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AIMS AND SCOPE 
 

The Defence S&T Technical Bulletin is the official technical bulletin of the Science & Technology 
Research Institute for Defence (STRIDE). The bulletin, which is indexed in, among others, Scopus, 
Index Corpenicus, ProQuest and EBSCO, contains manuscripts on research findings in various fields 
of defence science & technology. The primary purpose of this bulletin is to act as a channel for the 
publication of defence-based research work undertaken by researchers both within and outside the 
country.  
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Contributions to the bulletin should be based on original research in areas related to defence science 
& technology. All contributions should be in English. 

 
 

PUBLICATION 
 

The editors’ decision with regard to publication of any item is final. A manuscript is accepted on the 
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PRESENTATION OF MANUSCRIPTS 
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f) Should not exceed 20 pages,  including references 
g) Texts in charts and tables should be in 10-point font.  

 
Please e-mail the manuscript to: 

1) Gs. Dr. Dinesh Sathyamoorthy (dinesh.sathyamoorthy@stride.gov.my) 
2) Dr. Mahdi bin Che Isa (mahdi.cheisa@stride.gov.my) 

 
The next edition of the bulletin (Vol. 11, Num. 1) is expected to be published in April 2018. The due 
date for submissions is 7 February 2018. It is strongly iterated that authors are solely responsible 
for taking the necessary steps to ensure that the submitted manuscripts do not contain 
confidential or sensitive material.  
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ABSTRACT 
 
The near-space region, which is the region between 12 to 62 mi above sea level, is the last 
frontier to be conquered by aviators. Radars, remote sensing devices and telecommunication 
satellites can perform better than satellites in orbit if they are flown in the near-space region. 
They are also cheaper to launch since space launch vehicle systems are exorbitantly expensive. 
This paper examines the necessary engineering factors that must be considered to design and 
optimise a perpetually flying near-space flight vehicle. The optimised design is then virtually 
simulated against real world operating conditions and engineering uncertainties using Simulink 
and the Monte Carlo method.  
 
Keywords: Solar; aircraft design; high-altitude, high altitude long endurance (HALE); pseudo-

satellite. 
 
 
1. INTRODUCTION 
 
The near-space region has been the focus of many military research institutions due to its huge 
potential and strategic importance. The term near-space is defined as the air space between 12 to 
62 mi (approximately 19 to 100 km) of altitude. The area above 62 mi is widely considered as a 
sub-orbital outer space region.  The characteristic of the near-space region is that its atmosphere 
is too rarefied to the extent that conventional winged flight is very difficult (but not impossible) 
while at the same time gravity is too strong for a satellite to orbit. If, for example, a pseudo-
satellite could be placed on a station between these heights, the reduction of total life-cycle cost 
and an increase in responsiveness can be achieved (Stephens, 2005). Aircrafts that can carry 
satellite-capable systems in the near space region are called high-altitude platforms (HAP) 
(Jamison et al., 2005).  
 
The image capturing capabilities of a HAP carrying intelligence-surveillance-reconnaissance 
(ISR) equipment is much superior to those of a satellite due to closer distance to the earth surface. 
This is the reason why the United States Air Force (USAF) employed Lockheed’s U2 high 
altitude long endurance (HALE) spy-planes, which flew at 70,000 ft (21 km) altitude for 
reconnaissance purposes. This aircraft is still in service, surviving the budget cuts that ended the 
life of another high-altitude ISR platform, the SR71 Blackbird. However, the USAF is also 
actively looking to design a successor to U2 as the current system requires two pilots to fly for 8 
h before landing for refuelling (Navarro, 2007). In comparison, a perpetual HAP without the need 
to land and refuel would be a much better ISR system.  
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HAPs for post-disaster communication networks is that the victims’ cell phone location can be 
triangulated easily by determining the time of arrival (DOA) and time delay of arrival (TDOA) as 
long as the exact position of a moving HAP is known all the time (Deaton, 2008).  
 
A perpetually flying HAP for defence, security and disaster management must have a rapid 
deployment mechanism to reach its intended altitude quickly in an emergency (Jamison et al., 
2005). A large airship with speed of only 30 kn could take days to reach their operating altitude 
and is also vulnerable to weather unpredictability. It is clear that current airship technologies are 
not enough and must include modifications to improve the deployment speed. Thus, in this paper, 
we devise an optimisation procedure for the design of a HAP flying using conventional wing lift 
that is augmented by lighter-than-air technology.  
 
Since we endeavour to incorporate conventional lift from the wing for our design, we are at the 
mercy of the sun to supply power for high cruise speed. Solar powered airplane technology has 
gone a long way since the first one invented in 1974 by Boucher (1985). NASA’s Environmental 
Research Aircraft Sensor Technology (ERAST) programme produced such successful solar 
aircrafts, such as Pathfinder, Centurion and Helios (Ehernberger et al., 2004; Noll et al., 2007). 
Recently, the Solar Impulse project has validated the prospect of perpetual flight by flying 24 h 
non-stop in 2010 (Courtney, 2015). 
 
Based on our readings, we believe reliable broadband coverage using a pseudo-satellite on HAP 
can be achieved if the design objectives listed below can be satisfied: 

1. Cruise at 21,000 m 
2. Carry telecommunication payload of weight 100 kg with maximum power requirement of 

400 W (similar to the HeliNet project (Tozer & Grace 2001; Thornton et al., 2001; 
CAPANINA, 2004)) 

3. Endurance of more than 24 h (perpetual flight) using only solar power according to 
Malaysian solar irradiance model. 

 
 
2.   CONCEPTUAL DESIGN AND OPTIMISATION PROCEDURES 
 
Quite a few literatures have been published that discussed the important issues pertaining to 
designing a solar aircraft (Brandt & Gilliam 1995; Noth, 2008; Ross 2008; Wickenheiser & 
Garcia 2009; Leutenegger et al., 2011; Vidales, 2013). This paper will follow and modify Noth’s 
(2008) methodology since it has a complete description and its algorithm has been shown as 
robust enough for many different design scenarios (Noth et al., 2006; Hartney, 2011; Bhatt, 2012; 
Malaver, 2014). Nevertheless, all the methodologies other than Noth’s also rely on similar basic 
aerodynamics, structural and energy management principles, and thus, they should all converge to 
similar design solutions. 
 
The first step to satisfy an optimised design solution for a perpetual solar aircraft is to consider 
the straight level flight or cruise. During the flight cruise, the lift is balanced by the weight, which 
is constant since there would be no fuel burned. Equally, the thrust power is balanced by the total 
drag power. Incidentally, weight-lift and thrust-drag pairs are also related to each other. The total 
weight of the aircraft depends on the solar cells area and battery size, whereby both are designed 
specifically to satisfy to the power requirement of the aircraft. Thus, to find the design solutions, 
we could start by assuming thrust and drag power equilibrium, then work out the weight and lift 
of the aircraft, or in the same token, by first calculating total weight and lift before finding the 
corresponding power requirements. The aircraft weight optimisation approach seems more 
reasonable since total weight is constant for both day and night flying, whereas optimising using 
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the power approach introduces non-linearity early in the iterations since power available from the 
sun varies with time. 
 
The total weight of solar aircraft (݉௧௢௧) is represented as Equation 1. It is simply the summation 
of mass for avionics (݉௔௩௖), payload (݉௣௟ௗ), airframe (݉௔௙), solar cells (݉௦௖), maximum power 
point tracker (MPPT) (݉௠௣௣௧), battery (݉௕௔௧௧) and the whole propulsion system (݉௣௥௢௣). This 
equation will be the master equation for optimisation iteration. 
 
݉௧௢௧ ∙ ݃ ൌ ሺ݉௔௩௖ ൅	݉௣௟ௗ ൅ ݉௔௙ ൅ ݉௦௖ ൅	݉௠௣௣௧ ൅	݉௕௔௧௧ ൅ 	݉௣௥௢௣	ሻ ∙ ݃                        (1)             
                                                 
The avionic system and payload weight can be considered fixed. For our current design, they are 
20 and 100 kg respectively as per the design objectives. The airframe structure weight can then be 
estimated from the wing span (ܾሻ and aspect ratio (Λ) using Equation 2. 
 
݉௔௙ ∙ ݃ ൌ 0.044ܾଷ.ଵΛି଴.ଶହ                                                                              (2)   
                                                    
This relation was suggested by Noth (2008) after he meticulously compiled 415 gliders (also 
called sailplanes) into a database. He chose the lightest 5% out of all gliders and came up with the 
equation.  
 
The solar cells mass on the other hand is a product of its cell (including encapsulation) density 
constants ሺ݇௦௖ ൅ ݇௘௡௖ሻ and their surface area (ܣ௦௖) such as in Equation 3. 
 
݉௦௖ ൌ ሺ݇௦௖	௦௖ܣ ൅ ݇௘௡௖ሻ                                          (3)                                 
                                                                                                                                             
To estimate the solar cells area (ܣ௦௖), we first assume that the area is specifically chosen to obtain 
enough energy for day and night flying. Thus, the energy captured must be equal to the energy 
required by the straight level flight, avionics and payload. The total energy captured from sun rise 
to sun set is the product of the area under the solar irradiance curve with efficiencies for weather 
 such as in Equation 4. The ,(௠௣௣௧ߟ) and MPPT (௖௕௥ߟ) airfoil camber ,(௦௖ߟ) solar cells ,(௪௧ߟ)
energy required (Equation 5) is the time integration of the power for cruise plus the power for 
avionics and payload (Equation 6). The power for straight level cruise is well known (Filippone, 
2006) and given in Equation 7. By inserting Equations 6 and 7 into Equation 5 and equating it to 
Equation 4, the solar cells area can be calculated: 
 

,ݏ݈݈݁ܿ	ݎ݈ܽ݋ݏ	ݕܾ	݀݁ݎݑݐ݌ܽܿ	ݕ݃ݎ݁݊ܧ ௧௢௧௔௟ܧ		 ൌ
ூ೘ೌೣ்೏ೌ೤

గ/ଶ
   ௦௖                       (4)ܣ௠௣௣௧ߟ௖௕௥ߟ௦௖ߟ௪௧ߟ

 

,݀݁ݎ݅ݑݍ݁ݎ	ݕ݃ݎ݁݊ܧ	 ௧௢௧ܧ		 ൌ ௥ܲ௘௤ ൬ ௗܶ௔௬ ൅
்೙೔೒೓೟

ఎ೎೓೒ఎ೏೎೓೒
൰                                                            (5)        

                                           
 

,݀݁ݎ݅ݑݍ݁ݎ	ݎ݁ݓ݋ܲ 		 ௥ܲ௘௤ ൌ
௉೗ೡ೗

ఎ೎೟ೝ೗ఎ೘೚೟ఎ೒ೝ್ೣఎ೛೗ೝ
൅

௉ೌ ೡ೎ା௉೛೗೏
ఎ್೐೎

                                                              (6)          

                                              
                                                                      

௟ܲ௩௟ ൌ
஼ವ
஼ಽ
భ.ఱ ሺ݉௧௢௧݃ሻଵ.ହ ቀ

ଶ

ఘௌ
ቁ
଴.ହ
	ൌ 	

஼ವ

஼ಽ

య
మ
ሺ݉௧௢௧݃ሻଵ.ହ ቀ

ଶΛ

ఘ௕మ
ቁ
଴.ହ

                                                             (7)                                 
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The mass of the MPPT also varies proportionally to the total solar cells area. It is the product of 
its density constant (݇௠௣௣௧) with maximum irradiance (ܫ௠௔௫ሻ, solar cell efficiency (ߟ௦௖), camber 
factor (ߟ௖௕௥), MPPT efficiency (ߟ௠௣௣௧) and solar cells area (ܣ௦௖ሻ. The relation is: 
 
݉௠௣௣௧ ൌ ݇௠௣௣௧ܫ௠௔௫ߟ௦௖ߟ௖௕௥ߟ௠௣௣௧ܣ௦௖                                                                            (8)                 
              
The mass of the battery varies linearly with the total energy that will be stored for the night time 
flight, which can be expressed as below: 
 

݇௕௔௧௧݉௕௔௧௧ ൌ 	
்೙೔೒೓೟
ఎ೏೎೓೒

௥ܲ௘௤                                                                          (9)                                  

                       
where ݇௕௔௧௧ is the specific energy content or also called as gravimetric energy density of the 
battery with the unit Wh/kg. This constant is definitely one of the major, if not the only, limiting 
factor in designing a perpetually flying solar aircraft. The current state-of-the-art of lithium-ion 
polymer battery contains about 200 Wh/kg or less. This is obviously inadequate to store enough 
energy for night flying without being an excessive weight burden onto the aircraft. In 2010, the 
Zephyr7 solar aircraft achieved continuous flight by using lithium-sulfur battery with energy 
density of 350 Wh/kg even though the manufacturer claimed that it could go up to 600 Wh/kg 
(Gao et al., 2015). Theoretically, Li-S battery could have up to 2,500 Wh/kg (Evers & Nazar, 
2012) and this makes it attractive for manufacturers of electric vehicles since sulfur is a cheap and 
easily available material. However, they are still subjected to more research before it can be 
commercialised. Currently, a practical Li-S battery has been demonstrated (Liang et al., 2015) 
with capacity of 1,300 mAh/g, which correlates to more than 2,000 Wh/kg of energy density. 
Thus, for our current project, we believe that a battery with 700 Wh/kg of energy density would 
be available in the very near future.  
 
For the propulsion system, Noth (2008) suggested that its mass can be modelled simply using the 
relationship below, where ݇௣௥௢௣ is the power to mass ratio of the propulsion system: 
 
݉௣௥௢௣ ൌ ݇௣௥௢௣ ௟ܲ௩௟                                                                                                                  (10)                       
                                                                
                        
With all the components known, the original master equation becomes: 
 

݉௧௢௧ ൌ ݉௔௩௖ ൅	݉௣௟ௗ ൅
଴.଴ସସ

௚
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మΛ
ഐ್మ

ቁ
బ.ఱ

ఎ೎೟ೝ೗ఎ೘೚೟ఎ೒ೝ್ೣఎ೛೗ೝ
൅

௉ೌ ೡ೎ା௉೛೗೏
ఎ್೐೎

቏ ∙
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ఘ௕మ
ቁ
଴.ହ
൨ൠ                                                                                                            (11)                                 



174 
 

Even though the equation is lengthy, it could be reduced to a simple function with a single 
variable such as below: 
 
݉௧௢௧ ൌ ८ሺܾ,Λሻ݉௧௢௧

ଵ.ହ ൅ ९ሺܾ,Λሻ                                                                                      (12)                        
                          
By simple substitution of ࣴ ൌ ݉௧௢௧

଴.ହ 
 
८ሺܾ,Λሻࣴଷ െ ࣴଶ ൅ ९ሺܾ,Λሻ ൌ 0                                                                                      (13)                             
          
where ८ሺܾ,Λሻ and ९ሺܾ,Λሻ are both functions of wing span and aspect ratio, which will be set 
by the designer.  
 
Optimisation of design solutions was done using a script written in Matlab environment. The 
script was set to vary the aspect ratio from 8 to 17 with a unit step increment. At every aspect 
ratio, the script will vary the wingspan from 10 to 100 m with 0.1 step increment and then find a 
minimum positive real number solution of Equation 13 at every step. The engineering constants 
listed in Table 1 were utilised in the script. 
 

Table 1: Engineering constants needed for Equation 11 and their typical values. 
 
Constants Value Unit Notes 

 ௅ 1.1 - Airfoil lift coefficientܥ
 ஽_௔௙௟ 0.013 - Airfoil drag coefficient. To be added with parasitic & inducedܥ

drag  
 ஽_௣௔௥ 0.006 - Parasitic drag coefficient. To be added with airfoil & inducedܥ

drag 
݁ 0.9 - Oswald’s efficiency factor (assumed value) 
 ௔௜௥ 0.0746 kg/m3 Density of air at 21km altitudeߩ
 ௠௔௫ 950 W/m2 Maximum sun irradiance (typical value for Malaysia (Daut etܫ

al., 2011)) 
݇௕௔௧ 700 Wh/kg Energy density of LS battery (assumed value) 
݇௦௖ 0.32 kg/m2 Mass density of solar cells (based from (Noth, 2008)) 
݇௘௡௖ 0.26 kg/m2 Mass density of encapsulation (based from (Noth, 2008)) 
݇௠௣௣௧ 0.00042 kg/W Mass/power ratio of MPPT (based from (Noth, 2008)) 
݇௣௥௢௣ 0.008 kg/W Mass/power ratio of propulsion system (based from (Noth, 

2008)) 
݉௔௩ 20 kg Mass of avionics system (based from (Noth, 2008)) 
݉௣௟ௗ  100 kg Mass of telecommunication payload (based from (Noth, 2008)) 
 ௕௘௖ 0.65 - Efficiency of step-down converter (based from (Noth, 2008))ߟ
 ௪௧ 1 - Weather factor which reduces the energy captured. Value of 1 isߟ

clear sky(assumed value) 
 ௦௖ 0.169 - Efficiency of solar cells (based from (Noth, 2008))ߟ
 ௖௕௥ 0.90 - Efficiency of curved solar panels (based from (Noth, 2008))ߟ
 ௖௛௚ 0.95 - Efficiency of battery charge (based from (Noth, 2008))ߟ
 ௖௧௥௟ 0.95 - Efficiency of motor controller (based from (Noth, 2008))ߟ
 ௗ௖௛௚ 0.95 - Efficiency of battery discharge (based from (Noth, 2008))ߟ
 ௚௥௕ 0.97 - Efficiency of gearbox (based from (Noth, 2008))ߟ
 ௠௢௧ 0.85 - Efficiency of motor (based from (Noth, 2008))ߟ
 ௠௣௣௧ 0.97 - Efficiency of MPPT (based from (Noth, 2008))ߟ
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 ௣௟௥ 0.85 - Efficiency of propeller (based from (Noth 2008))ߟ

௔ܲ௩ 100 W Power for avionics (based from the HeliNet project) 

௣ܲ௟ௗ  400 W Power for telecommunication payload (based from the HeliNet 
project) 

 
It was found that, there could be no close form solution of the equation using the current value of 
engineering constants and with the current design objectives. Of course, reducing the payload 
mass to 50 kg and its power to 100 W will yield results by the algorithm but such an exercise 
would be unrealistic since a practical telecommunication device would be much heavier and 
require more power. Thus, a modification to the aircraft structure must be made. We propose a 
hybrid concept combining the aircraft with lighter-than-air technology to assist in carrying the 
load. 

 
 

3.  MODIFIED NUMERICAL SOLVER FOR HYBRID AIR-VEHICLE CONCEPT 
 
Abundant of literatures can be found on the inflatable wing / aircraft technology. Our design team 
believes that it is possible to construct an inflatable aircraft using high strength fibre materials 
such as Kevlar, Vectran or glass fibres. Such an aircraft would then be rigidised in order to give 
the freedom of varying the internal pressure of the lighter-than-air gas such as Helium. A similar 
idea has been discussed by Edge et al. (2012). The construction of such aircraft will be discussed 
in the later sections.  
 
By assuming that the total volume for  fuselage and wing (ܸ) are linked to the aircraft wingspan 
and aspect ratio, and that the internal pressure of Helium is set to the atmospheric pressure at 21 
km altitude, we could modify the equation to become: 
 
݃ ∙ ݉௟௜௙௧ ൌ ݃ ∙ ८ሺܾ,Λሻ݉௟௜௙௧

ଵ.ହ ൅ ݃ ∙ ९ሺܾ,Λሻ െ buoyancy	force  
 
݃ ∙ ݉௟௜௙௧ ൌ ݃ ∙ ८ሺܾ,Λሻ݉௟௜௙௧

ଵ.ହ ൅ ݃ ∙ ९ሺܾ,Λሻ െ ݃ ∙ ሺρୟ୧୰ െρ୦ୣ୪୧୳୫ሻܸ      
 
݉௟௜௙௧ ൌ ८ሺܾ,Λሻ݉௟௜௙௧

ଵ.ହ ൅ ९ሺܾ,Λሻ െ ԧሺܾ,Λሻ                                                                         (14)  
                                  
The new variable ݉௟௜௙௧ is the weight of the aircraft that is carried by the lift from wing. It is the 
difference between the total weight minus the buoyancy force. In another word, it simply means 
the effective weight experienced by the aircraft wing after buoyancy force has been considered.  
 
By simple substitution of ൌ ݉௟௜௙௧

଴.ହ: 
 
८ሺܾ,Λሻࣴଷ െ ࣴଶ ൅ ९ሺܾ,Λሻ െ ԧሺܾ,Λሻ ൌ 0                                                                         (15)            
                     
The new optimisation routine was written in Matlab to solve for Equation (15). The engineering 
constants in Table 1 were kept for this new routine. 
 
 
4.   FINAL DESIGN SOLUTION 
 
Possible solutions for ݉௟௜௙௧ are plotted against wingspan and aspect ratio (range from 8 – 17) 
(Figire 2). Choosing higher aspect ratio at constant wing span would reduce the burden of the 



 

wing
aspe
wou
desig
comp
 

 
F

 
The 
equa
 
 

 
 
5.  
 
To c
aircr
buoy
 
ݐ݂݅ܮ
 
The 
 

g whereby th
ect ratio wing
ld be very fl
gn, we choo
parable than 

Figure 2: Pos

Matlab rou
ations using o

Table

DESIGN

check the val
raft must hav
yancy force. 

ݐ ൌ ௔௜௥ߩ௅ܥ0.5

buoyancy fo

he weight ne
g would not 
lexible and c
ose wing sp
Lockheed’s 

ssible range o

utine automa
our chosen as

e 2: Specifica

Asp
Win
Effe
Bat
Tot
Vol
Win
Sol
Ma
௠ܧ)
Cru

N VALIDAT

lidity of the 
ve zero or n
The lift can b

௥ܵݒଶ ൌ 0.5 ∗

orce can be ca

eeded to be 
be very suit

can experienc
pan of 50 m

U-2 spy-plan

f wing span a

atically calcu
spect ratio an

ations of air

pect Ratio (Λ
ng Span (ܾ)

fective Weigh
ttery Weight 
tal weight (݉
lume for Hel
ng Area (ܵሻ
ar Cells Area

ax Battery Ca
௠௔௫ି௕௔௧ሻ 
uise Velocity

TION USING

design solut
negligible res
be calculated

∗ 1.1 ∗ 0.074

alculated usin

176 

carried by t
table for infl
ce excessive 

m and aspect
ne which has

and aspect rat

ulates other 
nd wing span

craft that w

Λ) 

ht (݉௟௜௙௧ሻ 
(݉௕௔௧ሻ 

݉௧௢௧ሻ 
lium (ܸሻ 

a (ܣ௦௖ሻ  
apacity 

y (ݒ) 

G WEIGHT

tions, we firs
sidue after t

d from standa

46 ∗ 192.31

ng: 

the wing wil
latable wing 
aeroelastic p
t ratio of 1
s similar altit

tio that will g

specification
n. All specific

will satisfy ou

13 
50 m
469 k
144.2 
600.4
2103.
192.3
167.9
10094
Wh 
24.2 m

T BALANCE

st subject it t
the total wei
ard lift equati

∗ 24.2ଶ ൌ 46

ll be less. H
design such 

problems. Th
3. The chos

tude to ours. 

 

give solutions 

ns based on
cations are li

ur design obj

g 
kg 

4 kg 
81 m3

1  m2

4 m2 
40 

m/s 

E ANALYSI

to weight bal
ight minus th
ions where:

620.98	N 

However, ver
as ours. Th

hus, for our c
sen aspect r
 

to Equation 

n previously
sted in Table

jectives. 

IS 

lance analys
he sum of l

 

ry high 
e wing 
current 
ratio is 

15. 

y listed 
e 2. 

is. The 
ift and 



 

݋ݑܤ
 
To b
 
ܹ݁݅
 
The 
Thus
sugg
 
 
6.  
 
To fu
aircr
the s
miss
is sh
seem
irrad
time
MPP
payl
spee
 
 

 

 
The 
altitu
man
solar
batte
surp
10,0
and 5
 

ݕܿ݊ܽݕ ൌ ݃ሺ

balance down

ݐ݄݃ െ ሺ݈݂݅ݐ

residue of -
s based on 
gested by our

DESIGN

further valida
raft flying in 
solar cells c
sion. The wh
hown in Figu
ms simplistic
diance model
s. The powe

PT. The pow
oad. For this

ed.  

aircraft can 
ude at night
ager was mo
r is less than
ery charging 
lus in solar p
00 Wh of en
5. 

ሺߩ௔௜௥ െ ௛௘௟௜௨ߩ

nward weight

൅ ݕܿ݊ܽݕ݋ݑܾ

19.58 N is n
the weight 

r Matlab rout

N VALIDAT

ate the design
48 h with fl

an capture, a
hole aircraft s
ure 3. Firstly
c, Noth (200
l. We assume
er captured 

wer required t
s current mod

Fig

be modelled
t in order to
odelled such a
n the power r

only when t
power. The t
nergy level. T

௨௠ሻܸ݈݋ ൌ 9

t force and to

ሻݕ ൌ 	600.44

negligible sin
balance, we

tine. 

TION USING

n solutions, w
luctuating so
and whether
system can b
y, we modell
08) demonst
e that the irra
by the solar
to operate th
del, we assum

gure 3: Power

d with mode
o convert su
as to start dis
required for a
the battery c
time domain 
The plots for

177 

.81 ∗ ሺ0.074

otal upward f

4 ∗ 9.81 െ ሺ4

nce it is abo
e could con

G POWER B

we perform a
olar irradianc
r the battery 
be modelled i
led the solar
trated that s
adiance is po
r cells depen
he aircraft is 
me that the a

r system mod

erate climb d
urplus solar 
scharging the
aircraft opera

current energ
is 48 h start
r power and 

46 െ 0.0121ሻ

force: 

4620.98 ൅ 1

out 0.3% of t
nfirm the va

BALANCE 

a power bala
e. The objec
can store, e

in Simulink 
r irradiance u
sine wave c
ositive from 
nds on its ef
the sum of 

aircraft only 

delled in Simu

during the d
energy into 
e battery whe
ations. The p
y level is be

ting at 7 am. 
energy agai

ሻ ∗ 2103.81

1289.9ሻ ൌ 	െ

the total wei
alidity of th

ANALYSIS

ance check w
ctives are to i
enough energ
and its graph
using a sine 
could closely
7 am to 7 pm
fficiency and
power for cr
cruises at co

ulink. 

day before de
potential en

enever the po
power manag
elow the max

Initially, the
inst time are 

ൌ 1289.90	N

െ19.58	N  

ight of the a
e design so

S 

where we mo
investigate w
gy for night 
hical represe
wave. Altho

y represent 
m and zero a
d the efficie
ruise, avionic
onstant altitu

 

escending to
nergy. The 
ower supplie
ger would als
ximum and t
e battery was
given in Fig

N  

aircraft. 
olutions 

del the 
whether 

flying 
ntation 
ough it 
hourly 

at other 
ency of 
cs, and 

ude and 

o lower 
battery 

ed from 
so start 
there is 
s given 
gures 4 



 

 

 

 

 
 
From
batte
in po
for b
char
THE
on th
fully
oper
ener
that 
 
 

m Figure 4, w
ery power is 
ower, where 
battery recha
ge it. The ba

E deficit in po
he next day, 
y charged ag
ration once a
gy would co
our design so

Figure 4

Fi

we could see 
needed to co
the initial ba

arge whenev
attery would 
ower started 
dropping its 

gain in less t
again. This c
ontinue indef
olutions inde

4: Plot of sola

igure 5: Plot o

that at 7 am,
over the gap.
attery level dr
ver there is s

stay at the m
at about 6 pm
energy to th

than 6 h bef
ycle of recha

finitely if the
eed satisfy th

 

178 

r power and 

of battery ene

, the power f
. This lasted 
ropped by 25
surplus in po
maximum en
m. The batte

he minimum 
fore deficit i
arge and dis

e simulation w
e mission req

power requir

ergy level in 4

from the sola
for almost a

5% (Figure 5
ower and it 
ergy level of

ery continues
level of 27 k
in power req
charge betw
was given a 
quirements o

 

red in 48 h. 

 

48 h. 

ar panels is no
an hour befor
5). The batter

would take 
f 101 kWh fo
s its discharg
kWh. The bat
quires it to s
een the mini
bigger time 

of perpetual f

ot enough, so
re there is a s
ry manager a
about 6 h t

for about 4 h 
e until almos
ttery would t
support the a
imum to max
frame. This 

flying. 

o some 
surplus 

allowed 
o fully 
before 

st 8 am 
then be 
aircraft 
ximum 
proves 



179 
 

7. SYSTEM RELIABILITY ANALYSIS 
 
The power and energy analysis done in the previous section has large uncertainty in it since they 
depend on assumed values listed in the engineering constant in Table 1. Among the parameters 
with large uncertainty is the maximum irradiance	ሺܫ௠௔௫) and solar cells efficiency	ሺߟ௦௖). We use 
950 W/m2 as the maximum irradiance of the Malaysian atmosphere at 21km altitude. However, 
there is no published literature yet that can give clear indications of the maximum irradiance 
value at that altitude. Few literatures only measured the ground level irradiance on clear sky 
conditions and the values are around 968 W/m2 as monthly average (Daut et al., 2011). For our 
design, we conservatively assumed that ܫ௠௔௫ is about 950 W/m2; a low figure considering that 
   .௠௔௫ for a clear day should increase with altitudeܫ
 
Nevertheless, ܫ௠௔௫  at an altitude increase and decrease depending on the earth’s position on its 
elliptical orbit around the sun (Hall et al., 1983). ܫ௠௔௫  also depends on various solar activities and 
phenomenon that are said to change periodically every 11 years (Thekaekara, 1976; Beer, 2005). 
The ozone layer, which is located in the stratosphere (our design altitude), is known to absorb part 
of the solar spectrum, which would also decrease the overall solar energy received (Hood, 2003); 
and the ozone concentration itself is highly varied (Yonemura et al., 2002). The change of the 
dominant spectrum in sunlight will affects the performance of solar cells as reported by Boer 
(Boer, 1977). Various kinds of aerosols polluting the atmosphere have their peak concentration 
around 20 km altitude. They reduce the energy in sunlight by backscatter and absorption as 
reported by Marggraf & Griggs (1969).   
 
Solar cells efficiency ߟ௦௖ also varies by a large degrees depending mostly on their operating 
temperature (Hall et al., 1983), and just like the ozone layer concentration, the stratospheric 
temperature above Malaysia is highly varied (Yonemura et al., 2002). The icing problem, which 
may or may not occur depending mainly on the temperature, could reduce the energy received by 
the solar panels.  
 
Apart from randomness in the energy collected by the solar panels such as discussed above, we 
must also anticipate that the energy required by cruise may not be as constant as we initially 
assumed. This is due mainly to the gust phenomena which should be less in the stratospheric 
altitude but still significant nevertheless. In one NASA report, it could induce 0.5G of impulse 
acceleration with occurrence frequency of about 1% of the flight time (Hall et al., 1983). Besides 
gust, the stratosphere typically has wind current that follows the planetary-scale Rossby wave 
(Baldwin & Dunkerton 2005). However, the magnitude of the velocity at 21 km altitude above 
Malaysia is highly fluctuated (Yonemura et al., 2002). If the wind movement is at a different 
direction to cruise, then the aircraft would need higher power to maintain its speed relative to the 
ground. Conversely, if the wind is at a similar direction to cruise then the aircraft would save 
energy.  
 
To further validate our design, we must demonstrate the reliability of our solar energy harvesting 
system in fulfilling the total energy needed by cruise and flight mission. One way to convincingly 
measure reliability of a system plagued by randomness in many of its key parameter, is to use  
Monte Carlo simulation. Such method has been demonstrated by reference (Popescu et al., 2003; 
Youli & Nagasaka 2010; Honda et al., 2011).  
 
Monte Carlo simulation is a statistical tool that incorporates stochastic characters in a 
deterministic mathematical model (Metropolis & Ulam, 1949). In our case, we can easily 
calculate total energy collected by the solar panels using the Equation 16. We could also easily 
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calculate the total energy consumption due to cruise flight, avionics and telecommunication 
payload using Equation 17.  
 
ݏݎݑ݋48݄	݊݅	݀݁ݐ݈݈ܿ݁݋ܿ	ݕ݃ݎ݁݊݁	ݎ݈ܽ݋ݏ	݈ܽݐ݋ܶ ൌ 	 ሺܫ௠௔௫ܣ௦௖ߟ௦௖ߟ௖௕௥ߟ௠௣௣௧ሻ ∙ 12/ሺ2/ߨሻ ∙ 2         (16)                                  
 
ݏݎݑ݋48݄	݊݅	݀݁݉ݑݏ݊݋ܿ	ݕ݃ݎ݁݊݁	݈ܽݐ݋ܶ ൌ ሺ0.5ܥ஽ܸܵߩଷ ൅ 500ሻ ∙ 48                                         (17) 
                                                                                                   
We must recognise that in both equations, there are ranges of output values that can be attributed 
to their input parameters. We could for example produce three calculations; the base, worst and 
best cases. Hitherto, this will produce a misguided prediction since the best and worst cases could 
have very low probability of actually happening. Using Monte Carlo simulation, we could 
produce ranges of possible outcomes along with their probability of actually happening. This is 
done by first identifying the distribution, if any, in the input parameters; which in our case is Imax, 
solar cells efficiency and velocity of flight.  
 
For our simple analysis, we assume that ܫ௠௔௫ will vary by ±20%, solar cells efficiency by ±5% 
and flight velocity by ±7%. For the best case value, we calculate the balance of energy collected 
minus the energy required when ܫ௠௔௫ is 1140 W/m2, solar cells efficiency is 0.24 and flight 
velocity is 17 m/s. The worst situation for energy balance is when ܫ௠௔௫ is 760W/m2, solar cells 
efficiency is 0.14 and flight velocity is 31 m/s. Using the balance energy value of best and worst 
case scenario, we can calculate the overall representative of standard deviation (ߪ) and average of 
output. We then produced random number prediction of each variables using Microsoft Excel’s 
rand() command. Unique output values are produced for each iterations. The number of iteration 
(ܰ) required is calculated using (Raychaudhuri, 2008): 
 
√ܰ ൌ ߪ3 ⁄ߝ                                                                         (18)                                  
 
Total error (ߝ) is calculated using our estimated average (i.e., the average of the best and worst 
cases) divided by the required error. For the current analysis, we conservatively say that we want 
a correct prediction within 5% of error. Thus, total error is: 
 
ߝ ൌ ሺ݁݀݁ݐܽ݉݅ݐݏ	݁݃ܽݎ݁ݒܽሻ 0.05⁄                                                                                                 (19)     
                                                                                          
This will result in the minimum iterations required of about 59,606 times. We run our iteration  
60,000 times and the frequency results are plotted in Figure 6.  
 
Figure 6 shows the frequency of different outputs of total energy collected by the solar cells 
minus the energy consumed for cruise, avionics and payload in the duration of 48 h. It can be 
seen that there is significant probability, about 25% of all cases, of the flight having negative 
balance. This means that the energy consumed during 48 h is more than the total energy collected. 
Nevertheless, there are actually less than 10% occurrences of energy deficit cases where the 
deficit has higher magnitude than the maximum battery capacity. This means that many energy 
deficit cases can be solved by initially charging the battery to the maximum before the mission 
begins. We did not incorporate the initial energy charge level in either Equation 16 or 17, whereas 
we as the designer have the freedom to specify the initial charge level of the battery.  
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mesh thread. The idea of an inflatable aircraft structure goes back to 1930s where Taylor 
MacDaniels experimented and patented the concept of rubber glider (Norris & Pulliam, 2009).  
 
The effort to study and further develop the inflatable wing concept came in the mid-2000s where 
the group in the University of Kentucky along with their industrial partner ILC Dover pursued the 
Big Blue project (Cadogan et al., 2003; Norris & Pulliam 2009). The project aimed to develop an 
inflatable wing aircraft that could operate in low density flight applications such as the Mars 
aerial explorer (Cadogan et al., 2003; Usui, 2004). Due to Mars’ low-density, an aerial explorer 
needs to have very large wing span, thus causing a problem to carry the aircraft from earth to the 
planet. Hence, foldable inflatable wings are needed to fit the aircraft into a suitable spacecraft. 
Using an inflatable wing aircraft on Mars also has the added advantage of allowing for Helium to 
be used to aid the lifting of the aircraft, thus reducing the need for an exceptionally long wing 
span. The Big Blue project has also demonstrated the concept of using the ultraviolet (UV) curing 
to rigidise their flexible E-glass inflatable wing ( Cadogan et al., 2003; Usui, 2004; Smith et al., 
2006). They wanted to rigidise their inflatable wing to reduce the need for maintaining high 
pressure inside the wing. We propose to use a similar technique for our inflatable aircraft where 
our aircraft would be made from high strength fabric materials and then cured with UV to allow 
for freedom in maintaining internal pressure independent from external atmospheric pressure. 
 
 
10. SUMMARY AND FUTURE STUDIES 
 
Based from our mathematical analysis, the main problem that hindered the development of a 
perpetual HAP aircraft for pseudo-satellite applications is finding the delicate balance between 
energy that can be stored for night flying and the total weight of the aircraft. We then proposed 
for structural modifications of the aircraft concept that we want to design. We suppose that 
lighter-than-air technology can be used in hybrid with the conventional lift from the wing. Thus, 
we modify the original total weight equation to include buoyancy force which will be solved 
numerically.  
 
Our solver indeed found a tractable range of solutions allowing us the flexibility to choose 
suitable wing span and aspect ratio. We chose a 50 m wing span and aspect ratio of 13 from 
which the code would then compute the other specifications of the aircraft, such as cruise speed, 
total weight, volume for helium and solar cells area. We did a power balance check and found 
that the battery could store enough energy to cover the flight, avionics and payload power every 
time the solar power was in deficit. The reliability of solar energy to power the whole mission is 
demonstrated by Monte Carlo simulation.  
 
There is a lot more work that needs to be done since the exercise reported in this paper is just 
preliminary. Static and dynamic stability of the aircraft are urgently needed since they determine 
the location of the centre of gravity and tailplane sizing. Aerodynamics and structural analysis 
will follow afterwards. In every step of the design process, we are humbled by the fact that the 
whole process is iterative and we may end up back to square one to redo the works done in this 
paper again. 
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ABSTRACT 
 

This research successfully developed a low-cost and lightweight hexacopter UAVs, with total payload 
of 1.44 kg and flight time of 15.5 min. The assembly and integration techniques cover the UAV’s 
acquisition system, components and calibration, pre-flight check using waypoints, and diagnosis 
of problems using telemetry logs with or without a gimbal attached. The components and 
calibrations include LiPo battery, brushless motors, arm, propeller, electronic speed control (ESC), 
receiver / transmitter and telemetry, gimbal, generating thrust, payload calculation, and compass 
setting. These research steps significantly improved the method for aerial typical image overlap, by 
uniformly distributing the images using high overlap set to 80% to avoid gaps and occlusion in the 
image data. The overlap generated 234 aerial images with ground image resolution of 4.6 cm and 
76,7443 triangle tie-points. 
 
Keywords:  UAV; hexacopter; gimbal; thrust; telemetry. 
 
 
1. INTRODUCTION 
 
Manned aircraft systems have disadvantages when compared with unmanned aerial vehicles (UAVs). 
This is because UAVs can meet the critical needs of spatial, spectral and temporal resolution. This 
includes high-risk areas, areas that are not accessible to humans, and low altitudes at which the system 
cannot be flown manned. For areas where access is difficult, such as earthquakes, flood plains, 
volcanoes, natural disasters, deserts, accident scenes and also areas where the permission is not given 
for manned aircraft flights, UAVs is the best alternative option. Data acquisition with UAVs also 
includes during overcast and drizzling weather conditions when the distance to the object permits 
flying below the clouds. As compared with manned aircraft systems, such weather does not permit 
data collection using a large format sensor that is integrated into the control plane and the flight 
altitude is higher above the ground. An additional advantage is the ability of the UAVs’ fast data 
acquisition, real-time capabilities and the ability to send data to the ground control station in real time 
(Mellinger et al., 2012; Ritz et al., 2012;Turpin et al., 2012; Brescianini et al., 2013). 
 
Rotary-wing UAVs, which have the capability for vertical take-off and landing (VTOL) can be based 
on single, dual, triple, quad and multi-rotors systems (Zischinsky, 2000; Berni, 2011; Pérez, 2011; 
Joshua, 2012). Nebiker (2008) proposed a multi-spectral micro-sensor (MSMS) based on mini- and 
micro-UAVs for agricultural monitoring, where a grapevine field was selected for appraisal of plant 
health using mini-UAV. The mini-UAV was powered by a combustion engine with a rotor diameter 
of 1.8 m and was capable of carrying sensor payload up to 1 kg. Bendig (2012) used a mini-UAV 
system with gross weight of less than 2.5 kg. The maximum speed was 30 km/h with total payload of 
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1 kg and the flight duration was around 15 min. Berni (2011) developed rotary wing UAV with the 7 
kg payload. Its endurance was 20 min flying at a maximum speed of 30 km/h. It used 29 cm3 gas 
engines with 1.9 m diameter main rotor. Chun (2015) designed a compact hexacopter with 
flexible gimbal, costing less than $ 1,000, with payload of up to 700 g and hovering for up to 
8 min. Meanwhile, commercial products such as Parrot AR Drone (2015) and DJI Phantom 
(2015) cannot handle payloads of more than 500 g. AcTec Pelican’s (2014) maximum 
payload is 650 g, but the price is € 5,195, which is too expensive. 
 
In Malaysia, the Department of Civil Aviation (DCA) is the responsible federal authority for 
aircrafts, includes UAVs. According to the issued Aeronautical Information Circular (AIC) policy 
for UAVs operational standards (AIC, 2008), the certification process is only required for any civil 
UAV with maximum take-off mass (MTOW) of more than 20 kg. Small aircrafts with a maximum 
height of 122 m and weight of less than 20 kg are exempted from this requirement because AIC 
defines a small plane that weighs no more than 20 kg as any unmanned aircraft. However, aircrafts 
with a capacity of less than 20 kg are prohibited from being in traffic fly zones or controlled airspace, 
except with the air traffic control unit’s permission. 
 
The general objectives of this research are to develop a fully autonomous low-cost hexacopter UAV, 
perform an accurate calibration of the multispectral sensor and improve aerial overlap typical image 
block. This study adopts several techniques to investigate, analyse and develop a prototype low-cost 
rotary wing UAV, which covers components calibrations, pre-flight, diagnosis problem and flight 
planning using vertical take-off and landing capabilities, and reduce the line-of-sight telemetry. 
 
 
2. METHODOLOGY 

 
The general hexacopter UAV methodology flow chart is shown in Figure 1. The hexacopter has six 
motors and propellers that rotate in the opposite direction of the two motors on the side, which control 
the rotation of the roll and pitch either by speeding up or slowing down the two different motors. The 
preparation took three days, consisting of two days of hands-on training assembly, and one day of pre-
flight test and ground station installation setup. The components for the hexacopter are relatively 
cheap, easy to build, commonly available spare parts, open source hardware / software, and tough 
enough able to carry a small sensor payload. 
 
 
2.1 Propeller Balancing 

 
A propeller is the most common propulsion device used in UAVs, with blades that rotate around an 
axis to produce thrust by pushing air. The rotations are determined by its geometry, which produces 
thrust efficiently at given rotational and forward flight speeds. To avoid the hexacopter UAV slight 
spin or drift when it is flying, it is important that the propellers are balanced with an equal mass on 
both sides. GWS Style Slowfly 11 x 4.7 red and black propellers were used and Figure 2 shows the 
propeller balancer technique using sole tape. 
 
 
2.2 Gimbal 

 
For commercial gimbals, DJI Company (2015) designed a plastic gimbal for the lightweight GoPro 
camera and Photohigher Company (2014), used carbon fiber used for the larger camera up to 1.8 kg. 
Since both commercial products are expensive, a creative hobbyist RC Group (2013) used plywood as 
gimbals. This experiment used sensor gimbal with two axes tilt mount which allows for stability for 
picture and video recording capability with hexacopter UAV. The gimbal was made using high-
quality carbon fibre and for vibration-dampening, rubber grommets were used for high picture and 
video quality (Figure 3). 
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Figure 1: Hexacopter UAV methodology. 

 
 
 

 

Flight Planning 

Basic Components 

Propeller 
- size 
- tuning 
- balancing 

Motor Controller 
- selection 
- servo tester 
- generate thrust

Airframe 
- assembly 
- tuning 
- balancing

Transmitter/ 
Receiver 

- set-up 
- binding 

Intermediate Components 

Autopilot 
controller 

- setup 
- balancing 

Real-time 
Telemetry 

- OSD 
- servo tester 

Vision System 
- video rx/tx 
- ground station 

Battery  
System 

- type 
- charging  

Tuning UAVs 
- balancing  

Mission Planner Software 
- Autopilot & waypoint 

Pre-flight Inspection 
- Stabilization, filesafe & data logs 

Identification of 
UAVs Components 



 

 
 
 
 
 

 
 

2.3 

Figure 4
the weig
(hover a
efficienc
is divide
 
Figure 5
results (
(ESC) s
kV brush
current o
 

 
Generating 

4 shows the w
ght of the he
at 50% thrott
cies of the m
ed by six (nu

5 shows the s
(Figure 6), su
specification
hless motors
of 18 A. 

Fig

Figure

Thrust 

weight versu
exacopter so 
tle) for the m

motor itself an
umber of mot

step-by-step 
uch as energ
s for accura

s were used,

gure 2: Prope

3: Gimbal in

us thrust for 
that it can h

maximum cur
nd the dynam
tors), where t

calibration f
gy, current, a
ate calibratio
, whereby it

190 

 

eller balancing

nstallation for

the hexacop
hover. For 3
rrent because
mics of the m
the total thru

for the thrust 
and voltage, 
on. Based o
ts specificati

g using sole t

r RGB / NIR

pter, where th
,000 g of thr

e thrust from
motor (Asad, 
ust per motor

of 600 g for
are compare

on the thrus
ions include 

ape. 

sensor. 

he thrust has
rust, 20% is 
the motor is
2011). The t
r is 600 g. 

r each motor.
ed to the elec
t calculation
weight of 6

s twice the am
added for h

s not linear d
total thrust o

r. All the wei
ctronic spee
n, NTM 28-
66 g with m

 

mount of 
headroom 
due to the 
f 3,600 g 

ight scale 
d control 
30S 900 

maximum 



 

 

 

 

 
 

 

Figure 4

Figure 5: W

191 

4: Generatin
 
 
 

 

Weight scale 

g thrust. 

output test. 

 

 

 



 

2.4 
 
After th
digital s
weight w
follows:
 

       
 
 

2.5 

In gener
from its
conducte
Planner 
data resu
19.4 A. 
 
 
3. RES
 
All diag
battery v
sensor. F
gimbal) 
 
Precise f
tested at
focal len
 

 
Payload Ca

he assembly 
scale, as sho
was 1.83 kg
 

        Total p

Flight Chec

ral, pre-flight
s current pos
ed in the UP
setting way

ults and the 

SULTS AND

gnosis is reco
voltage, rela
From the pre
due to telem

flight planni
t an altitude o
ngth 5.2 mm 

alculation 

was comple
own in Figur
, while and 

payload = 3.

ck 

t check fligh
sition to hov

PM Golf cour
points at 30
LiPo battery

D DISCUSS

orded in tele
ative altitude
e-flight, good

metry loss. Th

ng was nece
of 338 m in 
was used an

Figure 6

eted, the tota
re 7. From t
battery weig

.6 kg – 1.83 k

ht modes suc
ver above th
rse. Figure 8 

m altitudes
y was used (

SION 

emetry logs 
e, and airspe
d results wer
his problem w

essary for the
order to ensu

nd 234 image
 

192 

6: Weight scal

al weight of 
the measurem
ght was 0.33

kg – 0.33 kg

ch as Stabilis
he home pos
 shows the st
. The maxim

(Figure 9) w

such as  Fig
eed, tested w
re achieved e
was fixed us

e sensor and 
ure stability 
es were captu

le results. 

the hexacop
ment, the to
3 kg. Thus, t

g = 1.44 kg 

ser, Altitude 
sition were 
tabiliser mod

mum flight t
ith the maxi

gure 10, wh
with or with
except for th
ing the Miss

hexacopter U
the UAV sy
ured with the

pter UAV w
tal thrust wa
the total pay

Hold, Loiter
examined. A
de calibration
ime is calcu
mum curren

ich shows th
hout gimbal 
he battery vol
ion Planner c

UAV. The H
stem. A RGB
e area coverin

 

was measured
as 3.6 g, the

yload is calcu

r and Autopi
A pre-flight 
n results and

ulated from t
nt during the 

he telemetry
for the RG

ltage results 
calibration.  

Hexacopter U
B Canon SX
ng 2.08 km2

d using a 
e UAV’s 
ulated as 

ilot mode 
test was 

d Mission 
the flight 
flight of 

y logs for 
GB / NIR 

(without 

UAV was 
X230 with 

.   



 

 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 7: UA

193 

AV weight measurements.. 

 



 

 
 
 
 
 
 

 

 
 
 

Figure 8: Stabilise

Figure 9

194 

er mode and 

9: Flight data

waypoint set

a results. 

ttings. 

 



 

 

Figure

 
 
 

The proj
Here, th
direction
sensor lo
 
Table 1 
are unif
image m
size is 1
 

e 10: Withou

jection dime
he X and Y p
n is represen
ocation is ma

shows the av
formly distrib
mosaicking.  
.86161 x 1.8

ut and with gim

ensions coord
projection dir
nted by diff
arked by a bl

verage senso
buted over t
The RGB se

86161 µm.  

mbal telemet

dinate of the
rection coord

ferent ellipse
lack dot.  

or location er
the route pla
ensor resolut

195 

 

 

(a) 

 

 

 

(b) 

 

 

 

(c) 

try logs for (a
airspeed. 

e sensor loca
dinate error 
e colours as 

rror. Figure 
an using the 
tion used is 4

a) battery volt

ations and er
is represente
shown in t

12 shows th
fully auton

4,000 x 3,00

tage, (b) relat

ror estimate 
ed by ellipse 
he figure le

at the aerial 
omous mode

00, 5.2 mm fo

tive altitude, a

shown in F
 shape, whil

egend. The e

typical bloc
e, which sui

focal length a

and (c) 

igure 11. 
e Z error 
estimated 

k images 
itable for 
and pixel 



 

 

 
 

 
 
 

F

Figure 1

Ta

X (m) 

20.763939 

Figure 12: Ty

11: Sensor loc

able 1: An av

Y (m)

2.97079

ypical block i

 

196 

cation and er

verage sensor

 Z (

95 60.3

images unifor

rror estimatio

r location err

(m) To

39510 

rmly distribu

on. 

or. 

otal error (m

21.827562 

uted. 

m) 

 



197 
 

4. CONCLUSION 
 
A lightweight hexacopter UAV prototype was successfully developed, which covered the UAV 
acquisition system, component calibrations, pre-flight test, diagnosis of problems and flight planning. 
The hardware calibration techniques employed included balancing the propellers with an equal mass 
on both sides; brushless motors thrust efficiency for a given rotational and forward flight speed; 
airframe compass calibration; transmitter and receiver binding calibration; servo tester; battery 
system; autopilot controller; real-time telemetry; tuning-up balancing; and flying technique simulator. 
The prototype improved the performance significantly for vertical take-off and landing capabilities 
and reduced the line-of-sight telemetry of the hexacopter UAV as compared to fixed wings. These 
research steps significantly improved the method for aerial typical image overlap, by uniformly 
distributing the aerial images using high overlap set to 80% to avoid gaps and occlusion in the image 
data. This high overlap with 234 aerial images and 767,443 triangle tie-points are suitable for image 
mosaicking. 
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ABSTRACT 
 

Emitter locating system – a component of electronic support (ES) - could complement existing radar 
systems for the detection of low level airborne targets. This is possible since targets emit signals for 
locating, navigation and communication. Thus, an emitter locating system can locate the target from its 
emission using spatially located receivers. Two methods will be evaluated: multiangulation (MANG) 
based on angle of arrival (AOA) estimation, and multilateration (MLAT) based on time difference of 
arrival (TDOA) estimation.  Between the two methods, MLAT has the advantage of detecting targets in 
3D. Evaluation is performed using Monte Carlo (MC) simulation, where the parameters used are based 
on the typical low probability of intercept radar and wireless data link and receiver parameters for range 
of up to 50 km at a minimum altitude of 400 ft (122 m).  On the horizontal position estimation, MANG has 
lower mean square error over longer ranges between 30 to 50 km, while MLAT is able to estimate 
altitude for up to 50 km at the lower carrier frequency of 2.4 GHz. 
 
Keywords: Electronic support (ES); multiangulation; multilateration; Monte Carlo simulation; emitter 

locating. 
 
 
1.  INTRODUCTION 
 
Detection of airborne targets is primarily performed by radar. Due to the active nature of radar, its 
location can be detected by electronic support (ES) and could be subsequently disabled by electronic 
attack (EA) (Pace, 2009). In order to avoid detection by radar, strike fighters and attack helicopters 
typically adopt low altitude flight profile, which also reduces line of sight (LOS) distance. Clutter at low 
altitude introduces interference to the return signal, which reduces the probability of target detection. 
However, this is not a problem for ES systems, which are expected to give better detection provided the 
target transmits signals with good received signal quality. The passive nature of ES systems that do not 
emit any signal minimises the likelihood of detection. Drones are another type of airborne target whose 
role continues to expand from military towards commercial, scientific and recreational applications 
(ICAO, 2011). Detection of drones that normally weight less than 25 kg is difficult due to its small radar 
cross-section and its tendency to be flying slow at low altitude (Ritchie et al., 2015).   
  
An ES system, as shown in Figure 1, consists of emitter locating, signal reception, signal analysis and 
classification, decision making, and signal database (Ahmad & Sha’ameri, 2015). The focus of this paper 
is on emitter locating, where the possible methods are: receive signal strength (RSS) finger printing, 
multilateration (MLAT) and multiangulation (MANG). Emitter locating requires the use of multiple 
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Nomenclatures 
 

a Steering vector 
dim  Path difference measurement of the signal  

between the ith and mth GRS 

ei Error due to the ith Grs 
Rx Correlation matrix 
UN  Noise subspace 
US  Signal subspace 

u Eigenvector 
xi Signal at the i-th element  
 

Greek Symbols 

λ Eigenvalue 

im  TDOA measurement between ith and mth GRS 

 Angle of arrival 
 

Abbreviations 

AOA Angle of arrival 
ES Electronic support 
GRS Ground receiving station 
LOB Line of bearing 
LOS Line of sight 
LPI Low probability of intercept 
MANG Multiangulation 
MC Monte Carlo 
MLAT Multilateration 
MUSIC Multiple signal classification 
PE Position estimation 
RMSE Root mean square error 
TDOA Time difference of arrival 
TOA Time of arrival 

 
 
 
receiver stations that are spatially located as shown in Figure 2. It is a two-stage process as shown in 
Figure 3 (So, 2012). At the first stage, position dependent signal parameters are estimated, such as time of 
arrival (TOA), time difference of arrival (TDOA), angle of arrival (AOA) and RSS. By using the position 
dependent signal parameters from the first stage, the second stage involves estimating the position of the 
emitter using position estimation (PE) algorithms, such as fingerprinting, lateration, and angulation. The 
term emitter will be used to refer to the target because the target serves as the electromagnetic emission 
source, which could be either radar or communications.  



 

 

 

F

Figure

Em
loc

Figure 1: Bloc

e 2: Block dia

mitter 
cating 

Ante
syste

ck diagram o

agram for emi

Receive

nna 
em 

Signal
Processi

Decisio
making

Signal
databas

201 

 
 

f ES system  

 

itter locating 

er 

l 
ing 

on 
g 

l 
se 

(Ahmad & Sh

system (Sha’

Frequen
Signal st

Preproce
tuning o
Estimati
of the m
Demodu

Apply co
Investig
Archive 
paramet

Signal s
retrieval

ha’ameri, 201

’meri & Sheh

ncy scanning 
trength measu

essing and 
of the received
ion and classi

modulation para
ulate the signa

ounter measur
ate further 

the mod
ers and the sig

storage and 
l 

 
15). 

 
hu, 2015). 

urement 

fine 
d signals 
ification 
ameters 

als 

res 

dulation 
gnals 



 

 
 
MLAT 
electrom
for posit
techniqu
relations
been dev
Mantilla
Taylor’s 
Galati et
the use o
closed-fo
and is m
Sha’mer
methods
 
Unlike M
angulatio
present i
Non-sub
poor res
estimatio
via rotat
are indic
given tha
2016). A
a higher
(SNR) (
estimatio
 
This pap
presents 
paramete
means sq
 

is an exam
magnetic emis
tion estimatio
ue is the cros
ship between 
veloped and

a-Gaviria et a
 series, to o
t al., 2014). T
of the linear
orm approac

more suitable 
ri & Shehu, 
. For this rea

MLAT, MA
on algorithm
in the literatu
bspace estima
solution and 
on technique
ional invaria

cated to be cl
at the numbe

A comparison
r resolution. 
Dhope, 2015
on and subse

per is organis
the emitter 

ers used and
quare error (R

Figu

mple of an 
ssion. TDOA
on. There are
ss correlation

the TDOA m
d can be gro
al, 2015). Th
obtain the lin
This approac
isation meth

ch on other h
for an emitte
2015) . It do

ason, the clos

ANG uses A
m to estimate 
ure, which ca
ation techniqu

can identify
s, such as mu

ance techniqu
losely spaced
er of sensor e
n shows that E

However, M
5). Due to t
quently in th

ed as follows
locating me

d also the PE
RMSE) is us

ure 3: Emitter

emitter loc
A is used as it
e several tech
n approach (N
measurement
ouped as op
he open-form
near relations
h is most sui

hods and is a
hand perform
er locating sy
oes not suffe
sed-form late

AOA measur
the emitter p

an be classifie
ues, such as
y only a sin

multiple signa
ue (ESPRIT)
d (Baig & M
elements in t
ESPRIT requ

MUSIC on th
the advantag
he emitter loc

s. Section 2 f
ethodology u
E results usi
ed as the per

202 

r locating PE

cating system
ts position de
hniques for T
Neven et al.
t and the em

pen-form and
m lateration a
ship, which 
itable for an 
also computa
ms algebraic 
ystem (Buche
er from conv

eration algori

rements as p
position (So,
ed into subsp
beamforming
gle emitter 
l classificatio

), have high r
Malik, 2013). 
the sensor arr
uires less com
he other han

ges of MUSI
cating proces

first describe
using MANG
ing MANG 
rformance me

E process (So, 

m that esti
ependent para
TDOA estim
., 2014; Dou

mitter position
d closed-form
algorithm uti
is followed 
active system

ationally com
manipulatio

er & Misra, 2
vergence issu
thm is adopt

position dep
, 2012). Seve
pace and non
g and Capon
source at a 
on (MUSIC)
resolution an
These techn
ray is more t
mputation an
nd performs 
IC, this algo
s using MAN

es the signal m
G and MLA
and MLAT.
easure.  

2012). 

imates emitt
ameters and 

mation but the
u & Xing, 20
n, several late
m lateration
lises linearis
by an iterat

m but has con
mplex (Chaita

ns to obtain
2002; So, 20
ues as it doe
ed for emitte

pendent signa
eral AOA est
-subspace m

n’s minimum 
time (Chow
 and estimat

nd perform e
iques can ide
than the num

nd less storag
better at lo

orithm is sel
NG. 

models used 
AT. Section 

For both ap

 

ter position 
the lateration
e most comm

015).  Due to
eration algor

n algorithm 
sation method
ion process 
nvergence iss
anya et al., 2
 the linear r

012; Torbati e
es not use li
er locating wi

al parameter
timation algo
ethods (Mon
variance me

wdary, 2016)
ion of signal

efficiently wh
entify multip

mber of emitte
e than MUSI
w signal-to-
lected for us

in this paper
4 discusses 

pproaches, th

using its 
n algorithm 
monly used 
o nonlinear 
rithms have 
(So, 2012; 
ds, such as 
(So, 2012; 
sues due to 
2015). The 
relationship 
et al, 2013; 
inearisation 
ith MLAT. 

rs with an 
orithms are 
ndal, 2013). 
ethod, yield 
. Subspace 
l parameter 
here angles 
ple emitters 
ers (GIRD, 
IC, and has 
noise ratio 

se in AOA 

r. Section 3 
the signal 

he PE root 



203 
 

2. SIGNAL MODEL 
 
This paper focuses on low level airborne threats, such as strike fighters, attack helicopters and drones, 
which are primarily used for tactical applications ( Northrop Grumman, 2017).  Strike fighters and attack 
helicopters are usually equipped with on-board radar for target detection and tracking as well as with 
synthetic aperture radar (SAR) for terrain mapping. Most of the radar technology reported recently is 
based on low probability of intercept (LPI) radar (Pace, 2009). Unlike conventional radar, LPI radar 
performs detection with minimum peak power, which makes it difficult to detect using current ES 
technology. An example of waveform used for LPI radar is continuous wave linear frequency modulated 
(CW-LFM) or CW nonlinear frequency modulated (CW-NLFM) that operates at the X-band frequency (8 
to 12 GHz) (Melvin & Scheer, 2013), with the most recent published work found in Wahab et al. (2017). 
Most information about LPI radar is confidential and could not be found in the open literature. Thus, we 
will consider an LPI radar similar to the Pilot Mk2 radar that is described in Schleher (2006) for analysis 
and performance evaluation. The radar has an estimated range of 50 km and the target is expected to fly at 
an altitude less than 400 ft (122 m). The reason for selecting an estimated range of less than 50 km is the 
lack of LOS between the targets and ground receiving stations (GRSs). For the LPI radar, the transmit 
power of 1 W is assumed based on current practice with pulse repetition period and pulse width of 1 ms 
(Schleher, 2006). It is also assumed that the radar beam is facing in the direction of the emitter locating 
system to consider the situation if the airborne threat intends to attack targets close by. 
 
Besides airborne radar, low level airborne threats, such as drones, require exchange of telemetry 
information and video downlink via a wireless datalink. Typically, the signals are continuous in nature 
with low transmit power.  For evaluation purposes, the wireless datalink is selected based the allocation 
provided by Malaysian Communications and Multimedia Commission (MCMC), as shown in Table 1 
(MCMC, 2015). A higher transmit power is assigned to the higher frequency band of 5.8 GHz due to the 
higher propagation loss and to ensure sufficient receive power over longer distances approaching 50 km. 
 

Table 1: Frequency assignment and maximum equivalent isotopically radiated power (EIRP) (MCMC, 2015). 

No. Radio Frequency (MHz) Maximum EIRP 

1 433 - 435 100 mW 

2 2,400 - 2,500 500 mW 

3 5,725 – 5,875 1 W 

 

3. EMITTER LOCATING METHODOLOGY  
 
The methodology for emitter locating using MANG and MLAT is described in this section. 
 
3.1 MANG 
 
In this section, the AOA estimation method is first explained followed by the MANG algorithm. A 
mathematical model is then developed to estimate the PE error from the emitter position and geometry of 
GRSs.  
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3.1.1 MUSIC Algorithm for AOA Estimation 
 
Each GRS is equipped with a uniform linear array (ULA) consisting of M elements separated by a 
distance d. It receives the signal s(t) from the emitter impinging the array at an angle . The array element 
closest to emitter receives the signal earlier than the other elements. As a result, the other array elements 
receive a delayed version of s(t). The signal at the i-th element is represented as: 
 
 ( 1)( ) sin( )( ) ( )

d
cj i

ix t e s t     (1) 

where ω=2f is the angular frequency and c is the speed of electromagnetic waves.  

Combining all the signals received at each GRS together with noise forms the input signal matrix X(t):  
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  (2) 

      ( ) t s t t X a n   (3)  

where a() is the steering vector that steers the received signal in the direction of the AOA (Waweru et 
al., 2014). Input signal matrix for K emitters is given as:  

      ( ) t s t t X A n    (4) 

where A()= [a(1), a(2),a(3),……,a(K)].  

The MUSIC algorithm computes the M x M correlation matrix Rx: 

      H
x E t tR x x   (5) 

From Equation 5, the eigenvalue decomposition of Rx results in M eigenvalues (λ1, λ2, λ3,…, λK,…, λM,) 
and M associated eigenvectors (u1, u2, u3,….., uK,….,uM). The eigenvectors associated to K smallest 
eigenvalues span the noise subspace UN while the rest (M-K) of the eigenvectors span the signal subspace 
Us:  

  1 2 3 , , , ..,  N K U u u u u   (6) 

  1 , , .. .,S K K M U u u u   (7) 

Due to the orthogonality of the noise subspace and array steering vector at the angles of arrival θ1, θ2,. . . 
θK, the matrix product aH(θ)UNUN 

Ha(θ) is zero for these angles. The reciprocal of this matrix product 
creates sharp peaks at the angle of arrival. Thus, the MUSIC pseudospectrum is given by:     
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1

( )
( ) ( )N

H H
N

P 
 


a U U a

  (8) 

      
1.  
2.  
3.  

3.1.  
3.1.1.  

3.1.2 MANG Position Estimation 
 
Estimated AOAs and coordinates of GRSs are used to form the line of bearings (LOB) equations. The 
point of intersection of the LOB is the estimated position of emitter. Equation of LOB for the ith GRS is: 

      i i i iy m x c    (9) 

where (xi, yi) are the coordinates of the ith GRS. The slope and the y-intercept for Equation 9 are given as: 

 ( ta )n 90i im     (10) 

   – tan(9 )0i i i ic y x     (11) 

MANG consists of four GRS results with four LOB equations, which can be expressed in matrix form as:  

   Ax b   (12) 

where: 
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A x b   (13) 

Since the number of equations is more than the unknowns, the matrix inverse does not exist. Thus, the 
over-determined least squares approach can be utilised (Anton & Rorres, 2010) and Equation 12 can be 
represented as:  

    T TA A x A b   (14) 

The PE solution is found by: 

 1 ) ( T Tx A A A b   (15) 

 

3.1.3 Mathematical Model for Position Estimation 
 
Using the geometry of the receiving station configuration, a mathematical function is obtained for PE 
error based on the emitter position, AOA error and the coordinates of the GRSs, as shown in Figure 4 
(Yaro &  Sha’meri, 2016). 
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where im is the TDOA measurement between the ith and mth GRSs, and c = 3x1010 m/s. The subscript 
“im” indicates that the TDOA or PD measurement is obtained using the ith GRS as reference and the mth 
GRS as non-reference. 
 
The minimum number of GRSs for 3D PE is four. To differentiate between the reference and non-
reference GRS for TDOA estimation, let the ith and jth GRSs be chosen as reference, and the mth and kth be 
the non-reference GRSs. The remainder of the PD equations in the form of Equation 18 are:  

            2 2 2 2 2 2

jm j j j m m md x x y y z z x x y y z z              (20) 

            2 2 2 2 2 2

ik i i i k k kd x x y y z z x x y y z z              (21) 

              2 2 2 2 2 2

jk j j j k k kd x x y y z z x x y y z z              (22) 

From Equations 18-22, a non-linear relationship exists between the input variables (dim, djm, dik, djk) and 
the output variable (x, y, z).  Thus, to solve for the emitter position, a linear relationship between the two 
variables have to be established first, which can be done through algebraic manipulations (Bucher & 
Misra, 2002; Sha’meri & Shehu, 2015).   The algebraic manipulation of Equations 18 and 20-22 results in 
two plane equations in forms of (Sha’meri & Shehu, 2015): 

 xB yC zD A     (23) 

where the coefficients A, B, C and D depend on the PD measurements and GRSs coordinates. The pair of 
equations in the form of Equation 23 are then used to obtain the coordinates of the emitter. A detailed 
derivation of Equations 18 to 23 and how the coordinates of the emitters can be obtained using the pair of 
equations in the form of Equation 23 can be found in Bucher & Misra (2002) and Sha’meri & Shehu 
(2015). 

 

4. SIMULATION PARAMETERS AND RESULTS 
 
In this section, the signal parameters used in this paper are first presented.  Next, the result for MANG is 
presented followed by the results for MLAT. At the final part of this section, a comparison is made 
between the two methods for PE estimation.  
 
 
4.1 Simulation Parameters 
 
A square configuration of four GRSs with a separation distance of 2.5 km is used as shown in Figure 5. 
PE errors are calculated for emitter ranges from 20 to 50 km, emitter bearings from 0 to 90° and altitude 
of 400 ft.  The simulation parameters used are listed in Table 2, which are based on practical values used 
for LPI radar, wireless datalink for drones and ES systems. The square configuration simplifies the 
performance analysis because the results obtained for one quadrant from 0 to 90° can be applied over all 
directions.  
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Figure 6: SNR distribution for one quadrant (bearings of 0o to 90o) at carrier frequencies of (a) 2.4 GHz       
(b) 5.8 GHz and (c) 10 GHz. 

 

4.2 MANG Results  
 
The MANG results consist of two parts: AOA estimation error and PE error. This is because the PE error 
is contributed by the AOA estimation error.  
 
 
4.2.1 AOA Estimation Error 
 
This section presents the effect of SNR and the number of array elements on the performance of the 
MUSIC algorithm for AOA estimation. Table 3 shows the errors for certain estimated AOAs using MC 
simulation for 8- and 16-element arrays. It can be seen that an inverse relationship exists between SNR 
value and the performance of the MUSIC algorithm, which means that at low SNR, a higher AOA error is 
expected. The performance is also affected by the number of elements in the array. Increasing the number 
of array elements improves the performance. For instance, at 85° and 20 dB, the 8-element array gives an 
error of 0.55°, while the 16-element array gives a much lower error of 0.15°.  

 
(a)  (b) 

 

 
(c) 

30

32
33

34
354

74849

y 
co

or
di

na
te

 (
km

)
25

27

30

4243

y 
co

o
rd

in
at

e 
(k

m
)



210 
 

It can also be observed from Table 3 that certain AOAs cannot be estimated at low SNR due to high 
unacceptable errors. The 8-element array is not able to estimate AOA of 87° below 20 dB, 88° below 26 
dB and 89° below 40 dB. Comparing this result with the SNR values in Figure 6(c) shows that the 8-
element array cannot estimate AOA of 88° for signal with carrier frequency of 10 GHz for ranges beyond 
25 km, while AOAs above 88° cannot be estimated within 50 km range. The 16-element array on the 
other hand is able to estimate AOA of 87° and 88° at an SNR of 20 dB but cannot estimate 89° below 32 
dB. Thus, the AOA of 89° for signal with carrier frequency of 10 GHz cannot be estimated using the 16- 
element array for ranges beyond 12 km. Both arrays fail to estimate AOA of 90° at any SNR value. Figure 
6 indicates that at certain emitter ranges, lower carrier frequencies have higher SNR. Thus, the ability of 
AOA estimation increases at lower carrier frequency. 

The comparison of both array results shows that the 16-element array performs better than the 8-element 
array. Therefore, AOA estimated by the 16 -element array is used for position estimation. 

  

Table 3: AOA error (Yellow shade: Highly unacceptable error). 

M=8 
SNR (dB) 

20 22 24 26 28 30 32 34 36 38 40 

 

85 0.55 0.37 0.30 0.22 0.19 0.14 0.12 0.10 0.08 0.07 0.06 
86 0.55 0.49 0.35 0.27 0.23 0.19 0.14 0.12 0.09 0.08 0.07 
87 17.7 0.63 0.50 0.46 0.31 0.24 0.22 0.14 0.12 0.11 0.07 
88 82.9 68.4 53.1 41.6 0.49 0.38 0.32 0.26 0.19 0.14 0.12 
89 121.5 124.3 110.8 97.4 94.1 97.0 78.7 66.7 35.7 37.9 25.2 
90 118.3 135.9 121.1 123.8 120.0 124.2 123.5 116.1 120.3 129.9 125.7 

(a) 8-element array. 

M=16 
SNR (dB) 

20 22 24 26 28 30 32 34 36 38 40 

 

85 0.15 0.12 0.11 0.10 0.08 0.07 0.06 0.06 0.06 0.06 0.05 
86 0.22 0.19 0.13 0.11 0.09 0.07 0.06 0.07 0.06 0.06 0.05 
87 0.26 0.23 0.16 0.13 0.12 0.08 0.07 0.06 0.03 0.03 0 
88 0.37 0.28 0.22 0.22 0.17 0.16 0.11 0.10 0.08 0.07 0.06 
89 89.0 82.9 69.1 66.8 47.2 18.2 14.4 0.15 0.13 0.12 0.07 
90 136.3 123.6 127.9 134.5 131.8 124.6 119.0 115.5 127.9 134.4 120.2 

(b) 16-element array. 

 
4.2.2 PE Error Using MANG and Mathematical Model 
 
In this section, the PE RMSE from the MC simulation is compared with the PE RMSE of the developed 
mathematical model (MM) in section 3.1.3. The PE errors for MC simulation and MM for various emitter 
positions are listed in Table 4. The results of MM show that low AOA error results in low PE error. At 
any emitter range, the lowest PE error is observed at 45° bearing due to lower AOA error at this bearing 
than other emitter bearings. It can also be seen from the results that the PE error increases with the 
increase in emitter range.  
 
PE error results from MC simulation listed in Table 4 follows the same trend as the MM results, that is PE 
error increases with the increase in AOA error and range. MC simulation gives higher PE errors than MM 
at most of the emitter positions. Absolute difference of MC and MM PE errors is large for shorter ranges 
and lower bearings. The large difference is due to the AOA error being either negative or positive in MC 
result while the absolute value of AOA error is considered in MM results. High unacceptable PE error 
occurs at emitter position of 50 km and 90° bearing. The actual AOAs at each GRS for this location are 
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above 88°. SNR value at 50 km range is 20 dB as seen in Figure 6(c). AOAs above 88° at SNR below 32 
dB give high AOA errors as seen in Table 3. High AOA errors consecutively result in high PE errors and 
the emitter at this location cannot be detected, creating a blind spot for the system. 
 
 

Table 4: PE RMSE for MC simulation and mathematical model MM. 

No. 
Emitter position 

Position error (km) Absolute 
difference 

M = 16 M = 16 
Range 
(km) 

Bearing 
(0) 

MC MM MC/MM 

1 

20 

0 0.37 0.02 16.27 
2 30 0.01 0.01 0.98 
3 45 0.19 0.01 22.65 
4 60 0.02 0.01 1.25 
5 90 0.02 0.02 0.85 
6 

25 

0 0.18 0.01 20.8 
7 30 0.33 0.03 10.8 
8 45 0.03 0.01 29.8 
9 60 0.18 0.03 5.60 

10 90 0.05 0.06 0.90 
11 

30 

0 0.06 0.03 2.20 
12 30 0.31 0.02 13.70 
13 45 0.02 0.02 0.90 
14 60 0.23 0.02 11.90 
15 90 0.11 0.07 1.60 
16 

40 

0 0.12 0.04 3.00 
17 30 0.26 0.03 7.90 
18 45 0.31 0.01 45.10 
19 60 0.20 0.03 6.20 
20 90 0.45 0.16 2.90 
21 

50 

0 0.37 0.04 10.60 
22 30 0.17 0.03 4.90 
23 45 0.13 0.03 4.10 
24 60 0.15 0.04 3.80 
25 90 x x x 

 

 

4.3 MLAT Results  
 
In this section, the PE accuracy of the TDOA based lateration algorithm in Section 3.2 is presented. Using 
MC simulation, the relationship between PD estimation error, SNR and emitter position are determined. 
Figure 7 shows PD estimation error versus SNR.   
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Figure 7: PD estimation error versus SNR. 

 
 

 

From Figure 7, the PD estimation error is zero for SNR values greater or equal to 27 dB. This means that 
if the effective received SNR between signal pairs is 27 dB or more, the TDOA estimation error is zero. 
With reference to the PD estimation error and SNR relationship in Figure 7, it can be concluded from 
Figure 6 that the TDOA estimation error for all signal pairs is zero for emitters within the range of 0 to 22 
km. This is because the minimum SNR is 27 dB at a range of 22 km and it increases as the range 
decreases from 22 to 1 km. From the received SNR, the PD estimation error is determined and its effect 
on the PE error of the lateration algorithm in Section 3.2 is determined. Figure 8 show the PE RMSE for 
emitters within the ranges of 0 to 50 km, bearings of 0 to 900 at altitude of 400 ft. The PE RMSE depends 
on the emitter position. It increases with increase of range from 0 to 50 km, but is constant with increase 
of bearing from 1 to 890. At emitter bearing of 00 and 900, the lateration algorithm fails to estimate the 
emitter position. Along these bearings, a zero PD measurement results in infinite coefficients in the plane 
equation in Equation 23, making it unsolvable. For altitude estimation, the RMSE within the selected 
emitter coverage is high at carrier frequency of 10 GHz to allow emitter locating in 3D. 
 
At emitter position with ranges within 0 and 22 km, the PE RMSE is supposed to be zero but it is not the 
case as shown in Figure 8.  This is due to the bias in the PE process introduced by the lateration 
algorithm, which has been said to be one of its limitations. Another factor that contributes to the PE error 
is the condition number of the plane equation that is linked with the emitter positions. High condition 
number means high PE error even at low TDOA error values. The condition number varies with emitter 
position. Emitter positions with bearings within 1 to 150 and 75 to 910 have high condition numbers value, 
which results in high PE RMSE. The PE RMSE of MLAT can be improved by choosing the appropriate 
reference stations for the TDOA estimation and lateration process. Further improvements can be made by 
using the generalised cross-correlation approach (Knapp & Carter, 1976) to estimate the TDOA and 
increase the separation of the GRS.  
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Figure 8: PE RMSE for emitter position within 50 km range and one quadrant (bearing of 00 to 900): (a) 
Horizontal RMSE  (b) Altitude RMSE. 

 

4.4 Comparison between MLAT and MANG 
 
Once the performance of each of the methods is evaluated, the next step is to compare both MLAT and 
MANG under the same conditions, as defined in Section 4.1. The PE RMSE for MLAT and MANG is 
compared at selected emitter positions. Three carrier frequencies are considered: 2.4, 5.8 and 10 GHz.  
 
Table 5 shows the PE RMSE comparison between the MLAT and MANG systems. At bearings of 0, 30 
and 45° irrespective of the range, the change in carrier frequency has no significant effect on the PE 
RMSE for MANG system. However, at bearings of 60 and 90°, the PE RMSE varies with carrier 
frequency. The emitter at bearing of 90° and 50 km range is detectable at carrier frequencies of 2.4 and 
5.8 GHz as no blind spot is shown in Table 5 at this position. This is because the SNR value at this 
position is higher for carrier frequencies of 2.4 and 5.8 GHz, as shown in Figure 6. For MLAT, at 
constant emitter range and bearing, the PE RMSE increases with carrier frequency.  At emitter range of 
40 km and bearing of 45°, the PE RMSE for carrier frequencies of 2.4, 5.8 and 10 GHz are 0, 0.25 and 
0.57 km respectively. 
 
For a given carrier frequency and emitter position, MLAT has lower PE RMSE at emitter range lower 
than 30 km, while MANG performs better at higher emitter range of greater than is 30 km. For instance, 
at carrier frequency of 10 GHz and emitter position with range of 25 km and bearing of 30°, the PE 
RMSE for MLAT and MANG are 0.12 and 0.33 km respectively. Increasing the emitter range to 50 km at 
a given bearing and carrier frequency, the PE RMSE for MLAT and MANG are 1.62 and 0.17 km 
respectively. On the average, irrespective of the carrier frequency, MLAT performs better at lower range 
while MANG performs better at higher range. 
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Table 5 : PE RMSE for MANG and MLAT for carrier frequencies of 2.4, 5.8 and 10 GHz (Columns marked 
with x means it is not possible to estimate the emitter position). 

No. 
Emitter position 

PE RMSE 
(km) 

Range 
(km) 

Bearing 
(o) 

Altitude 
(km) 

2.4 GHz 5.8 GHz 10 GHz 
MANG MLAT MANG MLAT MANG MLAT 

1 

20 

0 

0.12 

0.38 x 0.38 x 0.37 x 
2 30 0.01 0 0.01 0 0.01 0 
3 45 0.19 0 0.20 0 0.19 0 
4 60 0.01 0 0.12 0 0.02 0 
5 90 0.12 x 0.06 x 0.02 x 
6 

25 

0 0.18 x 0.18 x 0.18 x 
7 30 0.47 0 0.45 0 0.33 0.12 
8 45 0.03 0 0.03 0 0.03 0.10 
9 60 0.43 0 0.35 0 0.18 0.12 
10 90 0.14 x 0.06 x 0.05 x 
11 

30 

0 0.06 x 0.06 x 0.06 x 
12 30 0.26 0 0.29 0 0.30 0.22 
13 45 0.47 0 0.29 0 0.02 0.20 
14 60 0.29 0 0.30 0 0.27 0.24 
15 90 0.05 x 0.08 x 0.11 x 
16 

40 

0 0.22 x 0.22 x 0.12 x 
17 30 0.41 0 0.30 0.27 0.26 0.70 
18 45 0.31 0 0.31 0.25 0.31 0.57 
19 60 0.23 0 0.17 0.27 0.20 0.73 
20 90 0.11 x 0.18 x 0.45 x 
21 

50 

0 0.39 x 0.39 x 0.37 x 
22 30 0.19 0 0.19 0.64 0.17 1.62 
23 45 0.13 0 0.09 0.54 0.13 1.38 
24 60 0.12 0 0.12 0.65 0.15 1.69 
25 90 0.22 x 0.63 x x x 

 

 

One of the advantages of emitter locating using MLAT over MANG is the ability to estimate the altitude 
of the airborne emitter. Table 6 shows the altitude estimation error of MLAT at selected emitter positions 
with the selected carrier frequencies. Similar to the horizontal position, the altitude error depends on the 
emitter carrier frequency and position. The error is the same irrespective of the bearing but changes with 
range and carrier frequency. For instance, for emitter position with range of 40 km at bearing of 450, the 
altitude errors at carrier frequencies of 5.8 and 10 GHz are 0.70 and 1.11 km respectively.  Increasing the 
emitter range to 50 km at a given bearing, the altitude errors are 1.00 and 1.55 km for carrier frequencies 
of 5.8 and 10 GHz respectively. Comparing the altitude error with the actual emitter altitude, which is 
0.12 km at carrier frequencies of 5.8 and 10 GHz, the altitude error is high, making the estimated altitude 
of MLAT invalid to locate the emitter. From the results obtained, it is only possible to estimate the 
altitude of the emitter at 2.4 GHz for up to 50 km. 
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Table 6: Altitude estimation error for MLAT for carrier frequencies of 2.4, 5.8 and 10 GHz (Columns 
marked with x means it is not possible to estimate the emitter position). 

No. 
Emitter position 

Altitude RMSE 
(km) 

Range 
(km) 

Bearing 
(o) 

Altitude 
(km) 

2.4 GHz 5.8 GHz 10 GHz 

1 

20 

0 

0.12 

x x  
2 30 0 0 0.34 
3 45 0 0 0.34 
4 60 0 0 0.34 
5 90 x x x 
6 

25 

0 x x x 
7 30 0 0 0.50 
8 45 0 0 0.50 
9 60 0 0 0.50 

10 90 x x x 
11 

30 

0 x x x 
12 30 0 0.45 0.64 
13 45 0 0.45 0.64 
14 60 0 0.45 0.64 
15 90 x x x 
16 

40 

0 x x x 
17 30 0 0.70 1.11 
18 45 0 0.70 1.11 
19 60 0 0.70 1.11 
20 90 x x x 
21 

50 

0 x x x 
22 30 0 1.00 1.55 
23 45 0 1.00 1.55 
24 60 0 1.00 1.55 
25 90 x x x 

 

 

5. CONCLUSION 
 
The emitter locating system detects the target from its emission, which is used for locating, navigation 
and communications. The signal is obtained by spatially located receivers and the position is estimated 
either by the MANG or MLAT techniques. Between the two methods, MLAT has the advantage of PE in 
3D. MC simulation is used to verify both methods, and the transmitter and receiver parameters are 
selected based on current practices. For PE in the horizontal position, MLAT provides lower RMSE at 
ranges less than 30 km while MANG performs better at lower RMSE at ranges greater than 30 km for up 
to 50 km. In general, the RMSE increases with frequency due to the expected path attenuation. Error free 
altitude estimation is possible for 2.4 GHz for MLAT for up to 50 km. However, this is not possible for 
the higher frequencies that were selected at 5.8 and 10 GHz respectively. The findings of this study 
considered the current generation of LPI radar and the possible communications signal types used by low 
level airborne targets. Both methods should provide better PE for older generation airborne targets where 
the peak power used in radar is much higher. 
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ABSTRACT 
 
The propagated wireless signals along the Global Navigation Satellite System (GNSS) channels are 
affected by ionospheric electron density irregularities. Therefore, GNSS signals may experience 
amplitude and phase fluctuations. The GNSS ionospheric scintillation and Total Electron Content 
(TEC) Monitor (GISTM) receiver is installed at Universiti Teknikal Malaysia Melaka (UTeM), 
Malaysia (2.3139°N, 102.3183°E) for the purpose of monitoring ionospheric scintillation and Total 
Electron Content (TEC) variations. In this study, Global Positioning System (GPS) ionospheric 
scintillations are investigated for dual frequency L1 (1.57542 GHz) and L2C (1.2276 GHz). The data 
of GPS ionospheric scintillation and TEC variations is collected during the 24th solar maximum from 
2013 to 2014. This proposed period is very important due to increasing solar activity directly affected 
the GPS link performance. Mathematical models for scintillation index S4(L2C) and carrier-to-noise 
ratio C/N0(L2C) are statistically proposed based on the collected data for different levels of 
ionospheric scintillation. This enables the prediction of the scintillation and C/N0 of L2 when only L1 
information is available. This is particularly important because of only L1 scintillation historical 
information is available before 2012. 
 
Keywords: Global Positioning System (GPS); ionosphere; scintillation; solar maximum; nonlinear 

regression (NLR). 
 
 
1. INTRODUCTION 
 
Satellite communication is one of the most important and useful technologies that have ever been 
developed. This technology is used in many business applications, because it makes things go quite 
easier without wasting time. Many commercial communication services can be offered by satellite 
communication like voice services and data transfer services. The advantages of such communication 
system are high quality data transfer with reduced cost comparison to other technologies (Kolawole, 
2013). 
 
The Global Positioning System (GPS) is the most famous navigation system among the Global 
Navigation Satellite Systems (GNSSs), since it operates well under any weather condition with high 
accuracy and does not require a subscription fee. Ionospheric scintillation induces rapid fluctuations 
in the phase and amplitude of received GPS signals. These rapid fluctuations or scintillation 
potentially introduce cycle slips, degrade range measurements, and if severe enough, lead to loss of 
lock in phase and code. This phenomenon is particularly important in the equatorial region, where the 
scintillations activities are considered maximum. GPS scintillations at low latitudes are primarily 
associated with equatorial spread F, which is caused by scattering from ionospheric irregularities. 
Equatorial ionosphere is a region comprising two ionisation belts located approximately േ15° on the 
magnetic equator, where scintillation activities are maximum. Malaysia is located in this region, and 
thus, GPS ionospheric scintillation and availability are observed and studied during solar maximums 
in this location (Hassan et al., 2002; Aon et al., 2017). In the last decade, many work have done on 
the L band ionospheric effects in Malaysia using GNSS receiver networks in TEC analysis (Ho et al., 
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1. Most of the data with a number of samples of ௌܰ ൎ ்ܰ that is applied to drive the equation of 
the proposed mathematical model. This part has the most collected data to propose a 
mathematical model covering different situations along the solar maximum cycle. The 
nonlinear regression (NLR) method is used in this derivation.  

2. Some other data (different from the first part of the data) that has number of samples 
of		 ைܰ ≪ ௌܰ . This part is used to check the validity of the proposed mathematical model 
using different data that is different from the first part of the data. 

 
The NLR almost generates a best relationship between a single independent variable ݔ and a single 
dependent variable ݕ. This relationship can be described by an equation that includes one or more 
parameters, such as ݕ௢, ܽ, and ܾ constants in a second order polynomial ݕ	 ൌ ௢ݕ	 	൅ 	ݔ		.	ܽ	 ൅  .ଶݔ		.	ܾ
The NLR method fits the data and determines values of the parameters that minimise the sum of the 
squares of the distances of the data points to the fitted curve. In another expression, the NLR fits the 
data until it get a lowest root mean square error (RMSE), which is calculated as: 
 

ܧܵܯܴ ൌ 	ඨ	݉݁ܽ݊	 ൬ቀܵ4௠௦ሺ2ܮሻ െ ܵ4௣௥ሺ2ܮሻቁ
ଶ
൰ (3) 

 
where S4ms(L2) is the measured S4 index at the L2 frequency band, and S4pr(L2) is the predicted S4 
index using the nonlinear regression. 
 
The mathematical model of carrier-to-noise ratio (C/N0) is also estimated by the same algorithm. For 
the mathematical model of S4, the proposed mathematical model is compared with Carrano’s model 
for the S4 index (Carrano et al., 2014). 
 
 
3. RESULTS & DISCUSSION 
 
If S4(L2) is considered as a dependent variable and represented by Y, and S4(L1) is considered as an 
independent variable and represented by X, the mathematical model determined by NLR to get the 
second order polynomial as: 

ܻ ൌ 0.0325 ൅ 0.6779 ∗ ܺ – 0.0633 ∗ ܺଶ  
(4) 
 

where Y is S4(L2) and X is S4(L1). 
 
The RMSE for this model is 0.0523, which indicates a good value according to its scales in the x- and 
y- axes as shown in Figure 3.  
 
The proposed model (Equation 4) for S4(L2) is validated with other different data (second part of the 
collected data). The measured (collected) data {S4ms(L1), S4ms(L2)} of this part is compared with the 
predicted data {S4ms(L1), S4pr(L2)} that is estimated by the proposed mathematical model. The model 
validation is done for GPS PRNs of 31, 27, 15, and 7, as shown in Figure 4 a-d, with predicted RMSE 
of 0.0514, 0.0570, 0.0415 and 0.0566 respectively. 
 
The model is further validated with different categories of scintillation as (Seif et al., 2012): 
 

    S4 > 0.4    (strong scintillation) 
    0.2 ≤ S4 ≤ 0.4    (moderate scintillation) 
    S4 < 0.2          (weak scintillation)  

 
as shown in Figure 5 for low scintillation, Figure 6 for moderate scintillation, and Figure 7 for strong 
scintillation. Table 1 summarises the predicted RMSE values for the scintillation categories. 
 



 

 

 
 
 
 

 

Figure 

Fi

3: Comparis

igure 4: Valid

son of the ma

dation of the 

222 

athematical m

proposed mo

 

model with th

odel on differ

e experiment

rent GPS PRN

 
tal data. 

Ns. 
 



 

 

 
 

Fig

Figur

gure 5: Valid

re 6: Validati

dation of the p

on of the pro

223 

proposed mo

oposed model

del only on th

 only on the m

he low S4 lev

moderate S4 

vels. 

levels. 

 

 



 

 
Ta

GPS PRN

31 
27 
15 
07 

 
It is clea
Since th
levels, i
levels be
 
As show
levels. A
model ca
defined 

 

where  ܻ
 
The prop

Figu

able 1: The p

N# 
Low

ar that the pro
his model is 
it is more re
ecause the el

wn in Figure
As the predi
an be propos
as a second o

ܻ	

ܻ	 ൌ 	ܵ4ሺ2ܮሻ

posed model

ure 7: Valida

predicted RM

w scintillation
0.030420 
0.032044 
0.029468 
0.031490 

oposed math
estimated fr

eliable for th
levation angl

e 7, the prop
cted RMSE 
sed for strong
order polyno

ൌ	െ0.0323

ሻ, and ܺ ൌ ܵ

l for strong s

tion of the pr

MSE values fo

n Mod

hematical mo
rom the colle
hese scintilla
le of the GPS

posed mathe
is almost gr

g scintillatio
omial using t

3	 ൅ 	1.8922

4ሺ1ܮሻ. 

cintillation i

224 

roposed mod

or different G

RMSE 
derate scintill

0.077413 
0.076661 
0.078023 
0.079882 

odel is applic
ected data th
ation levels. 
S receiver is 

ematical mod
reater than t

ons. The math
the following

∗ ܺ – 1.43

s further vali

el only on the

GPS PRNs for

lation 

cable for all l
hat mostly ar

The collect
30º.  

del is not so
the proposed
hematical mo
g equation: 

311 ∗ ܺଶ 

idated, with 

e strong S4 le

r different lev

Strong scinti
0.14946
0.22065
0.14879
0.16092

levels of iono
re low and m
ed data are 

o reliable fo
d RMSE, a s
odel for stron

the results sh

evels. 

vels of S4 ind

illation 
69 
50 
90 
20 

ospheric scin
moderate sci

mostly in th

or strong sci
special math
ng levels of S

(5) 
 

hown in Figu

 

ex. 

ntillation.  
ntillation 
hese two 

ntillation 
hematical 
S4(L2) is 

ure 8. 



 

 

 
 
In additi
Figure 9

Figure
 

The pred
but the 
ଵܴܰܥ	 	ൌ

ion, the prop
9, where the p

e 9: Validatio

dicted C/N0 
collected d
ൌ 1ሻܮሺܴܰܥ	

Figure 8: Va

posed mathem
proposed mo

n of the prop

for L2C from
data is ሼܴܰܥ
ሻ. This mode

alidation of th

matical mode
odel shows th

posed model f

m the C/N0 (
ܴሺ1ܮሻ, ܴܰܥ
l is estimated

225 

he proposed s

el is validate
he lowest RM

for the strong

(CNR) for L
ܴሺ2ܮሻሽ . In t

d as:   

strong scintil

ed with previ
MSE. 

g S4 levels by

1 can be mo
this case, ܻ

lation model.

ous Carrano

y comparing t

odelled using
ൌ ଶܴܰܥ	 	ൌ

. 

’s model as 

 
to Coronna’s

g the same al
ൌ 2ሻܮሺܴܰܥ	

 

shown in 

 model. 

lgorithm, 
ܽ݊݀	ܺ ൌ



 

 
where C
RMSE 
mathem
 

ଶܴܰܥ 	

CNR2 is the C
for this pro
atical model

Figu

ൌ 	 127.839

C/N0 ratio for
oposed mode
 is done usin

Figure 1

ure 11: Validi

95	 െ 	4.310

r L2 and CNR
el is 1.6067
ng GPS PRN

10: The propo

ity of the C/N

226 

3 ଵܴܰܥ ൅

NR1 is the C/N
7, as shown 

Ns of 31, 27, 

osed mathem

No proposed m

0.0537 ܴܰܥ

N0 ratio for L
in Figure 

15, and 7, as

matical model 

model on diff

ܴଵ
ଶ 

L1; both in dB
10. The val
shown in Fi

for C/N0. 

ferent GPS P

(6) 
 

B/Hz.  The e
lidation of t
igure 11.  

 

PRNs. 

estimated 
the C/N0 

 



227 
 

4. CONCLUSION 
 
In this paper, a scintillation model was introduced that predicts the S4 index for the L2 band from S4 
index for the L1 band based on the collected data. Another model was also proposed to predict C/N0 
for the L2 band from the C/N0 for the L1 band. Both models are particularly important for some 
researchers where L2 scintillation and C/N0 can be predicted using L1 scintillation data and C/N0 even 
when dual frequency scintillation monitoring is not available. By having this, L2 scintillation can be 
predicted for modernised GPS L2C signals based on historical L1 scintillation data. 
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ABSTRACT 

 
This study is aimed at evaluating adjacent radio frequency band power levels that can be tolerated by 
the Global Positioning System (GPS) L1 coarse acquisition (C/A) signal and the extent to which such 
power levels impact GPS performance. The study is conducted using GPS simulation, which allows 
for the tests to be held with various repeatable conditions, as defined by the authors. It is found that 
the factors that affect the level of disruption from adjacent band interference include GPS signal 
power level, and carrier frequency and bandwidth of interference signals. Decreasing power levels of 
the GPS signal decreases the power levels and increases the range of frequencies of interference 
signals that affect the GPS signal. As the carrier frequency of the interference signals moves away 
from the frequency of the GPS signal (1575.42 MHz), the power levels required to affect the GPS 
signal increase. Furthermore, increasing bandwidths of interference signals increase the power levels 
but increase the range of frequencies that can affect the GPS signal. 
 
Keywords: Adjacent band compatibility; Global Positioning System (GPS) simulation; GPS L1 

coarse acquisition (C/A) signal; estimate probable error (EPE); signal degradation 
and jamming.   

 
 
1.  INTRODUCTION 
 
Jamming is defined as the broadcasting of a strong signal that overrides or obscures the signal being 
jammed (NAWCWD, 2013; Poisel, 2013; Adamy, 2015). Since Global Navigation Satellite System 
(GNSS) satellites, powered by photocells, are approximately 20,000 km above the Earth surface, 
GNSS signals that reach the Earth have very low power levels (approximately -160 to -130 dBm), 
rendering them highly susceptible to jamming (Dinesh, 2009; Jones, 2011; Last, 2016; Parkinson, 
2016). For example, a simple 1 W battery-powered jammer can block the reception of GNSS signals 
approximately within a radius of 35 km from the jammer (Papadimitratos & Jovanovic, 2008; Borio et 
al., 2016). Given the various incidents of intentional and unintentional jamming of GNSS signals, 
including military GNSS signals (Adams, 2001; Jewell, 2007; Seo & Kim, 2013; Buesnel, 2016), the 
development of various GNSS anti-jamming technologies has received significant attention (Wilde & 
Willems, 2010; Jones, 2011; Sanou & Landry, 2013; Bar-Sever, 2016). In addition, many current 
GNSS receiver evaluations concentrate on radio frequency interference (RFI) operability (ION, 1997; 
Gautier, 2003; Boulton et al., 2011; Glomsvoll, 2014).  
 
In previous studies conducted by the Science & Technology Research Institute for Defence 
(STRIDE), the effect of RFI on Global Positioning System (GPS) performance was studied using 
fields evaluations (Dinesh et al., 2009, 2010a, b; Ahmad Norhisyam et al., 2013a, b) and GPS 
simulation (Dinesh et al., 2012, 2014a). These studies focused on in-band interference, whereby the 
interference signals occur in the bandwidth of the GPS L1 coarse acquisition (C/A) signal, which is an 
unencrypted civilian GPS signal widely used by various GPS receivers. The signal has a fundamental 
frequency of 1,575.42 MHz, and a code structure that modulates the signal over a 2 MHz bandwidth 
(DOD, 2001; Kaplan & Hegarty, 2006; USACE, 2011). 



 

230 
 

Adjacent band signals at frequencies close to the GPS signal bandwidth can also disrupt the 
performance of GPS receivers, in particular those that incorporate poor filtering design to achieve a 
low-cost product. Every signal, even though it operates in a specific portion of the spectrum, 
introduces interference into adjacent portions of the spectrum. The amount of interference that is 
permissible to seep over into adjacent spectrums is controlled in many countries by their respective 
communications commissions, but it is not possible to eliminate it completely. The higher the 
transmission power used, the higher the interferences will be in adjacent portions of the spectrum. The 
number of systems that make use of the radio frequency spectrum has significantly increased in recent 
years and the number of users increases daily. This development has crowded the radio frequency 
spectrum significantly, resulting in increased occurrences of adjacent band interferences for GPS 
receivers (de Bakker, 2007; Powell, 2013; Seybold, 2014). To this end, various studies have been 
conducted to evaluate GPS adjacent band compatibility, with the aim of developing new GPS 
spectrum interference standards to ensure that future proposals for use of spectrum bands adjacent to 
GPS signals will not compromise GPS performance, in particular for vital applications such as public 
safety, navigation and time synchronisation (Boulton et al., 2011; Powell, 2013; Van Dyke, 2016; 
Zdunek, 2016).  
 
This study is aimed at evaluating adjacent radio frequency band power levels that can be tolerated by 
the GPS L1 C/A signal and the extent to which such power levels impact GPS performance. It will be 
conducted using GPS simulation, which will allow for the tests to be held with various repeatable 
conditions, as defined by the authors. As the tests are conducted in controlled laboratory 
environments, they will not be inhibited by unintended signal interferences and obstructions (Aloi et 
al., 2007; Kou & Zhang, 2011; Pozzobon et al., 2013). In our previous studies, in addition to RFI, 
GPS simulation was used to evaluate the vulnerabilities of GPS to multipath (Dinesh et al., 2013, 
2014b), GPS satellite clock error (Dinesh et al., 2015a), varying speeds (Dinesh et al., 2015b), power 
consumption (Dinesh et al., 2016) and GPS antenna orientation (Dinesh et al., 2017). 
 
 
2. METHODOLOGY 
 
The apparatus used in the study are an Aeroflex GPSG-1000 GPS simulator (Aeroflex, 2010), an 
Advantest U3751 spectrum analyser (Advantest, 2009), an IFR 2023B signal generator (IFR, 1999), a 
Hyperlog 60180 directional antenna (Aaronia, 2009) and a notebook running GPS Diagnostics v1.05 
(CNET, 2004). The study is conducted in STRIDE’s semi-anechoic chamber (A. Faridz, 2010) to 
avoid external interferences signals and multipath errors. The test setup employed is as shown in 
Figure 1. The tests are conducted on a Garmin GPSmap 60CSx handheld GPS receiver (Garmin, 
2007). Simulated GPS signals are generated using the GPS simulator and transmitted via the coupler, 
while interference signals are generated using the signal generator and transmitted via the directional 
antenna. The following assumptions are made for the tests: 

i) No ionospheric or troposheric delays 
ii) No clock and ephemeris error 
iii) No multipath fading or unintended obstructions  
iv) No unintended interference signals. 

 
The date of simulation is set at 10 October 2016. The almanac data for the period is downloaded from 
the US Coast Guard's web site (USCG,  2016), and imported into the GPS simulator. This study is 
conducted for GPS signal power levels of -130, -135, -140 and -145 dBm. The test procedure is 
conducted for coordinated universal time (UTC) of 0000 at Kajang, Selangor, Malaysia (N 2° 58’, E 
101° 48’). 
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Figure 1: The test setup employed for the study. 

 
 
Once a location fix is obtained with the GPS receiver, the estimate probable error (EPE) is recorded 
using GPS Diagnostics. The interference signal used is a frequency modulated (FM) signal with 
information frequency of 5 kHz, with bandwidths of 2, 5, 10 and 20 MHz used. The carrier frequency 
is varied from 1,475 to 1,675 MHz at intervals of 5 MHz. Interference signal transmission is started at 
power level of -140 dBm. The power level is increased by increments of 3 dBm and the 
corresponding EPE values are recorded.  
 
 
3. RESULTS & DISCUSSION 
 
For the tests conducted, the power levels at which the first degradation of accuracy is noticed and the 
location fix is lost are shown in Figures 2 and 3 respectively. It is observed that with decreasing power 
levels of the GPS signal, the power levels of interference signals required to degrade and jam the GPS 
signals decrease, and the range of frequencies of interference signals that affect the GPS signal 
increase. This is as decreasing GPS signal power level results in reduced carrier-to-noise density 
(C/N0) levels for GPS satellites tracked by the receivers, which is the ratio of received GPS signal 
power level to noise density. Lower C/N0 levels result in increased data bit error rate when extracting 
navigation data from GPS signals, and hence, increased carrier and code tracking loop jitter. This, in 
turn, results in more noisy range measurements and thus, the GPS signal is more susceptible to 
interference (DOD, 2001; Kaplan & Hegarty, 2006; Petovello, 2009; USACE, 2011).  
 
It is found that as the carrier frequency of the interference signal moves away from the frequency of 
the GPS L1 C/A signal (1575.42 MHz), the power levels required to affect the GPS signal increase. 
Furthermore, increasing bandwidth of interference signals increases the range of frequencies that can 
affect GPS signal. However, the power levels that affect GPS signal increase, as the interference 
signal’s strength is dispersed over a wider bandwidth.  
 
It is observed that the interference signal power levels required to affect the GPS signal are 
significantly high as compared to the corresponding GPS signal power levels. The noise-like C/A 
code structure, which modulates the L1 signal over a 2 MHz bandwidth, allows for the signal to be 
received at low levels of interferences. The P(Y) code (restricted to the US military) has a more robust 
structure, modulating the L1 and L2 signals over 20 MHz bandwidths, and has better resistance to 
interference. The absence of other error parameters, including ionospheric and tropospheric delays, 
satellite clock, ephemeris and multipath errors, and unintentional signal interferences and 
obstructions, resulted in the required minimum jamming power levels in this study to be significantly 
higher as compared to field evaluations conducted in Dinesh et al. (2009a, 2010a,b) and Ahmad 
Norhisyam et al. (2013a, b). 
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(a)                                                                          (b) 

 

      
   (c)                                                                          (d) 

 
Figure 2: Interference signal power levels at which first degradation of accuracy is noticed for 

interference signal bandwidths of: (a) 2 MHz  (b) 5 MHz  (c) 10 MHz  (d) 20 MHz. 
 
 

      
(a)                                                                          (b) 

 

      
(c)                                                                          (d) 

 
Figure 3: Interference signal power levels at which location fix is lost for interference signal bandwidths 

of: (a) 2 MHz  (b) 5 MHz  (c) 10 MHz  (d) 20 MHz. 
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It should be noted that the tests conducted in this study were for only one GPS receiver. Additional 
tests using a wider range of GPS receivers are needed to further validate the findings of this study. 
Furthermore, a limitation faced in this study was that the GPS simulator used only allows the 
transmission of the GPS L1 C/A signal. The proposed future work is for the procurement of a GNSS 
simulator that will allow transmission of other GPS signals, in particular L2C and L5, along with 
signals of other GNSS systems (GLONASS, BeiDou and Galileo). 
 
 
4. CONCLUSION 
 
This study has demonstrated that the GPS L1 C/A signal is susceptible to adjacent band interference. 
Factors that affect the level of disruption include GPS signal power level, and carrier frequency and 
bandwidth of interference signals. Decreasing power levels of the GPS signal decreases the power 
levels and increases the range of frequencies of interference signals that affect the GPS signal. As the 
carrier frequency of the interference signals moves away from the frequency of the GPS signal 
(1575.42 MHz), the power levels required to affect the GPS signal increase. Furthermore, increasing 
bandwidths of interference signals increase the power levels but increase the range of frequencies that 
can affect the GPS signal. Further studies are required using a wider range of GPS signals, in 
particular L2C and L5, as well as other GNSS systems, in order to develop appropriate GNSS 
spectrum interference standards. 
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ABSTRACT 
 

Understanding of the muscle characteristic mechanism involved in force generation is essential for 
researcher for professionals who work to improve and promote health. Surface electromyogram 
(sEMG) is one of the sensors that can monitor muscle characteristic. Thus, the objective of this study 
is to determine the relationship between sEMG signal and real dynamic force of the upper limb.  Real 
dynamic force estimation using sEMG comprises of three main processes, which are sEMG signal 
data acquisition, sEMG features extraction and dynamic force validation. Muscle contraction 
activities was recorded using a high-performance and high-accuracy bio signal data acquisition 
system. Three types of upper limb muscles, which are triceps, biceps and upper brachioradialis, were 
involved in these measurements. Simultaneous measurements were conducted using the two types of 
sensors (dynamometer and sEMG) and were placed accordingly at the upper limb muscle to measure 
the signals at the same time domain. The sEMG signals were preprocessed using Butterworth filter 
(10–400 Hz), full-wave rectification, low-pass filtering (10-20 Hz) and rectification. The processed 
sEMG signals were compared with the conventional force sensor signals using statistical correlation 
test analysis. The results showed a similarity graph pattern between the sEMG signal and real 
dynamic force recorded using force sensor with a correlation value of 0.685.     
 
Keywords: Surface electromyogram (sEMG); real dynamic force estimation; feature extraction; 

dynamometer; biosignal amplifier. 
 
 
1. INTRODUCTION 
 
Monitoring functional motor activities using wearable device technologies is one of the interesting 
fields in medical engineering applications. Motor activities can be monitored using electronic sensors, 
such as accelerometers, gyrometers, magnetometers and electromyograms, which are used to capture 
movements and muscle activity patterns and data. Wolf (1983) developed a wearable monitor that 
measures finger posture in order to record fine motor control tasks of hands and fingers involving 
manipulation of objects. This technology can be used to monitor the progress of fine motor control 
skills for post-stroke individuals undergoing rehabilitation. While the initial research in the area of 
wearable technologies was aimed at combining and integrating the existing miniature sensors with 
special fabrics or wireless technology, recent advanced research in this field has been focused on the 
development of sensing elements that can be even more easily embedded into wearable devices 
(Rodgers et al., 2003). 
 
Recently, researchers have been fascinated by the use of the surface electromyogram (sEMG) 
biofeedback signal method for estimating the real dynamic force of limbs (Lloyd & Bessier, 2003). 
SEMG sensors allow for the investigation of human muscle-activity without penetrating deep into the 
muscle area that lies under the skin. In the current practice, it is impractical and inconvenient to 
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measure the generated limb real dynamic forces using conventional force sensors such as 
dynamometer because of the large size, heavy equipment and complicated method (Staudenmann et 
al., 2006). One of the main reasons sEMG sensors are able to replace the conventional force sensors is 
because the mean signals of the sEMG characteristic vary linearly with the muscle generated force.  
 
The objective of this research is to determine the relationship between the actual dynamic force 
signals of upper limbs using a dynamometer and sEMG sensor for lifting activities. The expected 
outcome of this research is to predict the real dynamic force of upper limbs using sEMG as an 
alternative to the dynamometer’s function for wearable sensor applications.  
 
 
2. ELECTROMYOGRAM   
 
Electromyography is used to evaluate and record electrical activities produced by the muscles of the 
human body. An electromyogram (EMG) signal is an electrical manifestation of contractions of the 
muscles (Gerdle et al., 1999. Currently, there are three types of EMG sensors available and each of 
them has different principles of operation (Wheeler et al., 2011) : 
 

1. Needle electrodes are widely used in clinical procedures in neuromuscular evaluations. The 
tip of the needle electrode is bare and used as a detection surface. It contains an insulated wire 
in the cannula. The signal quality from needle electrodes is better as compared to the other 
two types of electrodes. There are two advantages of using needle electrodes: (1) It needs a 
relatively small pickup area to enable electrodes to detect individual muscles during relatively 
low force contractions; (2) The electrodes conveniently can be repositioned within the muscle 
(after insertion) so that new tissue territories can be explored. 
 

2. Wire electrodes are made from a small diameter of highly non-oxidising, stiff wire with 
insulation. Alloys of platinum, silver, nickel and chromium are easy to be implanted and 
withdrawn from skeletal muscles, are generally less painful as compared to needle electrodes, 
and  the cannula will remain in the muscle throughout the duration of the test. 

 

3.  Surface electrodes are used in sEMG to provide a non-invasive technique for measurement 
and detection of EMG signals. The principal of sEMG is the electrode forms a chemical 
equilibrium between the surface and the skin of the body through electrolytic conduction, so 
that current can flow into the electrode (Bosco, 2010). These electrodes were simple and easy 
to be implemented. The sEMG sensors have the capability to measure voltage differences on 
the surface of the skin, and the electrical signal produced during muscle activation is known 
as the myoelectric signal. The signal was produced from small electrical currents generated 
by the exchange of ions across muscle membranes and is detected through the surface 
electrodes. 

 
Each type of EMG sensor has its advantages and disadvantages for the purpose of implementation in 
wearable devices which is shown in Table 1.  It is concluded that sEMG sensor is the most suitable 
sensor for detecting the muscle activities, as it is easier to be assembled and causes less pain to the 
skin.  

Table 1: Comparison amongst the EMG electrodes. 

EMG Electrodes Advantages Disadvantages 
Needle electrode Best signal quality 

Able to detect fine individual muscle 
Painful 
Discomfort 

Wire electrode Enables the electrode to detect 
individual muscles 

Not able to detect fine individual 
muscle 

Surface electrode Good signal quality 
Simple  
Easy to implement  
Comfort 

Not able to detect fine individual 
muscle 
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3. METHODOLOGY 
 
3.1 Preparation and Clean Data Measurement 
 
The data collection protocol of the conducted research was based on the guidelines from the Surface 
Electromyography for the Non-Invasive Assessment of Muscles (SENIAM) project (Hermens et al., 
1996). By following the recommendations for electrode size and design, electrode placement 
procedures, recording and processing of sEMG signals, and a set of reference signals (Stegeman & 
Hermens, 2007), it ensures that all the data collection and procedures were valid and can be compared 
easily with the other existing published data. The standard recommendation for the electrodes and 
procedures used are as follows: 
 
 
3.1.1 Type of Electrode 
 
Bipolar silver / silver chloride (Ag / AgCl) electrodes were used to detect the muscle force potential 
difference. It is a sensitive electrode to measure potential difference and has less resistance between 
the skin and the electrode. Its maximum resistance is 10kΩ; the electrode base size is 20 mm and has 
a fixed centre-to- centre spacing of 9 mm. It comes with pre-gelled discs and adhesive sponge-like 
foam pad, as shown in Figure 1. 

  
Figure 1: Fixed distance surface gel abrasive electrode. 

 
 

3.1.2  Electrode Placement 
 
Three pairs of electrodes were placed at the biceps, triceps and branchioradialis, as shown in Figure 2. 
The selection of the area was based on the sensitivity of myoelectric control (Geethanjali, 2015). 
 
 

 
 

Figure 2: Electrode placements at the peaks of the each muscle. 

Biceps

Triceps 

Branchioradialis
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3.1.3 Skin Preparation 
 
The application of sEMG electrodes requires proper skin preparation beforehand in order to reduce 
skin resistance uncertainty and obtain a good quality EMG signal. The subjects were advised to shave 
and clean the skin before placing the electrode to reduce the skin’s impedance. The dead cells on the 
skin and hair should be removed from the sEMG electrode location. An abrasive gel was used to 
reduce electrode-skin impedance and the skin was cleaned with alcohol to remove any moisture. 
 
 
3.1.4 Clean Data Measurement 
 
There are several intrinsic and extrinsic sources of low frequency noise (Abser et al., 2011) that may 
contaminate the sEMG signal. Two extrinsic noise sources were identified, which were powered line 
noise and cable motion artefacts. Two intrinsic noise sources were also identified, which were thermal 
noise (originating from the electronics of the amplification system) and electrochemical noise (at the 
skin-electrode interface) (Chan & MacIsaac, 2011). These noises were eliminated using a voltage 
regulator, shielded cable, appropriate circuit design and a Matlab program that can filter the raw data 
using Butterworth filter, low-pass filtering and full wave rectification.  It is strongly recommended 
that before any measurement, any possibility of contamination in the sEMG recordings should be 
avoided to ensure that the signal is clean, in order to obtain more accurate data (Fraser et al., 2011). 
 
3.2 Test Protocol and Data Acquisition 
 
Five subjects performed the lifting task for the research experiment; all were healthy subjects and 
aged between 26 to 36 years old.  The subjects were asked to perform a lifting task while seated in a 
straight-back chair. Their torsos were stabilised to the back of a chair to minimise compensatory trunk 
movements and the start position is with the tested upper extremity resting on a pillow on the 
ipsilateral thigh. The shoulder was in approximately 0° flexion and extension with 0° internal rotation. 
Minor modifications, such as increased or decreased shoulder internal rotation, to the start position 
were allowed for some subjects to minimise any positional discomfort. The subjects were instructed to 
lift their arms at 30° on their maximum lifting strength and hold the position for eight second. The 
sEMG signal was measured using a Shimmer sEMG sensor and real force was measured using a 
Hogan microFET dynamometer. Three trials of reaching movement were recorded. The data 
collection was limited to only three trials of reaching because it can contribute to fatigue. Subjects 
were given maximum two training sessions to familiarise with the task and instructions prior to the 
recording session. 
 
The events of starting, lifting and ending positions were determined through velocity measurement. 
Velocity positively increasing from 0 ms-1 indicates the beginning of the activity. The lifting was 
determined when the velocity decreased to 0 ms-1, while the end of the movement was determined 
when the velocity decreased and reached 0 ms-1. Table 2 shows that definition for each movement and 
its detection methods. 
 

Table 2: Phase movement definitions. 

Phase Activity Detected by 
Rest Position Hand position is  0° from the target object Velocity will be zero 

Move Upward Hand begin to move upward 30° to the target object Velocity positively increased 

Lifting target Hand will reach the target object and lift for 8 
seconds 

Velocity will be zero / nearly zero 

Move Downward From the target object hand will move down ward 
to rest position 

Velocity will negatively decreased 

Rest Back Hand position is  horizontal 0 degree from the 
target object 

Velocity value will be zero 
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Two electrodes were placed within the same electric field of the tissue and were connected to a 
differential amplifier to record neurophysiological signals, as shown in Figure 3. The electrode pair 
measured the difference of voltage between the two inputs (Arnold et al., 2010). The electrode that 
was connected to the input is known as an active electrode and the other electrode as a reference 
electrode. Eventually, the electrodes picked up the signal of interest together, along with noises, 
which is known as a common mode signal. The common mode signal, which contaminated the signal 
of interest, comes from different sources, including the main interference signal at 50 Hz, thermally 
generated noise in the electrodes and amplifier, and electrochemical instability on the surface of the 
electrodes.  
 
 

 

Figure 3: Two electrodes were placed for sEMG data collection. 
 
The data was captured using low power Shimmer sEMG sensors, and a wireless sensor platform using 
the bluetooth protocol to the computer and has a pre-noise filter function. Each sEMG Shimmer board 
connects to three points, namely, a positive, a negative (muscle area) and a neutral reference (at the 
elbow position). The reason for using three electrodes in this way was that the EMG signal amplitude 
is typically very small relative to the noise signal. The signal picked up by each individual electrode 
consists of noise from the environment along with the local electrical signal from the muscles of the 
position of skin contact. The noise from the environment is common to all electrodes, whilst the local 
electrical signal depends on the electrode’s position. Thus, if one signal is subtracted from another, 
the common component (the undesired noise) will be cancelled by the subtraction, whilst the local 
signals (the desired EMG component) will remain after subtraction and can be amplified to make it 
easier to process (Andreas, 2013). This process is known as Common Mode Rejection (CMR) and is 
used in the Shimmer EMG data acquisition system. 
 

 
3.3 Signal Processing for sEMG 
 
The sEMG signal processing (Figure 4) includes acquisition of raw sEMG signal, pre-processing 
using the sEMG Shimmer device, post processing using Matlab, signal rectification, and comparing 
these values with a dynamometer. 
 
 
 
 
 
 

 
 
 
 

Figure 4: The sEMG signal processing flow. 
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3.3.1 Raw sEMG Data 
 
The frequency of the sEMG spectrum is between the ranges of 0-400 Hz, but the majority of the 
signal lies in the 20-250 Hz spectrum domain (Norali & Som, 2009). Data acquisition with sampling 
rate of 500 Hz (two times the maximum frequency) or higher is required to ensure high quality 
reproducibility of the actual summation of the muscle activity. Therefore, for this application, a 
sampling rate of 1,024 Hz (four times higher) was selected to have a better quality signal. 
 
 
3.3.2 Filtering 
 
The original sEMG signal contained the local electrical signal from the muscle and several noise 
signals (Jamal, 2012), as shown in Figure 7. These noise signal components contaminate the sEMG 
signal and may lead to errors when interpreting the signal. This is especially the case when the signal 
is obtained during dynamic contractions (Gerdle et al., 1999). The simplest and most direct means of 
increasing the fidelity of the sEMG signal is to filter the maximum amount of noise, while retaining as 
much of the desired sEMG signal frequency spectrum as possible (Giovanni & Roberto, 2007). 
Commonly, the effective frequency spectrum of the sEMG signal is collected between range from 0-
400 Hz, depending on the electrode spacing, amount of fat in the tissue between the skin and muscle 
tissue, shapes of the action potentials, and muscle type (Piervirgili et al., 2014).  
 

 
Figure 7: The EMG spectrum contains sEMG signal and noise signal. 

(Source: http://www.intechopen.com/http://www.intechopen.com.ololo.sci-hub.cc/books/computational-
intelligence-in-electromyography-analysis-a-perspective-on-current-applications-and-future-

challenges/signal-acquisition-using-surface-emg-and-circuit-design-considerations-for-robotic-prosthesis) 
 
 
The frequency bandwidth was generally greater if the sensor was placed over the insertion of the 
muscle fibres into the tendons or on top of the innervation zone of the muscle. However, such a 
placement was not advisable because it can cause pain to the subjects. At the high-frequency end of 
the sEMG signal spectrum, the low-pass filter corner frequency should be set where the amplitude of 
the noise components surpasses the sEMG signal (Fraser et al., 2012).  Hermens et al. (1996) 
recommended that for the high end of the sEMG frequency spectrum, the low-pass corner frequency 
should be in the range of 400–450 Hz. At the low frequency end of the spectrum, the high-pass filter 
corner frequency was more involved because several noise sources contribute signals whose low 
frequency spectrum overlap with the sEMG signal. Hermens et al. (1996) recommended a range of 
10–20 Hz for the lower frequency filter corner. 

 
For this test, the sEMG data were filtered using a Butterworth filter between sEMG spectrum 
frequency at 10 and 400 Hz, and at a sampling rate of 1,024 Hz. The Butterworth filter was selected 
due to its filter characteristic that not only can completely reject the unwanted frequencies but also has 
uniform sensitivity for the intended frequencies. The difference between the sEMG signal before and 
after the filtering process can be seen in Figure 8. The unfiltered data shows an incremental trend 
along the time and is not uniformly scattered, so it was difficult to conclude the data pattern for the 
raw sEMG data with the data pattern for the real force. After it was filtered using the Butterworth 
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filter, the data trend and signal envelope can be seen on the graph. 

 
(a) Raw data                                    (b) Filtered data 

Figure 8: The sEMG signal (a) without and (b) after filtering. 
 
3.3.3 Rectification 
 
Rectification of the sEMG signal as shown in Figure 9 is commonly done using a pre-processing 
procedure that allows the detection of significant coherence between the signal and measured dynamic 
force signals.  This method takes the spectrum of the original data and assigns a positive phase to each 
frequency component.  Rectification processing was done using the absolute values of the filtered 
sEMG signal and since the real dynamic force only has a positive value, it can easily be compared. 
After that, the value was filtered using the three points moving average method for marker trace data 
smoothing.  The moving average method was to minimise the error using a simple and efficient 
method (Sun et al., 2016).  
 
 

 
 

Figure 9: Rectification and smoothing of the sEMG signal. 
 
 

3.3.4 Data Comparison 
 
The measurement value must be compared to ensure that the measured data was valid.  A MicroFET-
3 digital manual muscle dynamometer, which is able to measure force for up to 100 kN, was used to 
measure the force and was  compared with muscular force measured using sEMG. The dynamometer 
was placed on the subject’s wrist. The subject was asked to lift their arms from a rest state to the 
maximum force, with the pattern of the sEMG signal and the real force signal observed during the 
trial. The correlation between the signals was validated using Statistical Package for the Social 
Sciences (SPSS). 
 
Since the processed sEMG data and real force data are linear, they can be compared directly after 
being time synchronised.  The sampling frequency for the sEMG sensor was 1,024 Hz (muscular 
force) and 100 Hz for the dynamometer (real force). The sEMG data was averaged for every 102 data 
to reduce number of samples to 100 data per second. The graph comparison between both the data 
after the time synchronisation is shown in Figure 10.  

Signal envelope 

Raw Data EMG 

Rectified Data EMG 

Smoothed Data EMG 
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Figure 10: Post-processed sEMG signal vs dynamometer signal. 

 
 
4. RESULTS & DISCUSSION 
 
The Pearson correlation method (Lin, 1989) was used to determine the correlation between the real 
force and sEMG data (Table 3). From the statistical Pearson correlation test value, there was a 
significant relationship between the two data (sigma < 0.01) and there was a positive correlation 
between the data (Pearson correlation = 0.658). The results show with 99% of confidence level there 
is 66% of strong linear relationship between the sEMG measurement and real force data from the 
correlation analysis. According to this value, the sEMG signal has a high possibility to estimate the 
real force value. 
 

Table 3: Correlations between real Force and sEMG signal. 

Correlations  Force sEMG 
Force Pearson Correlation 1 .658** 
 Sig. (2-tailed)  .000 
 N 447 447 
sEMG Pearson Correlation .658** 1 
 Sig. (2-tailed) .000  
 N 447 447 

**Correlation is significant at the 0.01 level (2-tailed) 

 
Although there was a similarity pattern between the sEMG graph and real force graph, there were 
slight differences between the graph patterns. One of the major reasons that has been identified to 
contribute to the differences between the graphs is muscle fatigue.  In order to maintain the linear 
force, a constant force must be applied to the muscle, but naturally a muscle has its own rest period 
and within the rest period, the force will decrease before it starts to increase again to maintain the 
constant strength (Bogey et al., 2005). There is also a possibility that a few more parameters need to 
be identified in recording the clean sEMG signals, such as impedance of the skin, electrode locations, 
variation caused by fatigue and sweat, and better time synchronisation, which are noise contributions 
that affect the measurement of the sEMG. Although the filtering process was applied to the signal, 
this noise parameter still needs to be considered. It is also important to develop more advanced 
techniques for sEMG processing, taking into account the natural variability of these signals. 
 
 
5. CONCLUSION 
 
The purpose of the study was to determine the relationship between sEMG signals and real dynamic 
force. It was shown that the filtered sEMG signals have a relationship with the dynamic force 
strength. For the statistics result, from the Pearson correlation value of the test (0.658), it showed that 
there was a strong and positive linear relationship between sEMG signal and dynamic force of real 
upper limb for the lifting activity.  Based on this, it can be concluded that SEMG models are 
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promising to predict human moments, where it can estimate the basic dynamics force of the human 
body. 
 
In military area, the application of force estimation using sEMG can be employed as a soft contact 
sensor for detection and evaluation of the effect of the personal muscle (Bogey et al., 2005). We can 
study the characteristics of the military personnel muscle and the effect to their body muscles so that 
the muscle characteristics can be scientifically and precisely evaluated.  Using this assessment 
method, we can determine the most effective training to strengthen muscles; develop new exercise 
programmes for the military that can enhance the endurance and strength of the physical muscle of 
military personnel; develop new rehabilitation monitoring methods; and detect phases of human gait. 
For advanced military applications, exoskeletons, orthotics and wearable devices may be developed 
based on the sEMG signal. The information from the sEMG signal is related to human gait and can be 
used as a signal reference for movement of any device. These profiles and measures are developed for 
researchers and clinical investigators as a baseline reference of motor patterns and for use in the 
diagnosis of gait pathologies. It is an advantage to use sEMG force estimation method in developing 
sEMG based military exoskeletons because it is deployable, wearable, light and small sized. Hence, it 
can be concluded that sEMG research has potential to be explored for military application. 
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ABSTRACT 
 
Rapid portable bridges are crucial for providing routes for troops during the military operations and 
the restoration of vital lifelines for communities affected by large-scale disasters. This paper reviews 
on the state-of-the-art technologies of rapid portable bridge, particularly the military bridge in 
Malaysia. Several types of rapid portable bridge systems are reviewed in the current work, including 
(1) assault bridge (e.g., LEGUAN AVLB), (2) support bridge (e.g., BR90 General Support Bridge), (3) 
logistic bridge (e.g., Compact 100 Bailey Bridge), and (4) floating bridges (e.g., Tactical Floating 
Bridge). In this paper, the function, characteristics and capability of each bridge type is discussed. In 
addition to providing a review of current technology, this paper also highlights recent research and 
development of rapid portable bridge. The paper concludes with the application prospect of rapid 
portable bridge technology. 
 
Keywords: Portable bridge; military bridge; composite material; finite element analysis; disaster-

relief. 
 
 
1. INTRODUCTION  
 
In the military field, the bridge serves as an important route for troops during the military operations. 
During peacetime, military bridging asset is needed by the public to temporarily replace a damaged 
bridge caused by natural disaster such as flood, landslide, earthquake or tsunami while waiting for the 
construction of a new bridge. In this situation, a military bridge or also known as the rapid portable 
bridge can be utilized. For example, military bridges such as Bailey Bridge and Medium Girder 
Bridge (MGB) had been deployed during the large-scale disasters such as the Indian Ocean Tsunami 
in 2004, the Hai Tang Typhoon occurred at Taiwan in 2005 and the Pakistan Earthquake in 2005. In 
Malaysia, military bridging asset such as General Support Bridge (GSB), Compact 100 Bailey Bridge 
and Portable Floating Platform (PFP) have been regularly used for logistic purpose during disaster. 
Military bridging has been identified as the fastest and the most effective solution to open up the line 
of communication for Humanitarian Assistance and Disaster Relief (HADR) operation. However, the 
review paper detailing on the rapid portable bridge technology is somehow limited. Thus, this paper 
aims to review the state-of-the-art development of rapid portable bridge in Malaysia, dedicated for 
those who may be interested in this technology for military or emergency purposes. 
 

    
Figure 1: BR90 GSB deployed during Bukit Antarabangsa landslide (Jusoh, 2008). 
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2. MILITARY BRIDGE SYSTEM 
 
Based on The Trilateral Design and Test Code (TDTC) for Military Bridging and Gap-Cross 
Equipment 2005, the military bridges are divided into three main categories, i.e. clear-span bridge, 
floating bridge and raft and equipment causeway. Malaysia inventory contains only the clear-span bridge 
and the floating bridge; therefore, both of them will be emphasised in this paper. A clear-span bridge can 
be further divided into assault bridge, support/tactical bridge and line of communication 
(LOC)/logistic bridge (Robinson & Kosmatka, 2006). The military bridging functions in war or 
conflict are summarised by the author in the graphic as shown in Figure 2. In this figure, military 
forces are advancing to area of operation. The lead elements in the advance (usually armour) requires 
assault bridging to breach the natural or manmade obstacles quickly. The follow-on elements require 
support bridging to continue supporting the lead elements. Usually, the follow-on support bridging 
will replace assault bridging to allow the former assault bridge to be used further in advance or during 
an attack. The sustainment elements require logistic bridging to maintain continuous logistical support 
for the follow-on and lead elements. The logistic bridging typically replaces the support or assault 
bridging systems. 

 
Figure 2: Battlefield graphic of military bridging function. 

 
The capability of military bridge is measured by the Military Load Classsification (MLC). MLC is a 
NATO standard classification for military vehicles based on weight and dimension of a particular 
vehicle (Tytler et al., 1985). Vehicles are allowed to travel cross a particular military bridge if its 
MLC is equal to or less than the bridge’s MLC. Table 1 shows maximum allowed weight of 
hypothetical tracked (T) and wheeled (W) vehicles based on various MLC as taken from TDTC.  

 
Table 1: MLC (SI Units) (Hornbeck et al., 2005). 

MLC 
Tracked (T) 
(Tonnes) 

Wheeled (W) 
(Tonnes) 

30 27.22 30.84 

40 32.69 42.63 

50 45.36 52.62 

60 54.43 63.50 

70 63.50 73.02 

80 72.58 83.45 

90 81.65 93.89 

100 90.72 104.33 
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The Trilateral Design and Test Code (TDTC) for Military Bridging and Gap-Cross Equipment 2005 
serve as the basis in military bridge design. The TDTC is a collaborative design code assembled and 
agreed upon by the Federal Republic of Germany (FRG), the United Kingdom (UK), and the United 
States of America (US). The TDTC provides detailed guidance on all design aspects of military 
bridge system such as material requirement, design parameters, load combinations, safety 
consideration, and testing requirements to be used for the development and design of military bridges, 
floating bridges, rafts and launching structures (Hornbeck et al., 2005). In the following sections, the 
state-of-the-art of military bridge system in Malaysia, i.e., assault bridge, support bridge and logistic 
bridge will be reviewed. The function and capability of each bridge will be focused and discussed. 
 
 
2.1 Assault Bridge: LEGUAN 26 m Armoured Vehicle Launch Bridge (AVLB) 
 
The LEGUAN 26 m AVLB is a fixed span bridge mounted on a modified Main Battle Tank (MBT) 
chassis. This bridge system was developed by Krauss-Maffei Wegmann (KMW) Company, Germany, 
and its first production was in 1975. This bridge uses a bridge laying system (also known as 
horizontal launch system). The LEGUAN 26m AVLB is used by armies from US (M1A1 Abrams 
MBT chassis), Denmark (Centurion Mk V MBT chassis), Germany (Leopard MBT chassis), Italy 
(Leopard MBT chassis), Spain (M60 MBT chassis), and Malaysia (PT91-M MBT chassis) (KMW, 
2006). This bridge system was firstly put in the Malaysian Army inventories in 2011 under the 
command of Royal Armour Corp (KMW, 2006).  

 

 
Figure 3: The LEGUAN 26m AVLB action during launching (KMW, 2006). 

 
This bridge has an effective length of 25 m and width of 4.01 m. It can provide a MLC 60 (T) gap 
crossing capability. It is operated by two crews, with launching and retrieval times of less than 5 
minutes each. The total weight of the complete bridge is 10.8 tonnes. This bridge is made from 
aluminium-zinc-magnesium alloy class AlZnMg1 (Germany designation) as stated in Appendix A 
TDTC. This type of alloy is also known as the 7020 alloy by international designation (Mazzolani, 
1994). The launching and retraction operations of the bridge can be performed from either end. 
 
 
2.2 Support Bridge - BR90 General Support Bridge (GSB) 
 
The BR90 GSB is one of the variants of British Army Bridge for Nineties (BR90) program. This 
bridge was first manufactured by ALVIS Bridging Limited, United Kingdom and currently the BAE 
Systems Land Systems Limited has been granted permission to manufacture the bridge. The bridge 
system entered into the British Army inventories in 1996. This bridge uses the concept of modularity, 
whereby the bridge structure consists of panels and the lengths are customisable. This bridge has two 
types of bridge configurations which are General Support Bridge (GSB) and Axially Tensioned Long 
Span Bridge (ATLSB).  GSB configuration is used to construct bridge of length ranging from 16 m to 

Bridge sections 

Chassis
Support Blade
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32 m while ATLSB configuration is used to construct bridge of length ranging from 38 m to 52 m 
(ALVIS, 2004). This bridge system has been used in the Malaysian Army since 2006 under the 
command of Royal Engineer Regiment. 
 
The BR90 GSB consists of four major sections, which are the launcher, the launch rail, the bridge and 
the bridging vehicle. The launcher is mounted on the 8x8 wheeled vehicle chassis, which is also 
known as Automotive Bridge Launching Equipment (ABLE). The bridge consists of the ramp of 
length 8 m, and the bridge panels of lengths of 2 m, 4 m and 8 m translating to a total bridge length of 
16 m to 52 m. Also, this bridge consists of other components such as deck, curb, bracing frame, brace 
strut and edge marker. The Bridging Vehicle (BV) is a flat platform 8x8 wheeled vehicle used to 
transport bridge components and equipment to the site (ALVIS, 2004). 

 

 
Figure 4: BR90 GSB during launching process (ALVIS, 2004). 

 
The standard dimension of BR90 GSB is 16 m to 32 m in length (with 2 m increment), 4 m in 
roadway width and 1m in bridge depth. It is designed to support MLC 70 vehicle load. The 32 m 
bridge can be launched in 40 minutes by ten crews. The total weight of the complete 32 m bridge is 
16.95 tonnes. The bridge is designed and tested in accordance with the internationally accepted TDTC 
(ALVIS, 2004). The main structure of the bridge is made from the specially developed aluminium-
zinc-magnesium alloy, coded as DGFVE 232B alloy or also known as 7019 alloy (Ministry of 
Defence, 2004). This alloy is well-known for its high strength, lightweight and corrosion-resistant 
properties.  

 
 
2.3 Logistic Bridge: Compact 100 Bailey Bridge 
 
The Compact 100 Bailey Bridge is a portable pre-fabricated truss bridge, designed to replace the 
assault bridge, the support bridges and the civilian bridge damaged by enemy action or natural 
disasters such as flood and landslide. The bridge was designed and developed by Mabey & Johnson 
Ltd., United Kingdom and its first production was in 1983. The bridge is the improved version of the 
Bailey Bridge which was firstly used during World War 2 in 1941 (Mabey & Johnson Ltd., 2007). 
Recently, the Compact 100 Bailey Bridge system has been used by 31 armed forces worldwide 
including Malaysia. In Malaysian Army, this bridge is currently allocated under the command and 
control of the Royal Engineer Regiment. Besides that, the Public Work Department of Malaysia has 
included this bridge system in their inventory. 

 

ABLE

Bridge panel 

Launching rail BV 



250 
 

 
Figure 5: Compact 100 Bailey Bridge constructed during flood relief operation (Rasyid, 2008). 

 
The Compact 100 Bailey Bridge consists of panel, transom, deck unit, reinforcement chord and 
bracing units.  The main structure is constructed by two panels arranged in a parallel manner. 
Transom forms the cross girders of the bridge, spanning between the panels. The deck units are laid 
between the panels to form a 4.2 m width roadway. The bridge is designed to support vehicles of load 
up to MLC 60 (Mabey & Johnson Ltd., 2007). 

 

 
Figure 6: Compact 100 Bailey Bridge parts. 

 
 

The Compact 100 Bailey Bridge can be constructed by the cantilever launch method, by relying on 
manpower without the need of any temporary intermediate support. This is achieved by erecting a 
temporary launching nose at the front of the bridge and pushing the bridge over the gap on rollers. 
The standard Compact 100 Bailey Bridge can be built from 15.24 m (5 bays) to 60.96 m (20 bays) at 
3.05 m (1 bay) increments and provides a 4.2 m width roadway. This bridge is launched by 40 crews. 
The Compact 100 Bailey Bridge structural parts are fabricated from Grade 55 Steel with ultimate 
yield strength of 450 MPa. Its construction time varies depending on many factors such as bank 
condition, number of crews and supporting equipment (Mabey & Johnson Ltd., 2007). In 2008, a 
MLC 30 bridge of length 18.29 m (6 bays) was constructed in 6 hours during the flood relief 
operations in Melaka.  
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2.4 Floating Bridge - Tactical Floating Bridge (TFB) / Pont Flottant Motorised (PFM) 
 
The Tactical Floating Bridge (TFB) / Pont Flottant Motorised (PFM) bridge is a modular floating 
bridge developed by CNIM Company, France (CNIM, 2006). It is used to cross over wet obstacles 
such as rivers and lakes during the military operations. The PFM can be used as a Pontoon Bridge or 
Tactical Heavy Raft for the purpose of crossing the military assets. Currently, the Royal Engineer 
Regiment are equipped with 2 sets of PFM, whereby each set consists of three Standard Module, six 
Standard Module with Short Integrated Ramp and two Long End Ramp. The PFM is transported by 
using 11 carrier vehicles. A set of PFM can be used to construct a Pontoon Bridge of 100 m length. 
For Tactical Heavy Raft, each PFM can be configured into 3 variations of varying lengths, i.e. 30 m, 
40 m and 50 m (CNIM, 2006). 
 
PFM can be constructed by launching the pontoon modules into the wet obstacle. Then the modules 
are connected depending on the configuration required, e.g. Floating Bridge or Tactical Heavy Raft. 
The maximum loading capacity for Tactical Heavy Raft and Pontoon Bridge are MLC 90 and MLC 
70, respectively. A floating bridge of 100m length is launched by 42 crews. The PFM structural parts 
are made from two types of materials. The marine grade aluminium alloy is used in the overall load-
bearing parts of the vehicle while the glass fibre material is used on the side of the module to ease 
floating. The advantages of PFM are its short construction time and ease of control. More importantly, 
its construction does not require major site preparation and it can also be used as a ferry (CNIM, 
2006). 
 

 
Figure 7: PFM in Tactical Heavy Raft and Pontoon Bridge configuration (Army HQ, 2016) 

 
 
2.5 Portable Floating Platform (PFP)  
 
The Portable Floating Platform (PFP) can be regarded as multi purposed floating platform. The PFP is 
suitable to be used in all weather conditions involving high waves and strong winds. It is also suitable 
to be used as bridges, rafts, jetties and helipads. Each set of PFP consists of 800 standard modules, 
whereby the allowable load of each module is 100 kg. All PFP modules and accessories are made 
from High Density Poly-Ethylene (HDPE). The floating capabilities of PFP are 375 kg/m2 for one 
layer, 725 kg/m2 for double layer and 1125 kg/m2 for triple layer (Jetfloat, 2010). In general, PFP is 
able to support load up to 30 tonnes and is easy to be fixed and removed by all personnel with 
minimum training (Malaysian Army, 2009). Recently, Royal Engineer Regiment has constructed a 
temporary bridge using PFP to replace the bridge across Sg. Lebir in Kuala Krai, Kelantan, which was 
collapsed due to the flood on 31st December 2015. The temporary bridge is 80 m in length and its 
construction time is 6 hours (Malaysian Army, 2016). 
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Figure 8: PFP constructed to temporary replace the collapsed bridge (Army HQ, 2016). 

 
 
3. RECENT RESEARCH AND DEVELOPMENT ON RAPID PORTABLE BRIDGE 
 
3.1 Medium Trackway Bridge (MTB) 
 
General Dynamics European Land System (GDELS), located in Germany, has developed a 
commercially available mobile bridge known as the Medium Trackway Bridge (MTB) in 2011. It is 
an aluminium modular lightweight bridge for military and civilian vehicles up to MLC 40 that can be 
connected to form bridge lengths of 2, 4, 6 or 8 m respectively. The bridge is composed of two 
parallel treadways, fabricated using high strength aluminium and weighing 540 kg for complete 4 m 
MTB. The bridge modules can be transported directly on the light tactical or commercial vehicle, and 
can easily be launched and retrieved on the same vehicle by the crew with a simple adapter. The 
launching and retrieving time for a 4 m MTB is approximately 10 minutes with 4 soldiers. The MTB 
increasing tactical mobility to units with no gap-crossing capability without rely on engineer bridging 
unit (GDELS, 2011). 

 

 
Figure 9:  MTB during launching from light tactical vehicle (GDELS, 2011). 
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3.2 Composite Army Bridge (CAB) 
 
The United States Army has been developing new light-weight mobile bridging systems since 1990s.  
New technology bridging system known as the Composite Army Bridge (CAB) was developed by 
Kosmatka in 2000 and tested at the University of California, San Diego. The bridge is composed of a 
carbon/epoxy substructure with a balsa core sandwich deck. The bridge comprises of two parallel 
treadways, with gap-crossing capability up to 12 m for MLC 100 (90,720 kg). The CAB has been 
proven to be lighter as compared to the existing bridging systems from the same load class. Currently, 
there is a complete CAB weighing 4763 kg with total length of 12 m (Robinson, 2008).  
 

 
Figure 10: Field testing of CAB by MLC 100 vehicle (Robinson, 2008). 

 
 

3.3 Short Span Fiber Reinforced Composite (FRC) Bridge 
 
Robinson et al. (2008) from University of California have developed and tested a short span FRC 
bridge with length of 5.6 m, width of 0.76 m and weight of 177 kg. The bridge was designed to 
support load of MLC 30. Apart from serving as the short span bridge, the bridge can be used for 
others applications such as decking system, roadway matting, and overlaying of damaged bridge deck. 
It has been proven that the bridge is capable of supporting load of MLC 30 and Palletized Load 
System (PLS) vehicles.  

 

 
Figure 11: Proof test of Short Span FRC Bridge using whiffle tree (Robinson et al., 2008). 
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3.4 Portable Foot Bridge 
 
The portable foot bridge has been developed in Birla Institute of Technology, India to provide a mean 
for emergency crossing. The bridge’s structural member consists of a rectangular hollow beam made 
of aluminium alloy and a plate of length 1.5 m and 0.5 m width. This bridge is designed for 
emergency purpose, supporting a load up to 1000 kg. The weight and length of the module are 13.437 
kg and 1.5 m, respectively. So, for a bridge length of 9 m, the estimated weight is 80.622 kg. This 
bridge structure is suitable to be carried by a person (single span configuration) or by a rescue team 
(multiple span configuration) (Rahul & Kumar, 2014). 
 

 
Figure 12: Portable foot bridge in multi span configuration (Rahul & Kumar, 2014). 

 
 
3.5 Hybrid Fiber Reinforced Polymer (FRP)-Aluminium Modular Bridge  
 
Zhang et al. (2013) have developed a lightweight space truss bridge with a modular structure catered 
for emergency purposes. A hybrid FRP-aluminium space truss structure was implemented in the 
design of a single-span simply supported one-lane bridge with a span length of 12 m and width of 3.2 
m. Each rut was designed as a triangular cross section with 1.2 m width and 0.85 m depth, and linked 
up by transverse braces. The bridge comprises of an aluminium deck supported by FRP and 
aluminium trussed members. The bridge is capable to support a load of 10 tonnes, while the total 
weight of the bridge is only 1.2 tonnes.  
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Figure 13: Illustration of Hybrid FRP-Aluminium Modular Bridge (Zhang et al., 2013). 
 
3.6 Carbon Fiber Reinforced Polymer (CFRP) Portable Bridge 
 
Agusril & Norazman (2013) have developed a portable bridge, which is consisting of two foldable 
beams by using Carbon Fiber Reinforced Polymer (CFRP) and aluminium honeycomb. Each beam 
consists of three sections connected by steel joints that allow the beam to be folded for storage and 
mobility. The unfold bridge is 30 m in length and the predicted weight is 5852 kg. The fabrication of 
the beam has been performed by using the wet hand lay-up method. From the analysis, the bridge of 
two beams is able to support an ultimate load of up to 470 kN (or MLC50). 
 

 
Figure 14: Cross section of CFRP Portable Bridge Beam (Agusril & Norazman, 2013). 

 
 
3.7 Single Span Military Bridge 
 
Recently, Azrul (2014) has developed a single span military bridge structure by using the 6061-T6 
aluminium alloy as the main material. The bridge is a girder type with 41.1 m length and 4 m width, 
and it is able to carry a Pendekar tank vehicle load (MLC 70). The total weight of this bridge is 31 
tonnes. The design of the military bridge is based on the operational requirements provided by the 
Malaysian Army and as outlined in the Trilateral Design and Test Code (TDTC) for Military Bridge 
and Gap-Crossing Equipment. Structural analysis has been performed by using the Finite Element 
Method (via MSC PATRAN/NASTRAN simulation software). Structural testing has been performed 
as well on the scaled-down girder model in accordance with all procedures outlined in the TDTC.  
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Figure 15: Illustration of the proposed bridge girder (Azrul, 2014). 
 
4. CONCLUSION 
 
This paper has reviewed the state-of-the-art technology of rapid portable bridge, which is dedicated 
for readers who are working in military and emergency applications. In general, rapid portable bridges 
vary in terms of function, characteristic, capability, launching method and material used. Recent 
research and development on rapid portable bridge technology proved that this equipment have a lot 
of area of improvements, due to the recent advancements in the structural and material engineering. A 
lighter, stronger and versatile bridge must be designed in order to provide a better prospect in the 
rapid portable bridge technology. Finally, as a preparation for the increasing trends of disaster 
occurred around the world, perhaps planner and engineer around the world will start to consider 
designing a new concept rapid portable bridge system for the next generation.  
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ABSTRACT 
 

Fibre Metal Laminate (FML) is hybrid material that has the combined advantages of metallic materials 
and fibre reinforced matrix. It has been widely used in the aircraft industry for impact prone applications 
due to its excellent fatigue and impact resistance. This research focuses on the quasi-static indentation 
behaviour of fibre metal laminates based on NaOH treated and untreated kenaf bast fibre with fibre 
loading wt% of 50, 60 and 70 and fibre length in cm of 3, 6 and 9. Aluminium 5052-O has been used as 
the skin layers of FML in this study. Hot compression moulding method has been used to fabricate the 
composite and FML panels for this study. The prepared specimens were tested in accordance with ASTM 
D 6264 using Instron 5585 universal testing machine to assess their quasi-static indentation 
performance. The results revealed that treated FMLT-60(9) with fibre loading 60wt% and fibre length of 
9cm exhibited the highest energy absorption at 30.82 J.  
 
Keyword: Fibre metal laminate; thermoplastic; indentation; kenaf fibre; quasi-static.  
 
 
1. INTRODUCTION 

 
Over the past decade, there has been an increasing interest in developing high-performance and 
lightweight structures for impact prone applications in numerous engineering sectors especially aerospace 
and motorised industries. The low fatigue strength of the aluminium alloys and the problems related to the 
damage tolerance in fibre reinforced composites (FRPs) has called for the development of a hybrid 
material which is known as fibre metal laminate (FML). These hybrid materials can overcome the 
limitations of metals and FRPs by combining composites and conventional metallic alloys (Vogelesang & 
Vlot, 2000). FML is a hybrid structure consisting of thin sheets of metallic alloy sandwiching a FRP 
layer. The FMLs as shown in Figure 1 have collective benefits of fibres in the composite material which 
acts as a barrier against crack propagation and of metallic materials which improves the ductility and 
impact resistance properties of the structure (Cortes & Cantwell, 2006). According to prior studies, it was 
found that FMLs are nearly 20-30% lighter than monolithic aluminium (Chai & Manikandan, 2014; 
Dharmalingam et al., 2014; Sivakumar et al., 2016; Sivakumar et al., 2017). Furthermore, the FMLs offer 
additional advantages such as superior fatigue toughness and impact damage tolerance in contrast to 
conventional metals (Santiago et al., 2017). A series of localised blast loadings conducted by detonating 
PE4 plastic explosive shows FML has tremendous potential in resisting explosion (Langdon et al., 2007; 
Lemanski et al., 2007).  
 
The past decades have seen the rapid development of several types of FMLs such as the Aramid fibre 
reinforced Aluminium Laminate (ARALL), the Glass Laminate Aluminium Reinforced Epoxy (GLARE) 
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was placed in between two layers of high strength Kevlar fabric. Moreover, the outer Kevlar fabrics can 
resist the shear plug formation and prolong the load-displacement curve. To date, limited research studies 
were established on the natural fibre reinforced thermoplastic-based FML. This research presents an 
experimental study on the quasi-static indentation behaviour of kenaf bast fibre reinforced polypropylene 
metal laminates (KFML). The response of the KFML under quasi-static loading is evaluated, where the 
effect of fibre loading, length and treatment are studied.  
 
 
2. METHODOLOGY 

 
2.1 Composite and FML Preparation 

 
In this research, kenaf bast fibres were used as the reinforcement while polypropylene (PP) granules were 
used as the matrix. The PP granules used in this study has a density of 0.95 g/cm3 was supplied by Basell 
Asia Pacific Ltd, Malaysia. The chemical treated fibres were prepared by soaking in 5% Sodium 
Hydroxide (NaOH) solution at room temperature for 4 hours to produce a clean and rough surface on the 
fibre. Chemical treatment enhances the interfacial bonding of polymer and kenaf fibre owing to the better 
interlocking between fibres and matrix (Mahjoub et al., 2014). The fibres were then filtered out and 
washed with tap water until the traces of sodium hydroxide were removed. The treated fibres were then 
dried at room temperature overnight followed by drying in an oven at 40 °C for 24 h. The fibres were then 
cut into short pieces with three different lengths; 3, 6 and 9 cm. The PP sheets were prepared by 
compressing PP granules in a 200 mm × 200 mm × 1 mm (width × length × thick) picture frame mould 
using the hot press machine at 175 °C. Random kenaf fibre mats were formed by compressing the fibres 
at 180 °C for 2 min according to the respective fibre length and compositions. The fibre mats and PP 
sheets are then stacked alternately in a picture frame mould with a size of 200 mm × 200 mm × 3 mm. It 
was then compressed for 8 min at a temperature of 180 °C and pressure of 5 MPa in the hot press machine 
to form composite panels with a consistent thickness of 3 mm as shown in Figure 2. The 0.5 mm thick 
aluminium 5052-O sheets were cut to a dimension of 200 mm x 200 mm.  To increase adhesion level 
between the aluminium and the composite, the surface of aluminium sheets was mechanically coarsen 
using sandpaper grit size 80. KFMLs with 2/1 configuration was formed by stacking two aluminium 
layers to the composite in which a 0.05 mm thick modified PP adhesive sheet was placed between the 
layers of aluminium and the composite panels as shown in Figure 3. The prepared FML assembly was 
subjected to hot compression moulding process at the temperature of 170 °C and pressure of 0.4 MPa for 
10 min. The KFML panel was removed upon reaching room temperature. The composition of KFMLs 
prepared for this research is presented in Table 1. The KFML panels were cut using a shearing machine 
according to dimension shown in Figure 4. 
 

2.2 Quasi-Static Indentation Test 
 

The quasi-static indentation test was repeated three times to study the damage mechanism and energy 
absorption of KFMLs. The indentation tests were conducted with reference to the ASTM D 6264 using 
Instron 5585 universal testing machine with a 150kN load cell. A series of quasi-static tests were 
performed using 12.7mm diameter hemispherical tip indenter in an edge supported configuration. The 
KFML samples were bolted between the top plate and bottom support plate by four screws with sufficient 
force to prevent slippage of the specimen during the test as shown in Figure 5. The load versus 
displacement curves were recorded, at a crosshead displacement rate of 1.25 mm/min. The energy 
dissipation was calculated by integrating the area under the curve. The specimens were then visually 
examined to analyse the failure mechanisms. 
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Table 1: Specifications of the KFMLs fabricated. 

Specimen code Fibre weight (%) Fibre length (cm) Fibre treatment 

UT-50(3) 50 

3 

Untreated 

UT-60(3) 60 

UT-70(3) 70 

UT-50(6) 50 

6 UT-60(6) 60 

UT-70(6) 70 

UT-50(9) 50 

9 UT-60(9) 60 

UT-70(9) 70 

T-50(3) 50 

3 

Treated 

T-60(3) 60 

T-70(3) 70 

T-50(6) 50 

6 T-60(6) 60 

T-70(6) 70 

T-50(9) 50 

9 T-60(9) 60 

T-70(9) 70 
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fibres at 50 wt% loading where the maximum energy recorded for FMLs T-50(6) is 37.7% higher than 
FML UT-50(6). The result is consistent with the study conducted by Bakar et al. (2010) that noted the 
improvement in mechanical properties of composite reinforced with treated kenaf fibre. The increase in 
energy absorption properties of FMLs can be explained in terms of fibre-matrix interfacial bonding. 
Alkaline treatment performed on kenaf fibres removes lignin hemicelluloses and impurities from the fibre 
surfaces. This increases the surface area of kenaf fibre and provides better interlocking between the 
polymer and fibre. Thus, FMLs with treated fibres has stronger fibre-matrix interfacial bonding compared 
to FMLs with untreated fibres. However, for FML with 9cm kenaf fibre at 70 wt% loading, the ones with 
treated kenaf fibre showed a decline of 10.79% in maximum energy absorbed in comparison to FMLs 
with untreated fibre.  
 
In terms of fibre loading, it is observed in Figure 10 that the overall energy absorbing properties of FMLs 
increases as the fibre weight percentage increases for both treated and untreated kenaf fibre. For instance, 
the maximum energy absorbed by FMLs with treated 3cm kenaf fibre recorded an increment of 16.1% 
when the fibre loading was increased from 50 to 60 wt%. The energy absorption rose by 15.5% when the 
fibre loading was further increased to 70 wt%. As the fibre content in FMLs increases, more energy was 
required to weaken the fibre-matrix interfacial bonding. However, for certain combination, the value of 
maximum energy absorbed reduces when the fibre content was increased beyond 60 wt%. The maximum 
energy absorbed by FML T-70(9) was 11.5% lower than FML T-60(9).The increased fibre content results 
in agglomeration of fibres which disrupts the distribution of stress along the fibres (Tay et al., 2012). In 
general, FML T-60(9) recorded the highest energy absorption at 30.82 J, indicating that this configuration 
provides a better penetration resistance compared to other configurations tested. 
 
 
4. DAMAGE MECHANISM 

 
Post-test examination of the selected specimens was performed in the rear and indented surface to analyse 
the failure mechanisms during the quasi-static indentation tests for various fibre loading. The photographs 
of specimens are presented in Figure 11. In general, all three specimens showed similar failure 
mechanism where the initial failure started from a dent on the indented surface. It was then followed by a 
small crack on the aluminium sheet placed on the rear surface. The size of the indentation increased along 
with the crack length on the rear surface as the load increases. This causes the formation of a second crack 
that propagated in a perpendicular direction to the initial crack. 
 
Cracks at the rear surface of the specimens were also observed to be longer in comparison to cracks on 
the indented surface which indicated that the rear surface exhibited more deformation compared to the 
indented surface as the indenter moves through the composite thickness of the FMLs. It is also visible in 
Figure 11, the presence of petaling failure on the rear surface of the all three specimens examined. The 
petaling failure is caused by of crack propagating away from the centre point which was subjected to the 
pressure of penetrating indenter during indentation. However, a circular crack that replicates the shape of 
the indenter which is a result of aluminium sheets and kenaf fibre being pushed through the rear surface 
as the load increases is visible in Figure 11(c).  



 

 

Figurre 11: Photoggraphs of inde
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4. CONCLUSION 
 

The effect of fibre length, loading and treatment of kenaf bast fibre reinforced metal laminates on the 
energy absorption under quasi-static indentation loading and the damage mechanisms were investigated. 
Based on the results, the following conclusions were drawn. FMLs reinforced with treated kenaf fibre 
recorded an average of 19% increments in energy absorption and 4% increments in maximum load 
compared to FML reinforced with untreated kenaf fibre. This study has found that FMLs with a fibre 
length of 9 cm showed better energy absorbing properties compared to FMLs with a fibre length of 6cm 
and 3 cm regardless of fibre treatment and loading. FML reinforced with 50 wt% untreated 9cm kenaf 
fibre absorbed 30.59 J of energy which is 19.4  and 23.5% higher than  FML reinforced with untreated 6 
and 3cm kenaf fibre respectively at similar loading. Likewise, FML reinforced with 60% treated 9cm 
kenaf fibre recorded an increment of 7.16 and 31.6% in energy absorption compared to the ones with 
treated 6 and 3cm fibre respectively at similar fibre loading. The second major finding was that the energy 
absorption properties of FMLs increases as the fibre weight percentage increases from 50 to 70% 
regardless of fibre length and treatment. The energy absorbed by FML reinforced with 60 wt% treated 3 
cm kenaf fibre was 16.1% higher than FML reinforced with 50 wt% treated 3 cm kenaf fibre. Similarly, 
there was an increment of 15.5% in energy absorption when the treated fibre loading is further increased 
to 70 wt% at similar fibre length.   
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ABSTRACT 
 
The aim of this research is to determine the vibration characteristic on ball bearing operated with the 
hexagonal boron nitride (hBN) nanoparticles mixed with diesel engine oil types SAE 15W40. The 
vibration monitoring condition and finite element analysis are carried out to validate the performance 
of hBN nano-lubricant as an additive in the reduction of vibration amplitudes with different volume of 
concentrations of hBN. It is found that the significant and non-synchronous peaks of new and defected 
bearing in the numerical approach show excellent predictive agreement with the experimental work. 
Conclusively, both methods are capable to predict the vibration behaviour of the new and defected 
bearings, and hBN nanoparticles can be a promising additive in lubricant for vibration reduction. 
 
Keywords: Rolling element bearing; hexagonal boron nitride; vibration condition monitoring. 
 

 
1. INTRODUCTION 
 
Helicopter transmissions, turbine engines, missile trucks power train and aircraft components are 
important area where monitoring methods are needed in order to detect performance deterioration, 
damage or emerging failure, and to detect the source of the problem and foresee its sequence of 
failure. The generated data sources from condition monitoring are include direct physical inspection, 
non-destructive material inspection techniques, examination of lubricating oil and oil borne wear 
debris are gained while the machine is in operation. Among all, the most commonly used parameter is 
machine vibration. Vibration analysis has been widely used for evaluating the condition of gear 
transmissions and bearing failure since different, distinct meshing frequencies can be identified and 
spectrum analysis using the Fourier Transform analyser has effectively become a standard technique 
for this purpose (Swansson & Favaloro, 1984). 
 
Rolling element bearing is a bearing that is known to be capable of withstanding high loads under 
extreme conditions and pressure. However, this type of bearing often causes problems due to overuse, 
extreme vibrations or improper upkeep. Bearing type is directly correlated to vibration measurements 
because excessive vibrations will lead to excessive forces and will harm the bearing life and 
performance (Prakash et al., 2013). Therefore, a suitable lubricant is needed to ensure the longevity of 
the rolling bearing by reducing vibration levels, temperature and pressure. Nowadays, finding a new 
additive has attracted a great deal of interest amongst researchers in search of a suitable lubricant that 
can reduce both wear and friction coefficient (Greenberg et al., 2004). 
 
Nanoparticles are nano-oil additives and are one of the most promising additives of all. A low 
concentration of nanoparticles is sufficient to improve the tribological properties (Ay et al., 2016). 
Abdullah et al. (2013) found that a 0.5 vol% concentration of hexagonal boron nitride (hBN) 
nanoparticles provided the best anti-wear behaviour and friction reduction. Wan et al. (2015) found 
that the best concentration of boron nitride was 0.1 wt%, which produced the best anti-wear behaviour 
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and friction reduction. Friction reduction and anti-wear behaviour are dependent on the characteristics 
of the nanoparticles, such as size, shape and concentration. This is because the size of the 
nanoparticles can range from 2 to 120 nm (Qiu et al., 2001; Wu et al., 2007; Li et al., 2011). Many 
studies have been conducted on the tribological performance of lubricants mixed with nanoparticles. 
However, there have been very limited studies on the vibration measurements of ball bearings in order 
to justify the performance of mixing nanoparticles into the base oil. Until now, none of this research 
has provided clarification of the hBN nanoparticle on reduction in vibration amplitude. Hence, the 
goal of this paper is to determine the effect of hexagonal boron nitride nanoparticles on reducing the 
vibrations of ball bearings. The originality of this research stemmed from the fact that low vibrations 
lead to lower costs and are more environmentally friendly. Furthermore, nanoparticles mixed with 
conventional diesel engine oil will enhance the performance of machines and the durability of 
bearings. Yadav et al. (2013) an early researcher in this field, studied the effect of unbalanced forces 
for a cylindrical rolling element bearing with eight (number of) rollers. It was concluded that route to 
chaos, is an intermittent mechanism due to periodic doubling behaviour. Tiwari et al. (2000) 
investigated the effects of an unbalanced rotor, supported by a deep groove ball bearing (SKF 6002) 
having nine (number of) balls. It was concluded, that the frequency spectra displayed multiples of 1X 
and VC and the linear combination of the two frequencies. Experimental analysis, finite element 
analysis and structural dynamics were used to analyse the dynamic properties of the bearing structure. 
 
Many research works have been done in the field of signal analysis in rolling element bearing. Patel et 
al. (2014) in their research, conducted a study on the failure analysis of ball bearings by the creation 
of artificial cracks of different sizes on various elements. In addition, their study was extended to a 
Finite Element Analysis to study the peaks at its outer and inner ring defect frequencies.  They 
concluded that with constant defect sizes and constant loads with various speeds, the amplitudes 
increased. Kadarno et al. (2008) investigated the effect of defect sizes and the vibration signal 
responses of defected bearings compared with normal bearings. The pattern from the simulation was 
found to have similar characteristics to experimental data. Similar to their findings, Ding et al. (2015) 
investigated the level of vibration responses of ball bearings having different sized defects on the 
outer races using explicit dynamic analysis in ABAQUS. Liu et al. (2015) also investigated the impact 
of shape defects, radial load and shaft speed using explicit dynamic finite element analysis.  
 
Therefore, in this paper, the vibration suppression characteristic of ball bearing supplied with hBN 
nanoparticles additives in engine diesel oil will be investigated. This vibration study could validate 
and further improve performance of diesel engine oil when mixed with hBN nanoparticle.  
 
 
2. CHARACTERISTIC BEARING DEFECT FREQUENCIES 
 
The vibrations generated by bearing faults appear at different frequency range. Periodically occurring 
transient pulses are produced at frequencies determined by the bearing geometry and speed. The 
frequencies of transient pulses depend on the characteristic frequencies of the bearing. The vibrations 
of ball bearing with defect can be detected at various characteristic defect frequencies which can be 
calculated by using the formula as follows: 
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where Nb is the number of balls, fs is the shaft speed in rpm, Pd is the pitch diameter in mm, Bd is the 
ball diameter in mm and ϕ is the contact angle. The rolling element and outer race fault experience 
variation in load while passing through the load zone. This has effect of modulating the impulse train 

(3) 
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by either the ball pass outer race frequency or the cage speed. For roughness fault, it is no longer 
impulsive, but rather has a randomly distributed phase, since the rolling elements are on different 
position on the rough surface discrete multiple points for every revolution. 
 
 
2.1  Calculation of Bearing Frequencies 
 
Bearing frequencies for the new and defected bearings can be calculated as follow; 
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Figure 13 shows the vibration responses for the new bearing, outer defected bearing and inner 
defected bearing. Based on the previous theoretical formula, the defect frequencies can be detected by 
the significant peak and non-synchronous peaks that appeared on the frequency graph. Fig.13 (a) 
shows the significant peaks of the fundamental frequency of the bearing system at 1X. Particularly for 
ball pass frequency outer (BPFO), the non-synchronous peak was detected at 3X as shown in Figure 
13(b) as the bearing defects resulted in harmonic, multiples of frequency, of the defected frequencies 
in the vibration spectrum. The repetitive of the vibration signal of defects can be observed as peaks in 
the frequency spectrum. Figure 13(c) shows that the non-synchronous peak for ball pass frequency 
inner (BPFI) was detected at 5X. Table 10 shows the bearing frequencies obtain from the theoretical, 
experimental and finite element analysis at the running speed of 25 Hz.It can be seen that agreement 
between the theoretical, experimental and finite element result is found to be remarkably good 
(Saruhan et al., 2014). 
 
 

Table 10: Bearing frequencies at 25 Hz. 
 

 Bearing frequencies, Hz 
SKF 6206 Theoretical Experimental Simulation 

NB 25  25 25 
BPFO 86.4 88.7 87.5 
BPFI 129.6 130 130 

 
 
The result also shows the existence of required significant peaks and non-synchronous peaks for the 
new and defected bearings, respectively. In addition, the outer and inner defected bearing results 
showed a stronger impact wave with the more non-synchronous peaks compared to the new bearing. 
The vibration amplitude also changed because of the defect size where it showed the stronger 
amplitude. The vibration amplitude for the new and defected bearings was also taken to see the 
performance of hBN nanoparticles in reducing vibration. The data from the simulation is tabulated in 
Table 11. 
 
 

Table 11: Vibration amplitude responses. 
 

Types of bearing 
Amplitude (ms-2) 

0.0 vol% of hBN 0.2 vol% of hBN 
0.5 vol% of 

hBN 
1.0 vol% of 

hBN 
New bearing 0.0097 0.0078 0.0105 0.0112 

Outer defected bearing 0.4191 0.3878 0.4056 0.4105 

Inner defected bearing 0.0145 0.0124 0.0135 0.0152 

 
 
From Table 10, it is found that a 0.2 vol% concentration of hBN produces the lowest vibration 
amplitude for the new and the defected bearings. Another reason for the lower amplitude was the 
nanometre size of nanoparticles which allowed it to enter the defected area easily and form the 
hydrodynamic boundary for the bearing. It was also found that the vibration amplitude for the outer 
defected bearing was higher than the inner defected bearing. This is because the outer race defect 
remained at the load zone at the maximum position whilst the inner race defect moved in and out of 
the load zone. The strong vibration amplitude occurs in the load zone while weaker vibration 
amplitude is produced when the defect is outside the load zone. 
 
 
 
5. COMPARATIVE ASSESSMENT 
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The FEA analysis and experimental results at different volumes of concentration of hBN and bearing 
defect sizes are plotted in Figure 14 and the comparison is made respectively as tabulated in Table 
12.From Figure 14, the vibration amplitude reduces more at 0.2 vol% of concentration of hBN for 
both experiment and simulation in all types of bearing condition. However, comparison data between 
experiment and simulation shows no correlation to each other due to the insufficient data in the 
simulation. The parameters during the simulation such as noise, isolator bed, stiffness of the system 
and the number of elements and nodes were beyond control.  These factors were also not considered 
during the experimental test. The assumption is made to ensure the model is simple and easy to be 
read by the software. Meanwhile, in the experimental test, the unwanted noise can be reduced and it 
has a complete system to record the vibration amplitude compared to the simulation. The manipulated 
variables also can be controlled by the user. 
 
 
 

Table 12: Comparison data from FEA and experiment results. 

Types of 
bearing 

% volume of concentration of hBN 

Experiment FEA 

0.0% 0.2%  0.5%  1.0%  0.0%  0.2%  0.5%  1.0%  

New 
bearing 

0.163 0.141 0.276 0.279 0.010 0.008 0.011 0.013 

Outer 
defected 
bearing 

0.039 0.022 0.033 0.038 0.419 0.388 0.406 0.411 

Inner 
defected 
bearing 

0.015 0.010 0.017 0.019 0.015 0.012 0.017 0.019 

 
 
 

 

Figure 14: Comparison data between experiment and FEA results. 
 
 

6.  CONCLUSION 
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The experimental test was proposed to determine the performance of hexagonal boron nitride 
nanoparticles mixed lubricant in reducing the vibration amplitude for new and defected bearings, 
compared to the numerical approach using ANSYS WORKBENCH 16.0. The desired significant 
peaks and non-synchronous peaks from both experiment and simulation work show a good agreement 
with the theoretical bearing frequency. As for the new bearing, 1X significant peak appeared clearly at 
25 Hz, outer defected bearing shows 3X non-synchronous peak at 89 Hz and lastly, inner defected 
bearing shows 5X non-synchronous peak at 130 Hz. 
 
It is found that 0.2 vol% concentration of hBN is effective in reducing the vibration amplitudes on 
new and defected bearings compared to the other volume concentrations. The results give good 
agreement between the experimental testing and numerical simulation. The reasons for the high 
reduction of vibration were the formation of a full film lubrication regime and the increase in the 
viscosity of the lubricant as the nanoparticles increased. The nanoparticles suspended in lubricating 
oil functioned like ball bearings between friction surfaces. It also formed a protective film to some 
extent by coating the rough friction surfaces. The roughness of the lubricating surface was reduced by 
nanoparticle-assisted abrasion, which has a polishing effect. Besides, the nanometre size of 
nanoparticles which enabled it to easily enter the surface of the defected area. Finally, from both 
methods it is found that the outer defect bearings gave off a higher vibration amplitude because the 
defect present on the outer element remained in the load zone at maximum position whereas the inner 
element moved in and out of the load zone during each revolution of the shaft.  
 
The experimental test conducted by using vibration test can be simulated in numerical approach. It 
also can be used as one of the method in vibration condition monitoring to detect the early 
deterioration on bearing due to the characteristic frequency obtained from the frequency spectrum. In 
conclusion, the performance of the hBN nanoparticles mixed diesel engine oil can be determined 
through the vibration analysis method by identifying the bearing frequencies as well as in the finite 
element method analysis. In future, the 3D finite element bearing model presented in this paper will 
be used to investigate the vibration response of the bearings on different sizes of defects and the 
performance of the different nano-lubricants in reducing vibrations. 
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ABSTRACT 
 
The present study provides an evaluation of cabin noise inside a passenger car cabin for two types of 
roads in tropical environmental conditions in Malaysia. Tropical weather conditions are hot and 
humid, with rain also giving effect to the road surface condition. Noise exposure was measured using 
a DuO sound level meter, which is capable to record sound pressure in unit of Pa, and comparisons 
were made between the two types of roads; tarmac and dirt. The data was analysed using Integrated 
Kurtosis-based Algorithm for Z-notch Filter (I-kazTM) in relation to varying speeds of the car, in order 
to determine the degree of data scattering for the noise signals. Based on the results obtained, noise 
exposure levels can be presented using sound pressure, sound pressure level (SPL), I-kazTM coefficient 
(Z∞) and I-kazTM display. Test comparisons were made between the two types of roads in the same test 
speed, which showed that the values of Z∞ and SPL were higher, and the size for I-kazTM display was 
larger for the dirt road as compared to the tarmac road. It was found that rough roads exhibit higher 
noise exposure variation as the vehicle speed changes in the tropical environmental condition. 
 
Keywords: Noise exposure; tropical environmental conditions; passenger car cabin; data scattering.   
 

 
1. INTRODUCTION 
 
Prolonged and excessive exposure to noise inside passenger car cabins can cause long-term harm and 
adverse effects to drivers. Aziz et al. (2014a) developed a new method for determination of noise 
exposure in the driver’s compartment based on changing vehicle speed using regression models.  
Nopiah et al. (2012) developed a vehicle acoustical comfort index (VACI) to evaluate the noise 
annoyance level and sound quality of noise. In order to fulfil the study’s requirements, the test was 
conducted in two categories, stationary and highway, as the interaction between tyres and road 
surfaces gives major effect to the generated noise in the passenger compartment. The study by Nopiah 
et al. (2012) shows that an increase of engine speed can increase the annoyance level by decreasing 
the value of VACI; in other words it will contribute to more noise. However, the study was not 
conducted for different road surfaces with constant speed. Nor et al. (2008) and Daruis et al. (2008) 
evaluated VACI according to the most frequently used sound quality metrics, namely, Zwicker 
loudness, sharpness, roughness and fluctuation of strength. As a result, the researchers could use this 
index for several types of roads and different road roughness characteristics. These models represent 
the road as point or line sources, whose sound emission levels are differently expressed as the function 
of vehicle type, flow, speed, road surface and so forth (Cho et al., 2004).  
 
The objective of this study is to explain the changes of noise readings between two different types of 
roads in the tropical environment condition. The tropical environment is often hot, humid and dense. 
The ‘tropics,’ defined as the area around the equator, lie between the Tropic of Cancer (23.5° north) 
and the Tropic of Capricorn (23.5° south). Rain forests, predominated by trees and lianas (woody 
vines), are the principal biome in the tropics, and they contain a diversity of plants and animals that is 
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4. CONCLUSION 
 
In this paper, noise exposure for passenger car drivers was analysed using the I-kazTM statistical 
analysis method. From the I-kazTM display, for the tests conducted at constant speed of 30 kmh-1, there 
was increasing size of data scattering for the unpaved dirt road than the smooth surfaced tarmac road 
in tropical environmental condition. It was found that rough roads exhibit higher noise exposure 
variation as the vehicle speed changes. In other words, differentiation of noise with respect to speed is 
higher on harsh road conditions. The interaction between road surfaces and car tyres has a major effect 
on the noise generated inside the car cabin. It was also found that SPL on the dirt road is higher than 
the tarmac road even at the same speed 30 kmh-1. In addition, these results were supported by the 
scattering of Z∞ values in the I-kazTM displays, which showed larger spaces between scattered Z∞ 

values as the vehicle speeds increased.  
 
 
REFERENCES 
 
01dB (2012). DuO Smart Noise Monitor Technical Datasheet. 01dB, Limonest, France. 
Aziz, S.A.A., Nuawi, M.Z., Nor, M.J.M. & Daruis, D.D.I. (2014a). New regression models for 

predicting noise exposure in the driver’s compartment of Malaysian Army three-tonne trucks. 
Adv. Mech. Eng., 616093. 

Aziz, S.A.A., Nuawi,M.Z., Nor, M.J.M. & Daruis, D.D.I. (2014b). Study of noise, vibration and 
harshness (NVH) for Malaysian Army (MA) 3-tonne trucks. Appl. Mech. Mater., 471: 74–80. 

Aziz, S.A.A., Nuawi, M.Z. & Nor, M.J.M. (2015). New regression model for predicting hand-arm 
vibration (HAV) of Malaysian Army (MA) three-tonne truck steering wheels. J. Occup. 
Health,57: 513–20. 

Aziz, S.A.A., Nuawi, M.Z. & Nor, M.J.M. (2016). Predicting whole-body vibration (WBV) exposure 
of Malaysian Army three-tonne truck drivers using integrated kurtosis-based algorithm for Z-
notch filter technique 3D ( I-Kaz 3D ). Int. J. Ind. Ergon.52: 59–68.  

Aziz, S.A.A., Nuawi, M.Z. & Nor, M.J.M. (2017). Monitoring of hand-arm vibration. Int. J.Acoust. 
Vib,22: 34-43. 

Aziz, S.A.A., Sohaimi, R.M., Pu’ad, M.H. & Yaman, M.A.M. (2012). Noise, vibration and harshness 
(NVH) study on Malaysian Armed Forces (MAF) tactical vehicle. Appl. Mech. Mater., 165: 
165–169. 

Cho, D.S., Kim, J.H., Choi, T.M., Kim, B.H .& Manvell, D. (2004). Highway traffic noise prediction 
using method fully compliant with ISO 9613: comparison with measurements. Appl. Acoust., 
65: 883–892. 

Daruis, D.D.I., Nor, M.J.M., Deros, B.M. & Fouladi, M.H., (2008). Whole-body vibration and sound 
quality of Malaysian cars. Proc. 9thAsia Pacific Ind. Eng.Manage. Syst. Conf., pp. 110-117. 

Daubechies, I. (1992). Ten Lectures on Wavelets.Society for Industrial and Applied Mathematics 
(SIAM), Philadelphia. 

Harrison, M. (2004). Vehicle Refinement - Controlling Noise and Vibration in Road vehicles. Elsevier 
Butterworth-Heinemann. 

ISO 5128 (1980). Acoustics: Measurement of Inside Motor Vehicles. International Organization for 
Standardization (ISO), Geneva. 

King,W.C., Harmon, R., Bullard,T., Dement,W., Doe, W., Evans, J., Larsen, M.C., Lawrence, W., 
McDonald, K. & Morrill, V. (1998). A Technical Analysis to Identify Ideal Geographic 
Locations for Tropical Testing of Army Materiel and Systems. United States Army Research 
Office, North Carolina. 

King, W.C., Harmon, R., Juvik, J., Hendrickx, J.M.H. & Palka, E.J. (2006). A Technical Analysis of 
Suriname for Tropical Testing of Army Materiel and Systems. United States Army Research 
Office, North Carolina. 

Nor, M.J.M., Fouladi, M.H., Nahvi, H. & Ariffin, A.K. (2008). Index for vehicle acoustical comfort 
inside a passenger car. Appl.Acoust., 69: 343–353. 

Nopiah, Z.M., Junoh, A.K., Muhamad, W.Z.A.W., Nor, M.J.M., Ihsan, A.K.A.M. & Fouladi, M.H. 
(2012). Linear programming: Optimization of noise and vibration model in passenger car 



296 

 
 

cabin. Int. J. Soft Comput. Softw. Eng., 2: 1-13. 
Nuawi, M.Z., Nor, M.J.M., Jamaludin, N., Abdullah, S., Lamin, F. & Nizwan, C.K.E. (2008). 

Development of integrated kurtosis-based algorithm for Z-filter technique. J. Appl. Sci., 8: 
1541–1547. 

Schnitzer, S.A. & Carson, W.P. (1999). Environmental Geology. Springer, Netherlands. 
 
 



297 

 

RECOGNITION OF MOST COMMON DIESEL ENGINE CONDITION MONITORING 
METHODS 

 
 

Yogeswaran Sinnasamy*, Mohd Razali Mat Yassin, Noor Aishah Sa’at, Hasril Nain, Faiz Azmi Sutarji, 
Azmahani Sulaiman, Ibrahim Tahir, Rosdi Yaakob, Ahmad Subardi Mohd Wazir, Kamil Azwan 

Salehuddin, Mohd Ridzuan Mohd Rashid, Abbas Zubir, Hanizah Kasmoni, Elizabeth Louisnaden & 
Khairul Anuar Ahmad  

 
Science and Technology Research Institute for Defence (STRIDE), Ministry of Defence, Malaysia 

 
*Email: yoges.sinnasamy@stride.gov.my 

 
 

ABSTRACT 
 
Condition monitoring or CM is one of the approaches which have been widely applied in industry 
nowadays, particularly to identify the presence of symptoms of incipient faults and eventually prevents 
catastrophic failures on critical machineries. One of these critical machineries is diesel engine which is 
mainly used for ship’s main propulsion and auxiliary propulsion in Royal Malaysian Navy (RMN). A lot 
of research has been performed and still undergoing to come up with more reliable and accurate 
condition monitoring system on diesel engine. The main factors which influence the researches are engine 
speed and loading condition, fuel injection pressure and valve clearance, types of defects, various forms 
of sensors and signal processing techniques. Based on these factors and in accordance with their 
respective CM techniques, a simple segregation procedure has been introduced to group all the 
shortlisted publications. We found out that vibration analysis (VA) and acoustic emission (AE) were 
popular among researchers and one of the defects which are abnormal valve clearance has been main 
focus among researchers as well. Also, we found out that CM is playing a very important part to monitor 
the performance of diesel engine and other related components. This procedure of identifying the most 
popular CM methods on diesel engine and most common types of defect studied shall be expanded on 
other types of ship propulsion machineries such as gear box, bearing, stern tube, oil distribution box and 
propeller. 
 
Keywords: Condition monitoring (CM); diesel engine; incipient faults, catastrophic; defects. 
 
 
1. INTRODUCTION 

 
Condition Monitoring or Condition-based Monitoring is defined as the continuous evaluation of the 
health of the plant and equipment throughout its service life. It is important to be able to detect faults 
while they are still developing. This is called incipient failure detection (Elamin, 2014). Meanwhile, 
failure is the termination of the ability to perform the required function and, fault is defined as a situation, 
which exists after a failure (Elamin et al., 2010). The incipient detection of diesel engine failures also 
provides a safe operating environment and becoming increasingly important to use comprehensive CM 
schemes for continuous assessment of the combustion and mechanical conditions of reciprocating 
machineries (Gu et al., 2006). 
 
By using CM, it is possible to provide adequate warning of imminent failure. In addition, it is also 
possible to schedule future preventive maintenance and repair work. This can result in minimum down 
time and optimum maintenance schedules (Lamaris et al., 2010). CM and fault diagnosis scheme allow 
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the machine operator to have the necessary spare parts before the machine is stripped down, thereby 
reducing outage time. Therefore, effective CM of diesel engine is critical in improving the reliability, 
safety and productivity.  
 
Abnormal running conditions for a diesel engine can vary widely in severity and consequences from 
slightly affecting an engine’s performance to catastrophic equipment failure. These events can be 
expensive, sometimes dangerous and occasionally cause environmental, and health and safety issues. 
Good CM can ensure the engine provides the required power under safe conditions with less fuel 
consumption, lower emissions and lower maintenance cost. Detecting faults and diagnosing the 
underlying problem as quickly as possible and providing assistance to correct the problem are the goals of 
engine abnormal situation prevention. 
 
CM of diesel engines can be assessed on a continuous or periodic basis from observation or measurement 
of selected parameters. The application of CM and fault diagnosis strategies to a diesel engine is a well-
recognised method of increasing its operational efficiency and reducing consequential damage, spare 
parts inventories and breakdown maintenance. Use of a particular method depends upon case to case. 
Sometimes, a single technique does not help. Most of the times, a combination of techniques is employed 
in problem-solving (Rajul et al., 2014). 
 
The main job of most monitoring systems is to obtain information about the engine in the form of primary 
data and, through the use of modern signal processing techniques, to provide vital information to the 
engine operator and the engine control system, before any failure occurs with the engine in service. Good 
monitoring systems for diesel engines can achieve at least the following benefits: 
 

a. Improved decision making capability for selection of optimum engine operation 
conditions. 

b. Only defective equipment or assemblies are replaced, reducing time and cost of 
maintenance. 

c. Effective prediction and planning of maintenance operations. Time scheduled for 
maintenance can be used effectively since the nature of the fault is known in advance and 
both spare parts and labour can be organised accordingly. 

d. Reduction of engine emissions and fuel consumption. 
 

Diesel engines are widely used in naval application to empower the ship main and auxiliary propulsion 
systems. These are among the most critical systems onboard. Any malfunction or failure on these systems 
could severely jeopardize the military operation of the navy. In our Royal Malaysian Navy (RMN), diesel 
engines from various brands and models have been used widely due to the capability working in harsh 
and extreme weather conditions.  These engines can be divided into three different speed categories which 
are high, medium and low based on the class of the ship. In this paper, we are going to review 
publications between 2010 and 2016 to identify the most common type of diesel engine CM methods 
based on various types of defect simulation on diesel engine components. 
 
 
2. LITERATURE REVIEW 
 
Conventionally, diesel engine is monitored based on pressure and temperature indications. Nevertheless, 
both of these parameters were not sufficient enough to detect incipient fault which could lead to 
catastrophic failure on diesel engine (Porteiro et al., 2011). Nowadays, other CM methods such as 
vibration analysis (VA), acoustic emission (AE) and instantaneous angular speed (IAS) were improved 
and adapted as part of diesel engine monitoring system in most of machineries. Nevertheless, some of 
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these methods were not able to detect and diagnosis such type of defect. Therefore, further studies have 
been in progress for the past few decades to synchronize different types of data to form more reliable and 
accurate diesel engine CM system. Most of the studies influenced by the following factors: 
 

a. Engine speed and loading conditions and their influence on combustion performance. 
b. Fuel injection pressure and valve clearance. 
c. Certain types of defects on diesel engine components such as crack on valve head. 
d. The application of various forms of sensors for capturing different set of data. 
e. Various forms of signal processing techniques. 

 
 
2.1 Engine Speed and Loading Conditions 
 
The engine load is the torque output of the engine and normally measured by using torque sensor. The 
measurement of engine torques playing an important part on monitoring engine performance. Based on 
studies performed by Elamin et al., 2010, the raw AE signals were collected under constant engine speed 
at 1000 RPM and four different loading conditions; 0, 50, 100 and 150 NM. Meanwhile, Alhouli et al. 
(2015) has performed studies under four different loadings and engine speed; 0, 20, 40 and 60 NM at 
1,000 and 1,500 RPM. Nevertheless, it was found that both of these studies focused on different types of 
defects. For instance, Elamin et al. (2010) studies focused on variation of fuel injection pressure influence 
on combustion performance. Meanwhile, Alhouli et al., 2015 studies mainly focused on valve leakage 
which was seeded by adjusting the exhaust valve clearance. 
 
 
2.2 Fuel Injection Pressure and Valve Clearance 
 
Fuel injection system is one of the most critical systems on diesel engine and has been main focus of 
study among researchers. One of the most common types of fault related on fuel injection system is 
misfiring. Examples of studies were related on adjusting the nominal fuel injection pressure. By doing the 
adjustment, the severity of the misfiring has been detected at higher and lower level of nominal fuel 
injection pressure. Another focus of studies among researchers is fuel supply and simulated by completely 
unscrewed and cut off in the fuel supply of the cylinder the nut connecting the high-pressure fuel line to 
the corresponding element of the injection pump as shown in Figure 1. By varying the tightness of the 
high pressure fuel line, it was possible to reduce gradually the amount of fuel injected into the cylinder 
from the rated value to zero, to simulate a wide range of malfunctions up to a complete misfire (Gawande 
et al., 2010). Only exhaust valve clearance faults were investigated by Alhouli et al. (2015). As shown in 
Figure 3, cylinder no.1 exhaust valve clearance was altered from 0.4mm (healthy clearance) to 0 mm, 
0.25mm, and 0.6mm. This simulates leakage to some extent, exhaust valve timing and in-cylinder 
pressure. Valve clearance typically refers to the clearance between the rocker and valve cap. Each internal 
combustion engine (ICE) has a normal valve clearance value designed to allow for thermal expansion. An 
abnormal valve clearance will result in improper valve closing and timing, degrading engine performance 
(Flett and Bone, 2016). Figure 3 gives an illustration of valve clearance. 
 
 
2.3 Certain Types of Defects on Diesel Engine Components 
 
There are publications which dealt with damages on diesel engine components such as crack on valve 
head shown in Figure 4 (Jafari et al., 2014), wear on cylinder wall (Gowtham et al., 2016) and deformed 
spring (Flett & Bone, 2016). Meanwhile, there are few publications which studied more than one type of 
defect such as abnormal fuel injector and misfiring (Elamin et al., 2010), misfiring, shaft imbalance, 
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clogged intake filter and leaking start plug (Porteiro et al., 2011), abnormal valve clearance and piston 
ring fault (Arroyo et al., 2013) and valve spring fault and abnormal valve clearance (Flett & Bone, 2016). 
Exhaust and intake valves which have been the study focus on abnormal valve clearance, also has been 
utilized in other studies such as crack propagation on valve head as shown in Figure 5.  
 
 

Figure 1: Arrangement for total misfire (Elamin et al., 2010). 
 

                                                                    

  Figure 2: Exhaust valve clearance alteration (Alhouli et al., 2015). 
 

 
 

 

Figure 3: Valve clearance (Flett and Bone, 2016). 
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Some of the studies were conducted on subsystems that supporting the performance of the diesel engine 
and not connected inside the engine itself. As shown in Figure 6, erosion and microcracks occur on the 
surface of the rubber component of an elastic coupling, which will cause the coupling torsional stiffness 
to change inevitably (Wanyou et al., 2016). Elastic coupling is a connection between diesel engine and 
gear box. The main function of elastic coupling is to absorb excessive torsional vibration and prevents 
damages on shafting line. Hence, it is crucial to calculate the shafting torsional characteristics correctly 
and evaluate the stability of  the shafting rationally by determining the torsional stiffness of the elastic 
coupling when it is operating (Wanyou et al., 2016). 
 
Meanwhile, Yan et al. (2013) conducted study on wear debris analysis by introducing a slight crack on a 
gear pump of the tested diesel engine. In the experiment tests, the diesel engine has run for 100 hours. The 
on-line ferrographic sensor and oil moisture and viscosity detection device sampled the lubricant oil every 
2 hours, and the lubricant oil was collected every 12 hours for the purpose of off-line oil analysis. In order 
to improve the reliability of condition monitoring system on diesel engine, some other monitoring 
methods such as vibration, acoustic emission or others could be combined with wear debris data. 
 

 

(a)                                             (b) 

Figure 4: Semi-cracked valve (a) Cylinder No. 1 and (b) Cylinder No. 2 (Alhouli et al., 2015). 
 

 
 

(a) (b) 

Figure 5: (a) Notched exhaust valve of cylinder No. 3 and (b) Healthy valves of cylinder No. 4. Clearance fault 
was simulated by lift on valves (Alhouli et al., 2015). 
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Figure 6: Elastic coupling (Wanyou et al., 2016). 

 
 
 
 
2.4 The Application of Various Forms of Sensors 
 
The number and type of sensors utilized by researchers in their study were not same and varied depending 
mostly on the severity or types defects under their study. As shown in Figure 7, four (4) sensors have 
been applied on diesel engine, one (1) on coupling between engine and dynamotor and one (1) on the 
dynamotor itself. Both vibration and pressure sensors mounted on diesel engine surface were connected to 
the amplifier before data acquisition unit. Charge type of accelerometer used because the temperature on 
diesel engine could exceed 100°C. This could give more disturbances on the captured data and the usage 
of external amplifier will minimize this errors obtained during the measurement process (Mobius 
Institute, 1999-2011). Torque sensor is used for measuring the loading condition on diesel engine. We 
found that this type of sensor has been used in most of studies as shown in Figure 7, 8, 9 and 10. 
Meanwhile, Arroyo et al. (2013) used four sensors, vibration, AE, pressure and optical encoder. In study 
performed by Alhouli et al. (2015), three different sensors have been used; TDC, cylinder vibration and 
cylinder pressure. Both these cylinder sensors have the same functions as vibration and pressure sensors 
used by Arroyo et al. (2013) and Albarbar (2013). 
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Figure 7: Schematic diagram of engine test system 
(Albarbar, 2013). 

Figure 8: Experimental system (Arroyo et al., 2013). 

  
 
 
 

 
 
 

Figure 9: Monitoring system wiring diagram 
(Alhouli et al., 2015). 

Figure 10: Image of the tested generator and its 
experimental setup (Li et al., 2010). 

 
 
In contrast with the above studies, Li et al., 2010 used two types of accelerometers, which is vibration 
sensors and same sensor to capture TDC position and crank shaft angle. Most of researchers used two 
different sensors for these signals in their study.  
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Figure 11: Schematic representation of the experimental setup. Pressure transducer is mounted on cylinder’s 

head; crank angle encoder is mounted on crankshaft free end (Antonopoulos & Hountalas, 2012).
 
 
Figure 11 shows the measurement setup conducted by Antonopoulos & Hountalas (2012). Instead of 
using vibration sensor, a cylinder pressure sensor has been used in this study to measure the pressure 
signal on cylinder head surface at different loadings and engine speeds. Basically, these show that most of 
researchers using different measurement setup in their studies. Nevertheless, both vibration and pressure 
sensors have been the most important sensor in their study, especially to study the combustion 
characteristics and monitor engine performance.  
 
 
2.5 Various Forms of Signal Processing Techniques 
 
Elamin et al. (2010) compared three different signal processing techniques; angular domain, frequency 
domain and angular-frequency domain. The analysis discussed in the previous show that AE signals in 
the angular domain can produce diagnosis results for no load condition but not for higher load conditions 
whereas spectrum presentation allows fault deletion for all cases but not diagnosis. To combine the 
capabilities in both the angular and frequency domains, joint angular-frequency analysis is applied to the 
AE signals. The joint angular-frequency analysis can provide both detection and diagnosis for both the 
small and large injection faults and their original cylinder and has the potential of separating several AE 
sources occurring at the same time but having different frequency content.  
 
Albarbar (2013) used continuous wavelet transform (CWT) as a linear time-frequency technique to 
analysis diesel engine airborne acoustics signals. The results from CWT analysis of the air-borne acoustic 
signals, for an engine running under faulty conditions, reveal its advantages in fault detection, as 
abnormal combustion related faults of different severity were identified by the time-frequency 
representation of the acoustic signals in the high frequency bands. Figure 12 shows the acoustic waveform 
of the diesel engine in the time domain and the continuous wavelet transform (CWT). From the CWT 
representation, we can see clearly four peaks representing the combustion events of the engine cylinders 
in the firing order from left to right (3, 1, 2, and 4). 
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Figure 12: The acoustic waveform of the diesel engine in the time domain and the continuous wavelet 

transform (CWT).
 
 
Alhouli et al. (2015) compared two different signal processing techniques; time domain and frequency 
domain. The time domain technique has been used to extract the information from the vibration signal of 
the diesel engine at different speeds and loads by plotting the amplitude to relate it to the engine events 
(crank angle). After analyzing the data in the time domain and frequency domain there were some 
differences in the vibration signals changing rate around the (TDC), due to exhaust valve clearance 
variations. In frequency domain there was a clear difference between the signals of the healthy case and 
the faulty case, a frequency of 50 Hz, a side band of high amplitude was appeared. 
 
3. METHODOLOGY 
 
In this paper, around 100 publications on CM have been screened and it was found that only 23 
publications between 2010 and 2016 could be reviewed for further process based on their suitability in 
terms of research and development on diesel engine CM system. Basically, all these selected publications 
can be divided into three categories; those studies or researches based on engine revolution and loading 
conditions (Antonopoulos & Hountalas, 2012), fuel supply (Wargante et al., 2013), injection pressure 
variation (Albarbar et al., 2013) and combustion performance (Chiatti et al., 2014); those studies based on 
inducing certain fault by disconnecting fuel supply to simulate misfiring (Elamin et al., 2010) and those 
studies based on inducing critical defect such as crack on valve (Jafari et al., 2014 ) and wear on piston 
rings and cylinder wall (Gowtham et al., 2016). Figure 13 shows the process flow which has been utilized 
in this study for each publication.  
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Figure 13: Process flow indicates the screening, reviewing and extraction information from various 
publications.  

 
4. RESULTS & DISCUSSION 
 
Table 1 shows the summary of publications between year 2010 and 2016 on research and development 
diesel engine CM. Based on Table 1, we found that abnormal valve clearance (Elamin et al., 2010, Li et 
al., 2010, Wu et al., 2012, Jafari et al., 2014, Alhouli et al., 2015; Flett & Bone, 2016) and faulty fuel 
injector (Elamin et al., 2010, Gawande et al., 2010, Porteiro et al., 2011; Lin 2013) are the most common 
types of study among researchers. The vibration analysis (VA) and in-cylinder were the most common 
CM methods and employed by most of the researchers and followed by acoustic emission (AE). Other 
methods such as in-cylinder pressure, temperature, instantaneous angular speed (IAS) and others also 
been employed as shown in Table 1. Meanwhile, wear debris analysis is one of CM methods which 
mostly used to study the condition of lubrication oil of diesel engine after certain running hours. A 
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microscopic image processing technique based on-line ferrographic monitor is adopted to analyze the 
wear debris characteristics of the engine oil, and an on-line moisture and viscosity detection sensor is 
used to monitor the lubricant condition (Yan et al., 2013).  
 
From this study, it is obvious that vibration and in-cylinder methods have the capability to detect some of 
the most common types of defects such as misfiring and valve leakage which normally happened due to 
abnormal injection pressure and abnormal valve clearance respectively.  AE also has ability to detect 
misfiring and valve leakage (Elamin et al., 2010). Besides that, AE sensor which is one of CM 
technologies has the fundamental capability to detect certain types of critical defects such as crack on 
valve head and leakage and piston ring fault (Arroyo et al., 2013).  
 

Table 1: Summary of publications on diesel engine CM. 

Authors  

Subsystem(s) or 

component(s) 

studied 

Types of defect(s) studied CM method(s) employed 

Elamin et al., 2010 fuel injector abnormal fuel injection; misfiring AE 

Li et al., 2010 
intake and exhaust 

valves; piston ring 
abnormal valve clearance 

VA, crank shaft encoder, tachometer (TDC), 

pressure sensor 

Gawande et al., 

2010 

fuel injection pump 

(fuel supply) 

wide range of malfunctions up to 

a complete misfire 

combustion pressure (piezoelectric pressure 

transducers) 

Porteiro et al., 

2011 

selected locations 

on diesel engine 

surface  

misfiring of each of the three 

cylinders; shaft imbalance; 

clogged intake filter and a leaking 

start/glow plug 

vibration (VA) and exhaust temperature 

sensors 

Lowe et al., 2011 
engine block and 

head  
excessive diesel knock level 

AE, cylinder pressure, TDC, crank angle 

encoder 

Satyanarayana 

Murthy, 2011 
cylinder head detect the “knock” level VA 

Wu et al., 2012 
cylinder exhaust 

valve 
valve gap abnormal VA 

Li et al., 2012 valve rocker arm broken rocker arm VB & speed encoder 

Antonopoulos and 

Hountalas, 2012 

cylinder head, 

crankshaft free end  

cylinder pressure depends on 

engine load and speed 

engine speed, torque, injection 

timing, cooling water and lubricating oil 

temperature, fuel and exhaust temperatures 

Heidary et al., 

2013 

fuel injection 

system  

the effect of the fuel blends on the 

engine vibration 
 VA and optical-contact tachometer 

Yan et al., 2013 gear pump slight crack 

on-line ferrographic 

monitor & an on-line moisture and viscosity 

detection sensor  

Lin et al., 2013 fuel injector  pintle head partly grounded off IAS (using crank shaft encoder) 

Arroyo et al., 2013 intake and exhaust engine motored; ignition angle AE & VA 
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valves, piston ring variations; intake valve 

clearances; exhaust valve 

clearances; piston ring fault 

Wargante et al., 

2013 

crankcase; cylinder 

block 

vibration level of single cylinder

diesel engine 
VA 

Albarbar, 2013 
various locations on 

cylinder block  

the impact on combustion 

performance based on injection 

pressure variation 

air-borne acoustic -condenser microphone, in-

cylinder (combustion) pressure, vibration, 

speed, TDC position, temperature  

Narayan, 2013 engine block 
DFT of in cylinder of motored 

and un-motored 
in-cylinder pressure and optical crank encoder 

Jafari et al., 2014 
intake and exhaust 

valves 

semi-cracked valve; notched 

valve and excessive clearance 
AE 

Chiatti et al., 2014 

in a selected 

location of the 

engine block 

to characterize the combustion 

process 

VA, intake & exhaust pressures, temperature, 

engine speed and the crank angle position 

Espadafor et al., 

2014 

various locations on 

cylinder block 
different system loads VA, optical encoder, strain gauge 

 Alhouli et al., 

2015 
exhaust valve abnormal valve clearance 

cylinder vibration (VA), cylinder pressure, 

TDC, flywheel gear encoder, torque sensor 

Gowtham and 

Kumar, 2016 

piston rings and 

cylinder walls 

possible of wear in the engine 

components 

spectrophotometer oil analysis (wear metal 

analysis) 

Wanyou et al., 

2016 
flexible coupling 

torsional stiffness of the elastic 

coupling 

VA (torsional vibration)-                    

magnetic-electric sensor or encoder 

Justin et al., 2016 valve trains system 
 deformed valve spring faults and

abnormal valve clearance faults 
VA & rotary encoder 

 

5. CONCLUSION AND RECOMMENDATION FOR FUTURE STUDY 
 
This paper presented the summary on publications which dealing the research and development of CM 
system on diesel engine. The types of defects have been among the important factors for researchers to 
decide the types of sensors. Besides that, the results and analysis has been highly influenced by 
experimental requirements that could induce certain type of defects or symptoms such as loading 
conditions and engine speeds. Various forms of signal processing tools such as angular-frequency, time-
frequency, CWT, etc have been used to enhance and improve the quality of captured signal to detect and 
diagnosis the defects. There are certain areas such as engine mounting and flexible coupling which could 
be studied in future due to lack of publications on these areas. Besides that, a new sensor and data 
acquisition unit shall be designed that capable to measure all different signals rather than using different 
sensor for each different signal. This will helps researchers to minimize the time and space needed to 
conduct their experimental studies. 
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