approach in autonomous integrity moni-
toring for NavIC and GPS is developed and is detailed in this paper. Section 2 
consists of the hardware design of a GPS/NavIC receiver. Section 3 contains the 
software architecture. Section 4 gives the requirement of RAIM. Section 5 gives 
the methods developed for autonomous integrity monitoring of receiver. Section 5.3 
gives the detailed algorithm, simulation results. Conclusion is given in Sect. 6. 

2 GNSS Receiver Hardware Architecture 

The basic architecture of any GNSS receiver consists of RF processing subsection, 
correlation subsection and a computing subsection. The RF processing is universally 
done in hardware, and the computation subsection is usually implemented in a DSP or 
a microprocessor. The correlation subsection has the flexibility of being implemented 
in hardware or software. The receiver used for developing the RAIM algorithm is a 
hard correlator-based NavIC receiver, enabled with GPS and GAGAN. 

The overview of the receiver architecture is given in Fig. 1. In the receiver, the 
RF processing subsection is centered on an RF front end ASIC. The correlation 
subsection is implemented in FPGA. The computation subsection is centered on a 
DSP from Texas Instruments. Part of the computation that includes Viterbi decoding 
for NavIC and GAGAN channels are implemented in FPGA.

3 GNSS Receiver Software Architecture 

The general architecture of the GPS/NavIC receiver is given in Fig. 2. The incoming 
signal is searched for expected satellite signal and is called signal acquisition. The 
continuous tracking of signal is achieved using code tracking and carrier tracking
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RF 
inputs 

Navigation 
outputs 

RF processing sub-section 
(Down conversion, Filtering, 

amplification & digitization) 

Correlation sub-section (FPGA) 

Computing sub-section 
(Navigation Software resides in processing sub-section) 

Fig. 1 General hardware architecture of NavIC/GPS receiver

Code 
tracking 

Carrier 
Tracking Bit synchro-

nization 
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Data, Meas-

urements 

Calculate 
Position, 
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Signal Acquisition 

Fig. 2 General software architecture of NavIC/GPS receiver 

blocks. Bit synchronization is achieved in 20 ms periodicity on correlator accumu-
lator value over 1 ms. Navigation data decoding and position velocity is calculated 
using the measurements. The RAIM algorithm is implemented on the last block of 
software where the position, velocity is computed. 

4 Requirement of Receiver Autonomous Integrity 
Monitoring 

In GPS system, each satellite transmits its own health in 6 bits, called satellite vehicle 
health (SV health), which is used to validate the satellite measurement as well as 
ephemeris. Another 8-bit health is also available in GPS sub frame 4, which indicates 
the health of almanac data. Another factor of health is the user range accuracy, which 
is the statistical indicator of the range accuracy that can be achieved if the particular
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satellite is used for navigation. All the three data are used in the existing algorithm, 
but all these are set by the satellite based on some ground-based systems. Hence, 
the real-time performance of the error flag/URA is very poor. In case of any clock 
jump in the satellite, the satellite may set the error after a fixed time which can go 
even in minutes, which is not acceptable for a launch vehicle navigation system. A 
typical error occurs in a receiver after a satellite clock jump of 1 µs can lead to an 
error of 300 m in position data. So, if such an error happens the receiver should be 
able to identify the error and isolate the satellite from navigation computation using 
the measurement itself without depending on health flag/URA. 

5 RAIM Algorithm Design and Tradeoff Studies 

5.1 Code Phase/Pseudo-Range Measurements 

Pseudo-range is the measured range of the user receiver from the satellite and is 
obtained by taking the product of the speed of light with code phase measurement. 
This measurement is not accurate due to known uncertainties like receiver and satel-
lite clock bias, tropospheric and ionospheric error, antenna phase center variations 
and multipath mitigations. To obtain positioning information of GNSS, time of arrival 
(TOA) method is usually used and the pseudo-range observation equation can be 
defined as [4] 

ρ = Ri + C × (tr − ts) + eion + etrop + err (1) 

ρ is the measured pseudo-range, Ri is the geometrical range which is the true distance 
between satellite and receiver, tr is clock offset of the receiver, ts is clock offset of 
the satellite, eion denotes the error of ionospheric delay, etrop denotes the error of 
tropospheric delay error, err  is pseudo-range observation error. The error due to 
troposphere, ionosphere and pseudo-range observation can be eliminated easily. For 
a launch vehicle single frequency receiver, the troposphere and ionosphere errors can 
be modeled and compensated. Thus, we can refine the equation for pseudo-range 
observation as 

ρ = Ri + C × (tr − ts) (2) 

This measured pseudo-range using the code phase measurement is used for the 
RAIM algorithm.
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5.2 Method of Least Square 

The measurement equation of NavIC/GPS system can be represented as 

M = HX  + e (3) 

where M is the receiver position coordinates in ECEF frame of reference; X is the 
pseudo-range; H is the geometry matrix which is used to transfer the pseudo-range to 
position solution, which can be found out by iterative methods like Newton Raphson. 
Once the position is estimated, the pseudo ranges can be back estimated using the 
pseudo LSE [1]. That is 

X̂ = (
H T H

)−1 
H T M (4) 

The back estimated pseudo-range can be compared against the measured pseudo-
range, and the difference should be within a predefined threshold. This is a standard 
method for failure detection and isolation in inertial sensor systems also. The method 
is implemented in software and analyzed the result using the satellite errors induced 
using GNSS RF simulator (Spirent make GSS 9000 series). The result is analyzed and 
found that the algorithm gives poor performance at moderate error values. Further, 
analysis shows that the problem with H matrix computation is the root cause of the 
issue and when the H matrix is computed using iterative process, it is trying to fix the 
position which is best agreeing by the pseudo-range. This method is computationally 
efficient and uses less memory only compacted with other processes. But the error 
is not equally distributing [2]. So this method cannot be used. The simulation results 
show that when the satellites are given errors, most of the times, it is identified 
correctly, but in some cases, false isolation also happens. The graph below gives two 
different conditions when sixth satellite is provided with a high and low fault values. 
In first case (Fig. 3), satellite 6 is provided with 10000 kms error, then the residue 
obtained was higher. So the faulty satellite 6 can be easily isolated. But when the 
error is low (100 kms), which is depicted in the second case (Fig. 4), then the residue 
obtained from all the satellites cannot be distinguished. Thus, the faulty satellite 
cannot be isolated. 

Fig. 3 First case

0 

50000 

100000 

150000 

1  2  3 4  5 6  7  8 9 10  
Satellite number 

R
es

id
ue

 



260 A. P. Lal et al.

Fig. 4 Second case 
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5.3 INS Aided Integrity Monitoring 

In launch vehicles, the primary navigation system is inertial based and GNSS is 
normally used in integrated way with INS. If INS position is available, then pseudo-
range can be estimated using this INS solution, by knowing the satellite position. The 
measured pseudo-range can be compared against the estimated pseudo-range and if 
it is beyond a threshold that satellite can be isolated. The advantage of this method 
is that it is processing and memory efficient, but it is against the autonomous nature 
of GNSS. 

5.4 Detailed Algorithm and Simulation Results of Proposed 
Method: Method of Multiple Solutions 

In the third possible algorithm, let a number of sets of satellite combinations were 
introduced using available pseudo-range. Each group should contain more than 5 
satellites. For each set, we calculate the solution. If the positions computed by all 
combinations are compared each other, then the odd one out can be identified and 
the satellites involved in that alone will be healthy [5]. 

One of the major concerns while choosing the minimum number of satellites 
for each set of solutions is the position dilution of precession (PDOP). Ideally, four 
satellites are sufficient for position computation, but in most of the time, this will 
give large PDOP value leading to unacceptably erroneous solutions [3]. So minimum 
6 satellites are used for solution computation and PDOP of <6 is expected in all 
conditions. The detailed algorithm for solution computations is given in Fig. 5. The  
difficulty with this method is that it is computationally heavy. For single satellite 
isolation with 19 channels (12 GPS and 7 NavIC), it needs 19 position computations. 
For two satellite isolation, it needs 171 set of position computations. The receiver 
considered is having 12 GPS channels and 7 NavIC channels. So independently, the 
RAIM is implemented with multiple solution method. So maximum of 19 iterations 
are sufficient but can identify one failure in NavIC and one failure in GPS. This will 
reduce the number of position computation requirement from 171 to 19.

The graphs shown are obtained when there are 12 GPS satellites in view with the 
receiver. A fault of 3000 km is provided to the 10th satellite, thus set 10 (Fig. 7)
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Fig. 5 Flow chart of the proposed method

which eliminates satellite number 10 gives us the most accurate position solution. 
In set 2 (Fig. 6), the faulty tenth satellite provides error value to all the satellites. 
The graph of set 10 shows that for each and every satellite, the residue is constant 
which gives the time bias. Considering the pros and cons of all the three method, 
the straight forward method using multiple solutions is selected in flight software 
development with add on algorithm improvement of independent check for GPS and 
NavIC, thereby getting 2 satellite failure detection capability with 19 set of positions.



262 A. P. Lal et al.

Fig. 6 Set 2 

Fig. 7 Set 10 

6 Conclusions 

GNSS receivers are a commonly used navigational tool to locate a receiver posi-
tion. Sometimes there may be failed satellites that affect the navigational solution. 
In this paper, different RAIM algorithms are studied and compared for pros and 
cons. No ideal algorithm is identified for high dynamic conditions with processing 
and memory efficiency. All the methods are simulated using GNSS RF simulator 
(Spirent make GSS 9000 series) and IISU designed NavIC/GPS receiver. Multiple 
solution technique is identified as the suitable choice. The multiple solution algorithm 
is redesigned for dual constellation receiver with 12 GPS channels and 7 NavIC chan-
nels, and the method can identify up to 2 satellite failures but need only 19 position 
computations. Simulation tests completed, flight software is developed, and results 
are satisfactory. 
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Response of Single Bumper Whipple 
Shields to Debris Impact 

Agesh Markose, Tinto Thomas, and Hannah Bibu Mathew 

Abstract Protective shields are indispensable for protecting the satellites compo-
nents from debris impact. Proper evaluation of the response of these shields is impor-
tant. High velocity impact simulations were conducted to ascertain the response of 
single bumper Whipple shields used as satellite shields. The study was conducted 
with the Abaqus explicit solver with the smooth particle hydrodynamics (SPH) frame-
work. A simple damage-based failure model was able to capture the fragmentation 
as well as the penetration of the shield under the impact. The energy as well as the 
residual velocity were seen to match with the similar experiments. 

Keywords Debris impact · SPH framework · Energy of the particles 

1 Introduction 

The significant increase in the space programs has resulted in huge amounts of space 
debris. These man made debris along with natural debris which consist of pieces of 
cometary and asteroidal material known as meteoroids pose a serious threat to the 
small satellites and other space crafts. A high impact collision from the debris often 
results in significant damage to the satellites. Larger space debris can be tracked 
down using radio frequency radars, and thus, collision can be avoided. But this 
becomes difficult in the case of small debris, lesser than 10 cm in diameter [6]. Hence, 
a better way to reduce the impact from these collisions is the proper application 
of Whipple shields. Since the average speed of collision with these debris is over 
10 km/s, [1] materials with higher strength and toughness are preferred. However, 
installing shields increases the total weight of the spacecraft. So, material which 
has higher strength to weight ratio has to be considered and aluminum can fulfill 
the requirements. The experimental works with very high velocity projectiles on 
target plates often require substantial infrastructure and equipment cost, even for 
scaled down models. An alternative would be to depend on numerical simulations
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Fig. 1 Schematic showing 
the configuration of the 
single bumper Whipple 
shield 
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for studying the response parameters. Numerical work has the additional advantage 
that the variables which cannot be tracked in an actual experiment can be found with 
the proper selection of numerical models. The aim of this paper is to develop a finite 
element (FE) model which could be utilized for performing feasibility studies for 
the design of satellite shields. The FE-based model has been based on the ABAQUS 
explicit solver available in-house. 

2 Methodology 

Protection of small satellites from impact of the space debris is presented in the 
paper. Protective plates with several configurations and materials are available for 
the purpose [2]. The wall of the space craft is usually protected with plates also known 
as bumpers as shown in Fig. 1. These bumpers usually absorb the energy form the 
debris during the impact and debris breaks up in many fragments as a result. The 
debris may penetrate through the shield but the momentum of these fragments may 
not be sufficient to cause any major damage to the craft. There could be different 
parameters which affect the performance of the bumpers like its thickness and its 
location with respect to the rear wall. 

The performance of a bumper shield made with aluminum 6061 panels for protec-
tion from cylindrical debris with a 5 mm diameter is explored in this work. A numer-
ical model has been developed and validated with the results available in the literature. 
The model is further used to predict the parameters like perforation hole diameter 
and dispersion angle as well as the average velocity of the debris cloud. 

3 Numerical Analysis 

The dimensions of the debris and shield-plate are given in Table 1. A cylinder made 
of aluminum is assumed to represent debris since it is the major constituent of the 
debris. It was reported that hemispherical impactor could be the least effective in
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Table 1 Geometric 
dimensions 

Material Dimensions 

Debris Al 6061 5 mm in diameter and height 5 mm 

Bumper plate Al 6061 5 × 5 × 0.08 cm 

perforation of aluminum targets [5], still many studies on debris impact is seen to 
employ spherical projectiles. In this study, the focus is on the performance of debris 
with blunt face. It requires lower perforation energy and hence imposes a more severe 
loading condition. The assumed velocity of the debris is 1 km/sec although the model 
is capable of dealing with higher velocities. The preprocessor in ABAQUS is used 
to construct geometry and meshed model of the debris and plate as shown in Fig. 2. 
The material models are given in Table 1. The excessive deformation is handed with 
smoothed particle hydrodynamics (SPH) formulation. The plate has been modeled 
with Al 6061, which has sufficient strength to weight ratio. The presence of ingre-
dients like magnesium and silicon makes it resistant to cracking. The dimensions of 
the plate are approximately 10 times the diameter of the debris. This is assumed to 
impose a higher limit on the energy required for the perforation of plate and hence 
a more resistant configuration as compared to plate with lesser dimensions [5]. 

The first order solid elements (C3D8R, that is, continuum three-dimensional 8 
node reduced integration) which have minimal shear and volume locking effect has 
been used for modeling the plate and debris. The outer region of the plate is compara-
tively stiffer and is has been modeled with the solid elements using Lagrangian formu-
lation throughout the simulation. The projectile and the central region of the plate 
suffers considerable deformation followed by fragmentation and hence analyzed

Fig. 2 Meshed finite 
element model of plate and 
projectile 
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Table 2 Material constants C0 s γ 0 
5330 1.338 2.18 

A B n 

369 MPa 675 MPa 0.7 

d1 d2 d3 

−0.77 0.2 −1.3 

with PC3D elements. A total of 55,339 elements were used with a hexahedral mesh 
structure. The high speed impact problems can be modeled with an equation of state 
(EOS), strength and failure model. The parameters used have been given in Table 2. 

The shock response of the plate is represented with the Mie–Gruneisen equation 
of state, implemented with the Us–Up formulation available in ABAQUS, with the 
parameters [4] as given in Table 2. The dynamic strength model has been modeled 
with Johnson cook model as given below 

σ = [
A + Bεn

][
1 + Clnε̇∗][1 − T ∗m

]
(1) 

A simplified form of Johnson cook damage model is adopted considering only 
the constants d1, d2 and d3 [6]. The selected parameters for the strength and failure 
model are given in Table 2. 

4 Results and Discussions 

The numerical simulations were conducted with mesh size of 0.0009 m for the regions 
under maximum deformation. The outer regions were meshed with relatively coarse 
mesh as shown in Fig. 2. The SPH model captured fragmentation followed by the 
impact and penetration Fig. 3. Researchers have published calculations based on the 
experimental observations of the hypervelocity impact of projectile on shields made 
with aluminum [2]. They have calculated the ratio of kinetic energies (KE) of the 
debris and projectile and found them close to 0.3. The variation in KE of the current 
model is plotted in Fig. 4. The initial part of the curve shows the kinetic energy 
of the debris prior to penetration. It is seen that the kinetic energy of the debris 
decreases during the initial stages of the collision due to the momentum transfer. But 
simultaneously, the fragmentation of the debris is initiated and the fragments pick up 
the kinetic energy. Fragmentation continues up to the point of complete plate rupture. 
The kinetic energy of the debris particles can be computed from kinetic energy of 
the whole model after accounting for the KE of the debris after impact. With these 
data, the ratio of the kinetic energies has been calculated for the present model as 
approximately 0.4. These are sufficiently close results considering the simple failure 
criteria and material models used. Similarly, the numerical calculations were also 
made to find the average velocity of the debris cloud. The output data base contains
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the fragments with associated velocity fields. The magnitude of the average velocity 
of the fragments has been calculated for the present model as 194 m/sec. 

The impact is seen to produce a complete perforation of the plate as shown in 
Fig. 5. The average hole diameter (D) of the perforated plate has been determined 
to be 9.84 mm. An attempt was also made to find the average angle of dispersion of 
the particles. Average angle of dispersion is defined as angle between axial direc-
tion of the projectile and averaged direction of motion of the particle-sample under 
consideration. It was seen from the analysis that the particles which are closest to 
the periphery of the perforation hole suffers the maximum dispersion. A represen-
tative sample of 152 particles which suffers the maximum vertical dispersion were

Fig. 3 Impact and 
penetration of the projectile 
at time 1.2e-5 s, resulting in 
fragmentation of the plate 
and debris 

Fig. 4 Energy variation of 
the whole model during the 
debris impact
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Fig. 5 Image of the 
perforation in the aluminum 
sheet 

D = 9.84mm 

Fig. 6 Average axial 
displacement and 
corresponding vertical 
displacement of a 
representative sample
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analyzed. The average displacement of these particles in the vertical direction and 
corresponding displacement in the axial direction is plotted in Fig. 6. 

5 Conclusions 

The simple model utilizing the SPH frame work has been used for modeling the debris 
impact on single bumper aluminum Whipple shield. The ratio of the kinetic energies 
of the debris and projectile has been used for validating the numerical simulations. 
The model has been used to predict the average velocity of the particle cloud. In that 
case, also the predictions are coming within very close limits of residual velocity 
due to projectile impacts on aluminum plates. The perforation on the aluminum sheet 
has been simulated and found to have a diameter of 9.84 mm. An estimate of the 
dispersion of the debris particle was made based with a representative sample which
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suffers the maximum dispersion. The calculations show that the simple method can 
be used for finding the important response parameters of the single bumper Whipple 
shield against debris impact. However, the method can be improved with better mesh 
refinement and better sampling methods for the calculation of fragment properties. 
It is felt that simple numerical models like the one in the current study can be used 
for getting sufficiently accurate results for comparing the available designs. 
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