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ABSTRACT

The avionics systems operate in a harsh environment and thus pose many complexities in the design and 
development of a reliable electronic system having an extended lifetime. Hence, the operational health of the involved 
electronic hardware needs to be suitably evaluated, monitored, and controlled. The design and implementation of 
life prediction methodologies for the prognostic and diagnostic cycles under the operational test environment can 
add significant value to the development and maintainability of long-life avionics systems and sub-systems. The 
present analysis considers a systematic approach to evolve and establish a simulation and validation approach for 
an identified Single Board Computer (SBC) card operating in the varied thermal and mechanical environment as per 
it’s intended operational environment. The detailed modelling of the components, solder material, PCB layers, and 
material properties are used to predict the Remaining Useful Life (RUL) under varying operational environmental 
conditions. The experimental validation on the SBC-PCB assembly card is performed under the thermal and 
vibration cycles by testing in the actual accelerated testing scenarios. The experimental findings are compared with 
the simulation results to ascertain the methodology with a good correlation of findings. The research was carried 
out in a progressive route to propose a useful methodology and model for accurately assessing the RUL of the 
electronic board used in avionics systems development. Assessing the failure of the components during the design 
phase can help in reducing the uncertainties, improving the RUL by design, and reducing the maintenance which will 
directly translate into short-term project cost and time-saving as well as long-term product operational cost savings. 
The product maintenance cycle can be ascertained and increases the availability of the system for its intended use.
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NOMENCLATURE
PSD : Power spectral density
M  : Material constant
t  : Time

1.  INTRODUCTION
The reliability of discrete and integrated electronic 

components assembled on a single board computer undergoing 
dynamic mechanical and thermal stress becomes a challenging 
problem for researchers working in the areas of avionics systems 
design for autonomous vehicles, unmanned aerial vehicles, 
fighter and, civil aircraft1-3. The need for reliable and intelligent 
electronics is growing day by day in such applications leading 
to explore the feasibility of suitable Prognostics and Health 
Monitoring (PHM) methodology to ensure the availability 
of a system for its intended functionality in the aircraft. 
Instrumentation and control circuitry in an avionics system are 
crucial due to their role in sensing, collection, and processing of 
data in a noisy environment in a real-time scenario. It ensures 
the generation of appropriate early warning signals of failure 
for the controller and actuators by performing multi-sensor 

data processing and triggering safety measures like preventive 
maintenance. To address such high reliability and availability 
of aircraft systems/sub-systems, prognostics and diagnostic 
approaches have been attempted. Presently, the prognostics 
approach based on an individual data-driven model attempted 
by some researchers4-5 is challenging in its implementation in 
aircraft applications. The prediction of remaining useful life in 
such systems can be assessed by considering the uncertainties 
and measurement errors collected through the statistical data 
through multiple experiments.  Such Prognostics and Health 
Monitoring systems become cost and time-inefficient in case 
of damage avoidance, maintenance of the electronic system 
under continuous monitoring, and analysis of the sensor data in 
accordance with the reported predictive models6-7 for assessing 
the accurate mean time of failure. 

In the current research work, the process uncertainties due 
to measurement errors, model assumptions, and inaccuracies 
are accurately detected and appropriately combined with the 
physics-based and data-driven model together and thereafter 
fine-tuned with experimental results for a better failure 
prediction. Modelling and analyzing the failure behavior of 
the electronics components, packages, solder balls & Printed 
Circuit Board (PCB) of single board computer operating in the 
intended environmental conditions has been presented to arrive 



DEF. SCI. J., VOL. 75, NO. 3, MAY 2025

346

at the RUL of the board assembly.  The current work essentially 
draws upon a variety of earlier research studies and modelling 
of individual factors that can lead to reliability prediction 
problems.  The novelty of this work is that it weaves all those 
studies and uses available Multiphysics simulation tools into 
systematic methodology to study the remaining useful life 
of the single board computer and validate the methodology 
through experimentation using accelerated life testing8-9.

The present paper addresses the characterization and 
validation of the failure modelling and testing approach done 
through FEM simulation and experimental results of an SBC 
card used in the avionics computer. The guidelines for the 
accelerated testing of the surface mount electronic components 
provide excellent resources for failure testing and validation10 
and the same guidelines have been used in developing the 
experimental setup for RUL investigation. The proposed 
design flow, its modelling, and the development of the board 
along with testing criteria have been presented in the following 
sub-section from II-VI. Section II describes the proposed 
design flow that can be adopted for the long life and low 
failure system design before the fabrication of the first article. 
It envisages a significant reduction in the design life cycle. 
Section III describes the detailed modelling and simulation 
using the FEM tool to assess and arrive at the Time-to-Failure 
(TTF) of individual components and the overall system with 
various environmental scenarios. 

Using this designer can identify the root cause of the failure 
and modify the design to improve the RUL. Subsequently, 
section IV describes the fabrication and Non-Destructive 
Testing (NDT) which is a 3D X-ray of the PCB before starting 
thermal and mechanical testing of the PCB to validate the 
simulated results. The NDT is used for investigation of the 
failure in the solder joints at pre-stress and post-stress stages. 
Section V describes the accelerated testing performed for levels 
and duration, equivalent to the operational scenario for failure 
and validation of the components as per the methodology. 
Section VI describes the simulation and test results comparison 
and validation for FPGA Ball Grid Array (BGA) failure. 

2.  DESIGN AND ANALYSIS FLOW
The design and development of a reliable electronic system 

board requires a suitable layout and routing optimization plan 
for the used components in a simulated mechanical and thermal 
stressed condition. The present analysis proposes a system 
design flow as an outcome of the study and thus proposes 
detailed modelling, simulation, and hardware testing during 
the development stage to achieve the improvement in the life 
of the electronic board used in avionics systems. The design 
methodology is optimized using a prediction model and the 
life cycle profile to get an accurate failure prediction during 
the actual operation. The proposed flow of design and analysis 
stages used in the PCB hardware to realize the long life during 
the design stage is presented in Fig. 1. 

The design stages as provided in Fig. 1 provide a detailed 
flow for adoption for the Life Prediction activities in the early 
design stage so that the uncertainties and design issues can be 
addressed at the beginning of the product development cycle. 
This will be done during post-layout analysis using industry-

standard tool. After the analysis, a design issue will be identified 
to increase the RUL of the system. The design changes will be 
done to address these design shortcomings towards achieving 
the required RUL. Once the required RUL is achieved, the 
hardware fabrication can be done and proceed further. Here 
multiple scenarios and iterations can be considered for the cost, 
time, and RUL optimization. Once the hardware is fabricated, 
accelerated testing will be performed to validate the modelling 
and simulation results of RUL.

Life prediction by 
simulation/analysis

Check model & 
identify the issues

Modify design/ BoM

Validation of predicted 
life by accelerated 

testing

Predicted life found 
short

Hardware Design Hardware TestingRequirements

Predicted 
life OK?

Circuit design

Pre-layout analysis

Layout & routing

Post-layout analysis

PCB fabrication

PCB assembly

YESNO

ESS/SOFT

Accelerated testing

Full qualification

Figure 1. Design stages for hardware.

In this research work, an FPGA-based Single Board 
Computer (SBC) card is selected to model, simulate, and 
predict its time of failure. The shaded boxes in Fig. 1 describe 
the design stages used for the life prediction and testing 
cycles. This design and analysis process provides an enhanced 
confidence level for the long-life system/hardware design using 
minimum design cycles. The modelling & prediction of the 
testable time to failure is presented in the following sections. 

3.  MODELLING AND PREDICTION
The modelling and simulation of the SBC card are done 

without a thermal plate to arrive at the testable Time-to-Failure 
(TTF) number. Detailed modelling of SBC is done which 
includes the number of layers of PCB, their respective layer-
wise properties, coefficient of thermal expansions, material 
properties, solder joints properties, and quality of solder, etc. 
The model is subjected to the random vibration profile and 
temperature profile through simulation. The Power Spectral 
Density (PSD) of the vibration profile is simulated for three 
conditions i.e. 0.04 g2/Hz, 0.1 g2/Hz, and 0.2 g2/Hz to analyze 
a wide range of stress and strain conditions. Time to failure 
of BGA solder joint due to imposed mechanical & thermal 
stresses have been evaluated using the FEM model for the 
natural frequencies, displacement, strain, and stress conditions 
on the SBC11-12.

Figure 2 and Fig. 3 show the stress and strain profiles on 
the PCB using FEM with the application of 0.2 g2/Hz PSD on 
the model. The simulation results show that the stress and strain 
are concentrated around the mounting points and the FPGA 
corner. The maximum stress of 10.62 MPa and maximum strain 
of 200 µε (Micro strains) is concentrated around the corner of 
the FPGA and mounting points. The stress and strain are more 
in the corner of the FPGA because of more displacement in 
this region due to the fundamental mode shape. The analysis 
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tabulated in Table 1. The equations used for the prediction of 
TTF & RUL are presented in the modelling & simulation tools/ 
techniques guides13-17.  

The TTF of the BGA solder joint of FPGA for a PSD level 
of 0.04 g2/Hz is about 2247.34 mins (Graph S1 in Fig. 5). As 
the PSD level increases from 0.04 g2/Hz to 0.1 g2/Hz the TTF 
is reducing from 2247.34 mins to 104.57 mins (Graph S2 in 
Fig. 5). Further increase in PSD level from 0.04 g2/Hz to 0.2 g2/
Hz the TTF is reduced from 2247.34 mins to about 13.16 mins 
(Graph S3 in Fig. 5). The experiment is done on the single SBC 
in standalone mode with the critical components populated and 
without damper mounting. The Probability of Failure chosen is 
about 30 % for failure of the card functionality as three similar 
cards are there in the avionics computer. Considering equally 
distributed PoF among them the probability of failure comes 
to around 33 %. (Here 30 % is considered). Based on these 
simulated values, the feasible accelerated testing levels were  
chosen.

Stress on PCB/Components0.02 10.62

Figure 2. Stress on the PCB/components.

Strain on PCB/Components0.10 200

Figure 3. Strain on the PCB/components.

Figure 4.  Thermal modelling of SBC card at 70° C ambient 
temperature.

is done with a damping modifier which represents the chassis 
mount system and lower transmissibility.

Detailed thermal modelling and simulation are done to 
arrive at the hot spot on the SBC board which is FPGA as seen 
in Fig. 4. This is used for placing the thermal sensor to capture 
the temperature on the component of interest i.e. FPGA in this 
study. Figure 4 shows the thermal stress on the component 
at constant 70° C ambient. FPGA IC is showing the case 
temperature of about 94° C.

The prediction of TTF using FEM simulation for various 
PSD levels is provided in Fig. 5 and numerical values are 
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Figure 5. Life prediction for different PSD levels.

Table 1. Simulated TTF for various PSD levels

PSD (g2/Hz) TTF (min) -FEM simulation
0.04 2247.34
0.1 104.57
0.2 13.16

In order to test and verify/correlate the prediction of RUL 
for 0.04 g2/Hz as per aircraft environment, the accelerated PSD 
levels are arrived at using the Eqn. 1.

=
               

(1)

where:
PSD = Accelerated power spectral density (g2/Hz)
t = time (minutes)
M = Material constant (3 to 4 for solder attachments)

Based on Eqn. 1 the simulation was carried out for 0.2 g2/
Hz. The results of simulation for various PSD levels from 0.04 
g2/Hz to 0.2 g2/Hz show that the TTF of FPGA (BGA solder 
joint) on the SBC card is reduced for higher vibration levels 
and constant thermal stress. The formula is used to arrive at a 
reasonable value of TTF for accelerated PSD levels that can be 
tested using a vibration table. Since the modelling is done with 
Finite Element Model (FEM) using industry-standard Ansys 
Sherlock software which is based on the physics of failure 
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technique as well as data-driven techniques, it is assumed 
that the coefficient and equations will be used to arrive at the 
simulated value. 

4.  CARD ASSEMBLY AND INSPECTION
The sequence of accelerated testing conducted on the 

PCB fabrication and assembly of 
components

NDT test of assembled board for 
any defects/failures

Vibration cycle test

Vibration cycle test

Thermal cycle test

NDT test of assembled board for 
any defects/failures

Figure 6. Sequence of the testing.

(a) SBC PCB – Front

(b) SBC PCB – Back

FPGA

(a) SBC PCB – Front

(b) SBC PCB – Back

FPGA

(a)

(b)
Figure 7.  Assembled SBC card with the FPGA; (a) SBC PCB-

Front; and (b) SBC PCB-Back.

card is shown in Fig. 6. The assembled card is subjected to 
the 3D X-ray Non-Destructive Testing (NDT) before the start 
of the vibration & temperature tests to ensure that there is no 
inherent damage existing after fabrication and assembly. After 
the NDT/3D-Xray test, the card was subjected to the vibration-
thermal-vibration cycle to induce fatigue and thus failure due 
to the thermal and vibration cycle.

Figure 7 shows the assembled SBC card with the FPGA 
which is taken for the modelling and experimentation in 
this paper. The PCB board is of 23 layers and only critical 
components were assembled for this study.

Figure 8 (a-e) shows the NDT/ 3D-Xray done on the 
FPGA package to identify the defects before the start of the 
test. As it can be seen, no defect was observed in any angle of 
views (a), (b), (c), (d) and (e).

(a) Top View

(b) Side View (135 deg angle) (c) Side View (45 deg angle)

(d) Side View (225 deg angle) (e) Side View (315 deg angle)

Figure 8. 3D X-Ray before vibration and thermal testing.

5.  INSTRUMENTATION, TESTING & VALIDATION 
The SBC card is modelled, and the FEM simulation was 

carried out to identify the dominant mode as shown in Fig. 9 
(a). The card is instrumented based on analysis results. The 
accelerometer sensor is instrumented close to the dominant 
mode area on the front side of the PCB for response capture 
as shown in the Fig. 9(b). The second accelerometer is 
mounted close to the second dominant mode of the PCB. The 
accelerometer sensors capture the induced acceleration due 
to vibration test platform excitation for the dominant modes. 
This data is captured using a data acquisition system for post-
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using the aluminum plate with the fasteners as shown in  
Fig. 10 and Fig. 11. 

Figure 12 shows the test setup for the random vibration 
using a vibration exciter. The PC/Laptop is used for giving the 
input spectrum which goes through the controller/amplifier to 
the vibration exciter. The PCB mounted on the exciter using the 
mounting mechanism explained earlier in this paper receives the 
vibration levels from the platform. The accelerometer sensors 
capture the responses and provide them to the controller and 
log into the PC/Laptop through the data logger system. 

The PSD curve chosen for the random vibration test 
and the response curve are shown in Fig. 13. The PSD level 
given for the test is 0.2 g2/Hz with a frequency from 20 Hz 
to 2000 Hz for accelerated testing. The card is instrumented 
with an accelerometer and strain gauges which capture the 
natural frequency at 731 Hz. The captured natural frequency is 
closely matching with the simulated natural frequency which 
is 739.51 Hz. The machine used for the testing is LDS Make 
Model - V875-440 with HBT 750 mm Slip Table and SPA 40K 
Amplifier. 

Sensor-1

FPGA

(a) (b)
Figure 9. Accelerometer mounting on SBC card.

FPGA

SBC PCB

Mounting Plate

Vibration Test 
Platform

Figure 10. SBC on vibration table.
CAD model of mounting plate

Top View Perspective View

Side ViewFigure 11. CAD model depicting PCB mount design.
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test data analysis and comparison with the simulated results. 
Care has been taken to use calibrated sensors and systems to 
minimize the errors. 

Figure 10 shows the test bed for the vibration test 
carried out on the SBC card. The vibration profile chosen is 
random which is more severe and provide the response for 
all frequencies between 20-2000 Hz simultaneously. The 
mounting plate for the card is designed with the mount points 
same as taken in the simulation and provides the hard mount 
scenario. The mounting is done on top of the vibration table 
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Figure 12. Random vibration test setup.

Strain 
Gauge

Figure 13. PSD curve and acceleration response.

Figure 14 shows the PCB instrumented with the thermal 
sensor inside the environmental chamber for the thermal cycle. 
A calibrated thermal sensor was placed on the FPGA package 
to capture the temperature on the same. The sensor is connected 
to the data logger system to capture the induced temperature 
data for the post-test data analysis. After one vibration test was 
carried out as described in the previous section, one thermal 
cycle was carried out as per the temperature profile given in 
Fig. 15. 

The thermal cycle is the same as the one used for the 
simulation which is 25 to 70 degC at the rate of 5 degC per 
minute to avoid the thermal shock and goes to -40 degC. The 
ambient temperature and the temperature on the FPGA are 
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shown in Fig. 15 measured using a thermocouple.  As can be 
seen, the temperature on the FGPA is closely following the set 
temperature profile of the thermal chamber. This thermal cycle 
is taken for the simulation in the tool to arrive at the TTF of 
FPGA.

After the thermal cycle was completed, the random 
vibration test was conducted again as per the sequence of the 
testing explained in earlier section of this paper. The test level 
was maintained at the same level as done before the thermal 
cycle. 

6.  TEST RESULTS AND ANALYSIS
After the thermal & vibration cycle, the PCB was 

subjected to the NDT/3D X-ray. Figure 16 (a) and (b) show the 
3D-Xray repeated on the FPGA package after the vibration-
thermal-vibration cycle test is completed. BGA solder failure 
is observed during vibration testing on the corner of the FPGA. 
This is in line with the modelling and simulation result as 
shown in the Fig. 16 (c).

The testing was performed at 0.2 g2/Hz on the bare board 
without a thermal plate as done in the simulation. The FPGA 
BGA failure was observed around 10 minutes which is falling 
in the range and closely matching with the simulated/calculated 
value of the TTF.

Followings are the details of the legends in Fig. 17:
(a) The curve presents the failure value of FEM simulation 

for 0.04 g2/Hz
(b) The failure duration (17.98 min.) as per calculation using 

Eqn. 1 and M=3 considering acceleration from PSD=0.04 

Thermal Probe

Figure 14. SBC in thermal chamber.

(a) Set Ambient Temperature

(b) Temperature on FPGA

Time (Minutes)

Te
m
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 (°
C
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Figure 15. Temperature profile for ambient and on FPGA.

(b) FPGA BGA Pad Failure (c) PCB model simulation

BGA failure

(a) FPGA (BGA Package)

Figure 16. FPGA BGA failure.
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Figure 17. TTF Comparison (Simulation/calculation vs test).

g2/Hz to PSD=0.2 g2/Hz
(c) The failure duration (3.59 min.) as per calculation using 

equation-1 and M=4 considering acceleration from 
PSD=0.04 g2/Hz to PSD=0.2 g2/Hz

(d) Tested value using vibration set up is about 10 mins which 
is well between (b) and (c). 

The comparison of the simulated and measured TTF is 
tabulated in Table 2.

Table 2. Comparison of FEM Simulation and tested TTF

PSD (g2/Hz) TTF (min) Remarks
0.04 2247.34 FEM simulation
0.2 13.16 FEM simulation
0.2 ~ 10.00 Tested is well within 

7.  CONCLUSION
The failure prediction of the FPGA solder joint using 

FEM simulation and experimental validation is carried out 
in this work. The simulation and experimentation are done 
in the defined thermal and structural conditions in which the 
SBC is expected to operate. The simulated natural frequency 
and Time-to-Failure of the card is closely matching with the 
experimental results. With this we can arrive at the remaining 
useful life value and predict the system failure for the avionics 
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of aircraft by extrapolation. This data will be useful in predictive 
maintenance activities and in increasing the safety, availability, 
and mission effectiveness of the aircraft. Also, this data will be 
used for the Vehicle Health Management of the aircraft. Since 
the simulation results are conservative when compared to the 
experiments, the prediction models can be very well used in 
the aircraft system to start with. Further study will be taken 
to fine-tune to generate a high-fidelity model and arrive at the 
value of the coefficient based on multiple experiments and 
aircraft data through instrumentation. 
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