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EDITOR'S NOTE: 
IJERI WELCOMES A NEW SISTER JOURNAL 

 
 

Philip Weinsier, IJERI Manuscript Editor  
 

IAJC Journals  
 

As noted in the previous issue, the inception of IJERI was 
in response to the overwhelming success over the last ten 
years of the International Association of Journals and Con-
ferences’ flagship journal—IJME. But while some articles in 
IJERI will be on par with papers on engineering research 
appearing in IJME, its design is for a broader readership and 
includes studies in new, emerging and innovative fields of 
research. 

IAJC, the parent organization of IJERI and IJME, is a 
first-of-its-kind, pioneering organization acting as a global, 
multilayered umbrella consortium of academic journals, 
conferences, organizations, and individuals committed to 
advancing excellence in all aspects of education related to 
engineering and technology. IAJC is fast becoming the asso-
ciation of choice for many researchers and faculty, due to its 
high standards, personal attention, fast-track publishing, 
biennial IAJC conferences, and its diversity of journals—
IJERI, IJME and about 10 other partner journals. 

Only weeks before we went to print, IAJC took over the 
editorship of a third journal:  the Technology Interface Jour-
nal, stewarded since 1996 by its founding editor, Dr. Jeff 
Beasley. Everyone at IAJC would like to thank Dr. Beasley 
for all that he has done for the field of engineering technol-
ogy. The journal will continue its dedication to the field of 
engineering technology, but readers can expect a few 
changes, not the least of which will be a minor name change 
to the Technology Interface International Journal (TIIJ); visit 
us at www.tiij.org. Also, the journal will now be published 
both online and in print, and use the same publishing stan-
dards as required by IJME and IJERI. 

 

Current Issue 
 

The acceptance rate for this issue was roughly 40%. And, 
due to the hard work of the IJERI editorial review board, I 
am confident that you will appreciate the articles published 
here. Both IJERI and IJME are available online 
(www.ijeri.org & www.ijme.us) and in print.  

2011 IAJC-ASEE  
Joint International Conference 
 

The editors and staff at IAJC would like to thank you, our 
readers, for your continued support and look forward to see-
ing you at the next IAJC conference. Look for details on the 
IAJC web site and for email updates. Please also look 
through our extensive web site (www.iajc.org) for informa-
tion on chapters, membership and benefits, and journals. 
 
 The third biennial IAJC conference will be a partnership 
with the American Society for Engineering Education 
(ASEE) and will be held at the University of Hartford, CT, 
April 15-16, 2011. The IAJC-ASEE Conference Committee 
is pleased to invite faculty, students, researchers, engineers, 
and practitioners to present their latest accomplishments and 
innovations in all areas of engineering, engineering technol-
ogy, math, science and related technologies.  
 
 Presentation papers selected from the conference will be 
considered for publication in one of the three IAJC journals 
or other member journals. Oftentimes, these papers, along 
with manuscripts submitted at-large, are reviewed and pub-
lished in less than half the time of other journals. Please re-
fer to the publishing details at the back of this journal, or 
visit any of our web sites. 
 

International Review Board 
 
IJERI is steered by IAJC’s distinguished board of direc-

tors and is supported by an international review board con-
sisting of prominent individuals representing many well-
known universities, colleges, and corporations in the United 
States and abroad. To maintain this high-quality journal, 
manuscripts that appear in the Articles section have been 
subjected to a rigorous review process. This includes blind 
reviews by three or more members of the international edito-
rial review board—with expertise in a directly related 
field—followed by a detailed review by the journal editors. 
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AN INNOVATIVE APPLICATION OF 3D CAD FOR 
HUMAN WRIST LIGAMENTOUS INJURY DIAGNOSIS 

 
Haoyu Wang, Central Connecticut State University; Frederick W. Werner, SUNY Upstate Medical University;  

Ravindra Thamma, Central Connecticut State University        
                                    

Abstract  
 
 Instability of the scapholunate joint is frequently mani-
fested by wrist pain and is sometimes visualized by a 2-4 
mm gap between the scaphoid and lunate. Surgical repairs 
have had limited success, due in part to the surgeon being 
unsure which ligament or ligaments have been torn until the 
time of surgery. Various methods have been used to describe 
this gap between the bones, and various levels of instability 
have been described. Ideally, a surgeon would have an imag-
ing technique such as x-ray, CT scan or MRI that would help 
in determining which ligaments have been damaged by visu-
alizing the gap between the bones. In this study, the authors 
proposed and implemented three measurements: a 1D (one-
dimensional) minimum gap between the bones, a 2D (two-
dimensional) area descriptor of the gap, and a 3D (three-
dimensional) volume descriptor of the gap. Cadaver wrists 
were moved through cyclic flexion-extension (FE) and radi-
oulnar deviation (RU) motions under computer control. 
 
 Three-dimensional scaphoid and lunate motion data were 
collected in the intact specimens and after sequentially sec-
tioning three ligaments, in two sequences. Data were again 
collected after 1000 cycles of motion to mimic continued use 
after injury. CT-scan images of each wrist were contoured 
and stacked with imaging software after which the surface 
models (dxf) were converted to solid objects (IGES). Fi-
nally, a DLL (Dynamic Link Library) was created in C++ to 
interface with SolidWorks®. The experimentally collected 
kinematic data of the carpal bones were used to move the 
virtual bone models through the DLL in SolidWorks®. The 
articulating surface on each bone is a 3D surface with 3D 
curves as boundary. The 1D, 2D, and 3D gaps were auto-
matically created and calculated by the DLL in Solid-
Works®, while the scaphoid and lunate were in motion. 
These methods can help the surgeon in better visualizing the 
injury. 
 

Introduction 
 
 Damage to the ligaments of the wrist is a common injury, 
but one that is not well publicized.  In 1999, traumatic wrist 
injuries were reported by 88,000 workers in private industry 
and by 580,000 people whose ligamentous injuries were 
related to consumer products (Bureau of Labor Statistics, 
National Electronic Injury Surveillance System (NEISS)). In 

particular, injuries due to recreational activities such as 
snowboarding, skateboarding, and riding scooters has in-
creased at a rate of 15% per year. 
 
 One region of the wrist that is commonly injured after 
falling on an outstretched hand is the scapholunate (SL) 
joint; see Figure 1.  An impact to the wrist may produce car-
pal instability, where the stabilizing ligaments of the wrist 
are compromised, as indicated in Figure 2. The instability 
pattern between the scaphoid and lunate may cause pain and 
the inability to grasp tools or lift objects. As noted by Gar-
cia-Elias et al. [1], the adverse effects of the ligament tears 
are underestimated and the injury is frequently untreated or 
poorly managed.  Numerous surgical treatments have been 
developed with varying success [2]. 
 

 
 

Figure 1. Scapholunate joint 
 

 
Figure 2. Stabilizing ligaments injury due to impact 
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 The purpose of this study was to develop a methodology 
to determine if various joint-gap measurements between the 
scaphoid and lunate could be related to specific ligament 
injuries through 3D computer models of the scapholunate 
joint. Three-dimensional models are useful tools for the 
study of complex joint motions. In-vitro 3D animations and 
models have been based on motion of the forearm at various 
static positions [3], dynamic vertebral motion [4], passive 
motion of extremities [5], and passive motion of carpal 
bones [6]. In-vivo motions have been modeled using bipla-
nar radiographs at static joint angles [7], high-speed biplanar 
radiographs in a canine [8], and 3D model fitting of fluoro-
scopic videos [9]. Multiple in-vivo 3D CT data sets, taken at 
various static joint positions, have been animated by Crisco 
et al. [10] and Snel et al. [11]. These different techniques 
have quantified and illustrated rotation angles, motion axes, 
contact areas, and ranges of motion. 
  
 Although each method has its inherent benefits, no single 
technique animates dynamic human joint motion with com-
mercial software. Static and passive motion studies may not 
account for kinematic changes due to dynamic tendon loads, 
and the need for custom software development can be over-
whelming. The goals of this study were to present a tech-
nique to (a) develop methodology to characterize separation 
of scaphoid and lunate with ligamentous sectioning and (b) 
determine which wrist positions might best differentiate 
these effects. These interbone gaps help describe bone mo-
tions and kinematic changes due to ligamentous injury. 
 

Methods and Materials 
  
 A servo-hydraulic simulator was used to move cadaver 
hands through repeatable wrist motions [12]. Fastrak motion 
sensors (Polhemus, Colchester, VT) collected kinematic data 
at 27 Hz for the scaphoid, lunate, and radius, and at 82 Hz 
for the 3rd metacarpal. A wrist flexion-extension motion 
representing 50° of third metacarpal flexion to 30° of exten-
sion, and a radial-ulnar deviation of 10° radial to 20° ulnar 
were also performed. After testing, each arm was removed 
from the simulator and rigidly fixed within a styrofoam box 
using expanding urethane foam. Fastrak kinematic data were 
collected and a CT scan was performed on the arm. The 
post-test kinematic data were used to establish a spatial rela-
tionship between the sensor data and the location and orien-
tation of the bones in the CT slices, as indicated in Figure 3. 
 
 The CT images were segmented with SliceOmatic imag-
ing software (Tomovision, Montreal, Canada) to produce 
surface shells, or polygonal models, of the bones. This soft-
ware uses a proprietary algorithm to automatically contour 
regions of high gray-level contrast. The user traces an area 
by using a mouse and cursor to place points around the 
structure to be contoured. The algorithm then uses the origi-

nal gray-level gradient of the image to place a contour near 
the user-selected points, based on the highest contrast in that 
immediate area. 
 
 
 
 
 
  
 
 
 
 
 
 
 The user-selected points are replaced with software-
generated points along the gradient that are spaced at two 
pixels apart. The user can limit the amount of curvature al-
lowed in the contour. For this study, the carpal bones were 
contoured at the subchondral bone/cartilage interface and at 
the outer edges of the magnetic coils for the sensors. In order 
to calculate interbone gaps, the polygonal bone models were 
exported from 3DStudio-MAX and converted to NURBS 
(Non-Uniform Rational B-Spline) surface models using 
Geomagic Studio [13]. NURBS (.igs) are smooth, continu-
ous surfaces defined over a quadrilateral region, based upon 
vertex points and allow the models to be analyzed with 
three-dimensional CAD software. The polygons were deci-
mated, refined and replaced with a grid pattern to fit a closed 
surface. The surface consisted of 1000 patches per bone. 
 

 
 
 
 Animations of the bones’ solid models and interbone-gap 
calculations for each frame of an animation were imple-
mented in Solidworks 3D CAD software [14]. In this study, 
the authord developed in-house software, ORTHOPEDICS, 
in C++, using the SolidWorks API (Application Program-
ming Interface) on a Windows platform; refer to Figures 4 

CT 
reconstruction 

Polygon 
model 

Solid 
model 

Figure 3. CT slice model, polygon model, and solid model

Figure 4. Orthopedics Add-in in SolidWorks
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and 5. The software has the form of DLL (Dynamic Link 
Library), which is easily loaded and unloaded in SolidWorks 
just like any other standard add-ins. 
  

 
 
 
 ORTHOPEDICS automatically created separate CAD 
assemblies, based on the Fastrak carpal data, to replicate 
each animation frame produced in 3DStudioMAX. Instead 
of the conventional rotation matrix, Quaternions were used 
in calculating motions of the scaphoid and lunate carpal 
bones as they are more efficient and more numerically sta-
ble. For each assembly, the software computed 1D, 2D, and 
3D interbone gaps between scaphoid and lunate.  
 
1. 1D gap calculation 
 
 A 1D gap is defined as the minimum distance between the 
carpal bones. The minimum distance is calculated by what 
can be called a “pingpong” algorithm. The top image in Fig-
ure 6 illustrates this method. If the bones are opened and 
separated like a book, the articulating surfaces can be seen, 
as in the lower image in Figure 6. The SolidWorks API is 
capable of locating a point on a face that is closest to a point 
in the space. Starting from a point that is in between the sca-
phoid and lunate, a point on one of the articulating faces of 
scaphoid can be found. This point can now be used as the 
starting point for finding the closest point on the face of the 
lunate. For each patch-to-patch comparison, points were 
compared based on a user-defined spacing—or tolerance—
of 1 mm. The algorithm searched for an individual point in 
one patch that was closest to a second point on the other 

bone. Thus, it ‘ping-ponged’ between points on these two 
patches until the newest point on one patch was within 1 mm 
of the previous point. In order to increase the efficiency of 
the algorithm, the authors selected the patches to be exam-
ined for distance computation. A line was drawn between 
the bones to represent the minimum distance, and the CAD 
assembly saved. The algorithm created the next assembly in 
the motion, calculated the minimum distance, and saved the 
distances to a text file. Methods of validation of the mini-
mum distance can be found in [15]. 
 

Minimum 
Distance

Scaphoid

Lunate

Scaphoid and Lunate 
Opened Like a Book  

 
 
 
2. Calculation of a 2D gap 
 

 
Figure 7. 2D gaps (dorsal and volar gaps) 

 
 A 2D gap is defined as a quadratic area between the carpal 
bones. This was inspired by the regular practices of hand 
surgeons as they diagnosed these kinds of injuries.    Figure 

Figure 6. Ping-pong algorithm for 1D gap 

Figure 5. Orthopedics Dialog Box 
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7 shows two dorsal points and two volar points chosen ty the 
authors to represent a selection by a hand surgeon.. The dor-
sal separation and volar separation were then calculated. 
Three of the four points were used to define a plane, while 
the fourth point was projected onto the plane. Then, the 
quadratic area was calculated. 
 

Scaphoid     Distal Points

Proximal Points
Lunate

Articulating
Surfaces

 
 
 
 The user can otherwise pick four points that detect the 
distal and proximal separations, as indicated in Figure 8. In 
this figure, one can also see the articulating surfaces. These 
were used to generate the volume between the scaphoid and 
lunate. 
 
3. Calculation of a 3D gap 
 
 A 3D gap is defined as the lofted volume between the ar-
ticulating surfaces of the carpal bones; refer to Figure 9. 
Since CAD software can only calculate the volume and sur-
face area of a complex shape when the model is a solid, it 
was necessary to first describe a contained volume between 
the scaphoid and lunate. As the articulating surface on each 
bone is a 3D surface with a 3D curve as a boundary, the idea 
of lofting was chosen to generate the volume between the 
two articulating surfaces. Lofting creates a feature by mak-
ing transitions between profiles. Using the lofting method to 
generate the volume has two advantages. First, the 3D 
boundary curves and 3D surfaces of both articulating sur-
faces are used directly instead of being approximated when 
generating the volume. Second, it offers the flexibility of 
changing the definition of the volume by changing the guide 
curves of the loft. For any frame of motion of the carpal 
bones, the volume between the articulating surfaces is gen-
erated physically by using the Solid Lofting feature provided 
in SolidWorks. 
 
 There are five ligaments that are thought to stabilize the 
scaphoid and lunate. The scapholunate interosseous liga-
ment, seen in Figure 10, known as SLIL, connects the sca-
phoid and lunate. On the dorsal side of the wrist, is the dor-
sal intercarpal ligament known as DIC, and the dorsal radio 
 

Lofted Volume

 
 
carpal ligament known as DRC. On the volar aspect of the 
wrist is the radioscapho-capitate ligament known as RSC, 
and the scapho-trapezium ligament known as ST. 
 

Dorsal View Volar View
DIC, DRC, SLIL ST, RSC

STT

 
 
  
 
 In each of 19 freshly frozen cadaver forearms that were 
tested for this study, Fastrak electromagnetic motion sensors 
were mounted onto the scaphoid, lunate, third metacarpal, 
and distal radius in order to measure their 3D motion with 
electromagnetic sources mounted onto a platform and at-
tached to the ulna. Four groups of arms were studied. For 
each group of arms, three ligaments were sequentially sec-
tioned in the sequences shown below, each of which saw 
1000 cycles of motion. 
 
  Group 1: SLIL, RSC, ST, - 5 arms 
  Group 2: ST, SLIL, RSC, - 4 arms 
  Group 3:    DRC, DIC, SLIL, - 5 arms 
  Group 4:    DIC, SLIL, DRC, - 5 arms 
 
 The motion of the scaphoid and lunate was measured with 
the wrist intact, after each ligament was sectioned for each 
of the 3 sequences shown here, and after 1000 cycles of mo-
tion. 
 
 
 
 

Figure 8. 2D gaps (distal and proximal gaps) 

Figure 9. 3D gaps (lofted volume) 

Figure 10. Ligamentous stabilizers 
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 Results 
 
 Figure 11 shows the minimum distances computed for 
each level of sectioning during wrist flexion/extension. An 
increase of the minimum distance was observed only when 
SLIL was sectioned. This was accentuated with sectioning of 
the RSC ligament and even more so with the addition of 
1000 cycles of repetitive motion. It is important to note that 
the maximum gap always occurred during wrist flexion. 
Figure 12 shows another average minimum distance plot 
during wrist flexion/extension but with a different sectioning 
sequence. An increase of the minimum distance occurred 
only after the SLIL was sectioned. A further increase was 
observed after 1000 cycles of motion. Again the maximum 
gap measured by the minimum distance appeared during 
wrist flexion. 
 

  

   

 
 

 
 

 

  
 
 

 
 
 
 
 During radial/ulnar deviation, an increase in the mini-
mum distance was observed only after SLIL was sectioned. 
In addition, the maximum value of the minimum distance 
was detected in ulnar deviation. Figure 13 shows the dorsal 
view of the wrist joint as if measurements were being made 
on an x-ray machine. Looking at Figure 14, distances A and 
B appear to be similar in length, when in fact they have very 
different lengths. It is better illustrated from this view. This 
is why the minimum distance in this study, based on the 3D 
model, is a much better descriptor than the distance meas-
ured in 2D on an X-ray. 
 
 Measurement of the dorsal and volar gaps between the 
scaphoid and lunate showed an increase in the distance be-
tween the scaphoid with ligamentous sectioning (Figure. 15). 
This graph shows the percentage increase in the gap after all 
ligaments had been cut and after 1000 cycles. As shown in 
this series of arms, the dorsal and volar distances increased 
the most in wrist flexion after all of the ligaments were sec-
tioned. Also, the dorsal gap increased more than the volar 
gap and the bones did not separate evenly. 

Figure 11. 1D gap after section of ST, SLIL, and RSC 

Figure 12. 1D gap after section of DRC, DIC, and SLIL 

Figure 13. 1D gap as on an X-Ray 

Figure 14. Actual 1D gap between carpal bones 
 deviation 
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 Looking at the graph in Figure 16, it can be seen that the 
distances between the proximal and distal points on the ar-
ticulating surfaces also increased with ligamentous section-
ing. Additionally, the increase was greater in flexion than in 
extension and the dorsal distance increased more than the 
proximal distance during only a small part of the motion. 
 
 Volume changes I the gap during the wrist flex-
ion/extension motion can be seen in Figure 17. The volume 
of the gap was greater in flexion and correlates well with the 
1D minimum distance changes for both when the ligaments 
are intact and after all have been sectioned. Intuitively, one 
can consider volume as a better gap descriptor as it is 3D in 
nature and more informative. How it could help in describ-
ing the gap between the scaphoid and lunate, is still under 
study. 
 
 

 
 
 
 

Conclusions 
 
 This study showed that changes in carpal bone position are 
better detected using 3D visualization techniques. The nature 
of an x-ray is a projection of a 3D object onto a 2D screen. 
Thus, the actual scapholunate gap could be foreshortened, 
making the results misleading. Therefore, accuracy of meas-
uring a gap on a 2D x-ray with the wrist positioned in neu-
tral was questioned. In this study, three methodologies were 
developed to characterize the scapholunate gap. First, a 
ping-pong algorithm was developed and implemented to 
calculate the minimum distance between the carpal bones, 
scaphoid and lunate. Second, a four-point area method 
showed how a hand surgeon could pick four specific points, 
two on the scaphoid and two on the lunate, to represent the 
most important locations on the carpal bones that the hand 
surgeon would use to analyze the motion. Third, a solid vol-
ume was generated between the carpal bones by lofting be-
tween the cartilage areas of the bones.  
 
 Preliminary research showed the correlation between the 
volume and the minimum distance. The authors believe that 
the lofted volume can represent the ligament between the 
bones and be very valuable in the diagnosis of ligamentous 
injuries. Further research is needed to determine related ap-
plications. An add-in to SolidWorks, ORTHOPEDICS, was 
developed to implement all of the aforementioned scapholu-
nate-gap calculation methods. Gap data can be collected 
automatically for all frames of a motion.  The results of the 
gap data in this study showed that changes due to DIC or ST 
sectioned alone could not be detected. Furthermore, detec-
tion of major SL gap changes may be best detected in wrist 
ulnar deviation and flexion. 
 

Figure 15. 2D dorsal gap  

Figure 16. 2D volar gap  

Figure 17. Correlation between 3D gap and 1D gap 
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 The methodology in the study can be applied to the analy-
sis of any human or animal joint injury. Future study is 
needed to collect data from real patients, explore application 
fields, and develop stand-alone software. 
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Abstract 
 
 Engineering and technology software tools are used by 
professionals and companies worldwide, and in a university 
setting, students are given the opportunity to familiarize 
themselves with the operation of software packages that they 
will be using after they join the workforce. Many classroom 
projects in engineering technology curriculum that require 
the use of advanced software tools has increased in college 
and universities on both undergraduate and graduate levels. 
Emerging virtual applications enhance understanding both 
theoretical and applied experiences of engineering technol-
ogy students by supporting laboratory experiments. 
MSC.Easy5, AMESim, SolidWorks, ProE, Matlab, Mul-
tiSim and LabViewTM are some of the well known system 
modeling, simulation and monitoring software tools that 
offer solutions to many problems in mechanical, thermal, 
hydraulics, pneumatics, electrical, electronics, controls, in-
strumentation and data acquisition areas. These virtual tools 
also help to improve the learning pace and knowledge level 
of students in many applied subjects. This paper presents 
case studies used in applied class projects, laboratory activi-
ties, and capstone senior design projects for a B.S. degree 
program in electrical engineering technology and manufac-
turing/design technology. Many students have found soft-
ware tools to be helpful and user friendly in understanding 
fundamentals of physical phenomena. 

 

Introduction 
 
 The development of educational and industrial software 
and simulation tools has been considerably increased by the 
development of high speed computers. Industrial applica-
tions now concentrate on replacing expensive equipment 
with software and simulations tools, while a number of edu-
cational institutions are preferring simulation tools instead of 
purchasing expensive test equipments for their laboratories. 
Universities, especially engineering education departments, 
are incorporating industry standard programming environ-
ment tools mainly in laboratory practices, but they are also 
being used in research and classroom education.  
 
 In engineering education, the demonstration of high tech 
equipment is the most common procedure. Demonstration 

engages process modeling, testing and simulation, imitates 
data acquisition and process control. For demonstration pur-
poses, high level graphical user interface is required for pro-
viding efficient communication. Virtual applications may 
enhance both theoretical and hands-on experience for engi-
neering technology students by supporting laboratory ex-
periments as well. Most well-known industrial and educa-
tional software packages such as MSC.Easy5, LMS Imag-
ine.Lab AMESim, SolidWorks, ProE, Matlab, MultiSim and 
LabViewTM  are powerful physical system simulation and 
monitoring software tools that offer solutions to many prob-
lems in mechanical, thermal, hydraulics, pneumatics, electri-
cal, electronics, instrumentation and data acquisition areas. 
These virtual tools also help to develop learning knowledge 
level of students in many applied subjects. For example, one 
of the well-known industrial software packages used in en-
gineering education is LabViewTM, is a National Instrument 
(NI) product [1]. The NI LabViewTM is a user friendly 
graphical based programming environment mainly devel-
oped for data acquisition, instrumentation, and monitoring, 
besides process control and modeling are also supported. 
 
 There are a variety of research attempts to add simulation 
tools to laboratory experiments in engineering education 
courses. Virtual Control Workstation Design using Simu-
link, SimMechanism, and the Virtual Reality Toolbox was 
conducted in education to teach control theory principles as 
well as a test station for control algorithm development [2]. 
Authors used two workstations from Quanser Consulting for 
their electrical and computer engineering program student 
projects. Their claim was that incorporating a laboratory 
support into the engineering courses would enhance learning 
skills of the students. The discussion of the design and use of 
a low-cost virtual control workstation has been accom-
plished in the first undergraduate control theory course. The 
virtual workstation model from the physical, electrical, and 
mechanical parameters of a Quanser Consulting electrome-
chanical system was built during the course period. The sys-
tem has been used in over a dozen student projects and fac-
ulty research in the Electrical and Computer Engineering 
department at Bradley University. A capstone project was 
distributed to all faculty members. Also the learning curve of 
Simulink in senior capstone projects was tested by designing 
a six-week design project for a course that required system 
modeling using Simulink.  
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 Other research incorporating the use of multimedia tools 
into a reverse engineering course has been presented by 
Madara Ogot [3]. The main goal of this study was to use 
multimedia as initiatives for the students to learn how to use 
main tools and use them in other academic activities beyond 
the reverse engineering class. Since a classic mechanical 
engineering curriculum may not offer instructions on the use 
of multimedia tools in the areas of computer illustration, 
animation, and image manipulation, this experience in-
creased the major students’ interest in these topic areas. In-
struction on the use of these tools was incorporated into a 
mechanical engineering course at Ruther University instruc-
tors plan to send out follow-up surveys at the end of the each 
semester to students who have taken the class. It is expected 
that the results of the surveys should provide an indication as 
to whether providing formal instruction in the use of multi-
media tools actually translates into their common use during 
the students’ technical, oral and written communications. 
 
 Another study has been conducted to increase use of soft-
ware tools such as PSCAD/EMTDC [4], an electrical power 
and power electronics transient studies software tool for ma-
jors in the Electrical Engineering area. The aim of this study 
was to familiarize students with the electrical power systems 
without the cost and safety issues of actual power system 
simulators.  Introduction of the PSCAD is usually introduced 
in the second week of an undergraduate power systems class 
and training starts with two basic sessions. For this purpose 
two case studies were presented on PSCAD that included the 
simulation of a three-bus system that allowed for independ-
ent control of voltage and phase on each bus in a way that 
clearly illustrates the principles of power flow control [5]. 
The author’s objective in using digital simulation software 
tools in power systems is that “modern teaching facilities 
supported with digital simulation tools and well equipped 
laboratories have great impact in the development of engi-
neering programs in power systems and energy technolo-
gies.”    
 

Software Tools in Technology  
Education 
 
 Authors of this paper introduce a number of case studies 
based on the following digital simulation and modeling tools 
in both mechanical and electrical engineering technology 
areas.  
 
 The AMESim simulation package comes with very helpful 
demonstration models for a convenient initial start of model-
ing [6]. This digital software tool offers an extensive set of 
application specific solutions which comprise a dedicated set 
of application libraries and focus on delivering simulation 
capabilities to assess the behavior of specific subsystems. 

 Pro/ENGINEER Wildfire 2.0 and its “Mechanism” simu-
lation application is used to demonstrate an interference 
problem between parts in the engineering assemblies by 
simulating the individual parts [7]. Pro/ENGINEER is an-
other standard in 3D product design, featuring industry-
leading productivity tools that promote practices in design 
while ensuring compliance with industry standards.   
  
 Another 3D design software is SolidWorks Education 
Edition, which brings the latest technologies in 3D CAD 
software, COSMOS Design Analysis software, and compre-
hensive courseware to the modern design-engineering cur-
riculum [8]. National Instruments MultiSim [9] formerly 
Electronics Workbench MultiSim software integrates power-
ful SPICE simulation and schematic entry into a highly in-
tuitive user friendly graphical based electronics labs in digi-
tal environments.   
 
 LabViewTM is another National Instruments graphical de-
velopment environment to help create flexible and scalable 
design, control, and test applications [1]. With LabViewTM, 
engineering and technology students can interface with real-
world signals from a variety of physical systems in all engi-
neering areas; analyze data for meaningful information; and 
share results through intuitive displays, reports, and the 
Web. Although not covered in this paper due to the length of 
this paper, Matlab has been one of the strongest mathemati-
cal tools in analog and digital signal and control systems 
design and simulation studies in the program at the Univer-
sity of Northern Iowa. 
 

Case Studies 
 
 Six case studies are presented in this section of the paper. 
In the first case study, we will be determining the angle of 
inclination of a plane when the object starts moving if it is 
located on a flat inclined surface with a given static friction 
of coefficient.  The second case study demonstrates how to 
determine the stopping distance and time of a vehicle model 
on inclined surfaces. The third case study is to solve inter-
ference problems between engineering models created by 
Pro/Engineer Wildfire based on Mechanism simulation ap-
plication. The fourth case study describes Solid Works in a 
capstone design project to model and simulate floating cal-
culations for a solar electric powered fiberglass boat devel-
oped at the University of Northern Iowa. The fifth case study 
is using MultiSim, Electronics Workbench in simple RLC 
circuits for measurement purposes. A low pass filter study, 
Bode Plot for stability, and full-wave bridge rectifier simula-
tion studies by MultiSim are also briefly reported. The last 
digital tool covered in this paper is LabViewTM for data ac-
quisition and instrumentation of a 1.5 kW wind-solar power 
system where AC and DC voltage, current, power, wind 
speed values are monitored and recorded precisely.  
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A. Angle of Inclination Study 
 
 Figure 1 depicts a schematic of the simulated system. An 
object with mass, m, is located on a flat surface. One edge of 
the surface is lifted to form an angle, α, with the ground. The 
static friction coefficient, µs, is given. The purpose of this 
test is to determine the angle of inclination when the object 
starts the motion by using a digital simulation tool. 

       
 

Figure 1. Object on inclined surface. 
 
LMS.Imagine.Lab 7b is used to simulate the system [6]. In 
the mechanical library there exists a component called “lin-
ear mass with 2 ports and friction”. The user can apply ex-
ternal forces through the ports; for our purpose the external 
forces are set to zero. Figure 2 illustrates the simulation 
model where attachments from both sides of the mass repre-
sent the zero external forces. 

 
Figure 2. Simulation model of the object on inclined surface. 

 
Parameters of the mass component are populated as demon-
strated in Figure 3. The first two parameters are state vari-
ables that are calculated internally; the user is supposed to 
provide only the initial conditions. Initial velocity and dis-
placements are set to zero. As a selected mass of 100 kg 
starts the motion, initial velocity and displacement values are 
set to calculated values by the model.  Since stiction force is 
good enough for calculations selected, the other three fric-
tion inputs, coefficient of viscous friction, coefficient of 
windage, and Coulomb friction force are all set to zero val-
ues. 
 The formula for the stiction force is given as: 

⎟
⎠
⎞

⎜
⎝
⎛=
180

cos απµ mgF sfs   (1) 

where µs = 0.6  coefficient of friction 
 m = 100 kg mass 
 g = 9.81 kgm/s2 gravitational coefficient 
 α (degree)  angle of inclination 

 

 
Figure 3. Parameters input to mass component. 

 
The angle of inclination in the stiction force formula and the 
inclination in the following line must be identical. Several 
runs are conducted with different inclinations for 10 seconds 
and velocity of the mass has been observed to determine a 
motion. The results are given in Table 1. According to this 
study, the angle of inclination is determined as 31 degree.  

 
Table 1. Results of the simulation model for angle of inclination 
The angle of inclination(degree) Mass Velocity(m/s) 
0 0 
15 0 
30 0 
31 5.1 
40 6.3 
 
An analytical formula to calculate the angle of inclination is 
given as follows [10]: 

αµ tan=s   or  sµα arctan=   (2) 
where µs  coefficient of friction 
 α (degree) angle of inclination 
Since µs = 0.6, the angle of inclination can be calculated as 

o96.30)6.0arctan( ==α . This result validates our 
simulation model. 
 
 This simple case and several other cases that are intro-
duced in lectures and labs have alleviated the instruction of a 
complicated engineering software tool (such as AMESim) 
used students who are taking beginning level of engineering 
or engineering technology courses. It is observed that the 
modeling approach has helped students grasp of more ad-
vanced engineering subjects.  
 

α Fw = mg 

m = 100 kg 

µs = 0.6 
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B. Vehicle Traveling Distance Study 
 
 Because it is an introductory level engineering technology 
course, the subject of the Power Technology class includes a 
basic level of mechanical power transmission calculations 
such as gears, pulleys, inclined plane, etc. Vehicle level de-
sign and analysis are generally covered in higher level 
courses at junior or senior levels. Moreover, testing such 
vehicles in labs or in the field is always hard to conduct for 
even an experienced technician and it is expensive to main-
tain such facilities for a teaching institute.  Using software 
tools may improve instruction of more difficult subjects at 
lower level courses. 
 
 One of the problems presented as part of a computer lab 
assignment was determining stopping distance and time of a 
vehicle model on an inclined ground profile. The schematic 
of the problem is shown in Figure 4. An initial torque pro-
file, as depicted in Figure 5, is applied to vehicle first 22s of 
the test, and the travel distance and the elapsed time until the 
vehicle comes to a complete stop must be determined at the 
given ground slopes of 5% , 10%, 15% and 20%. The vehi-
cle model consists of an engine, vehicle, transmission, dif-
ferential and tire components. 

 
 

Figure 4. Schematic of vehicle and ground profile. 
  
 The AMESim simulation package offers an extensive set 
of application specific solutions which comprise a dedicated 
set of application libraries and focus on delivering simula-
tion capabilities to assess the behavior of specific subsys-
tems. The current portfolio includes solutions for internal 
combustion engines, transmissions, thermal management 
systems, vehicle systems dynamics, fluid systems, aircraft 
ground loads, flight controls, and electrical systems. AME-
Sim comes with very helpful demo models for a convenient 
initial start of modeling. 
 
 “VehicleTire.ame” is a demonstration model in their 
power train library which consists of differential, vehicle and 
tire models. While the engine has been represented by a 
simple torque curve, a transmission model has been com-
pletely ignored. For part of the lab work, the students were 
expected to integrate a transmission model to the demonstra-

tion vehicle model. They are instructed to use the variable 
gear ratio component from AMESim mechanical library for 
a simplified transmission model. The component allows the 
user to specify any gear ratio externally. A diagram of the 
modified vehicle model is demonstrated in Figure 6. 
 
 Breaking torque is set to zero for the purpose of this study. 
The Gear ratio of the transmission has been increased from 0 
to 1 by 0.25 increment for each 5 s as depicted in Figure 7. 
The other parameters except the slope input have been left at 
the default parameters from the demonstration model. The 
model is run twice for 5%, 10%, 15% and 20% of ground 
slopes. The results are shown in Table 2. It is obvious that as 
the slope increases, the vehicle stops earlier. 
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Figure 5. Engine torque profile. 

  
 Interestingly, at 20% slope, the vehicle did not move to-
wards up to hill, instead it moved back after the engine 
torque was released at a time of 22s of the simulation. This 
gives the student an opportunity to investigate the system 
capabilities. The model can be used further in a detailed dis-
cussion and analysis of the vehicle behavior. For example, 
the car body longitudinal velocity and acceleration for 5% 
ground slope (Figure 8). The vehicle is accelerating and 
reaches to maximum velocity until time 22 second when the 
engine torque is set to zero as seen in Figure 8.a. The accel-
erating scheme (Figure 8.b) during this period looks like a 
step function since gear ratios are suddenly increased at 
times of 5, 10, and 15 s of simulation. The slight decrease in 
acceleration through the end of each step is because of the 
drag losses that were set to nonzero by default.  
 
C. Solving an Interference Problem with 
Pro Engineer Wildfire 2.0 
 
 Pro Engineer Wildfire 2.0 is an engineering modeling and 
design program capable of creating solid models, drawings, 
and assemblies. Pro/Engineer comes with different applica-
tion program packages to help in the design and 
 modeling process. 
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Figure 6. Vehicle simulation model. 

 
 
Table 2. Results of the vehicle simulation model. 
 
Ground Slope 
(%) 

Stopping Distance 
(m) 

Stopping Time 
(s) 

5 1304 85.96 
10 454 47.38 
15 111 32.4 
20 n/a n/a 
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Figure 7. Gear ratio of transmission in a vehicle simulation 
model. 
 

 
  (a) Velocity    

 
  (b) Acceleration 
 
Figure 8. Car body longitudinal velocity and acceleration. 

 
 These application programs aid engineers in testing parts, 
models, and assemblies from early to advanced development 
stages. Applications include cabling, piping, welding, sheet 
metal, mechanica, mechanism, animations, plastic advisor, 
finite element analysis etc. Student groups who are familiar 
with Pro/Engineer can be divided into small interest groups 
to make projects using application packages depending on 
their area of interest. For instance, cabling applications can 
attract an electrical engineering major student to learn how 
to design an electrical cabling of the system. The piping ap-
plication package can be an interesting part of modeling for 
students who want to model air, gas, hydraulic and fuel 
pipes and hoses for the automotive industry. In fact, learning 
fundamentals of how to use Pro/Engineer applications defi-
nitely enhance students’ knowledge. Fundamentals of each 
application help students to understand the basic terminol-
ogy, tasks, and procedures so they can build their own mod-
els efficiently and share information, ideas, and processes 
with other students. 
 
 In this case study, a small group of engineering students 
were required to solve an interference problem between two 
parts by providing a new design solution. For this purpose, 
the Pro/Engineer “Mechanism” application was used to find 
out where the interference occurs. Pro/Engineer Mechanism 
can define a mechanism, make it move, and analyze its mo-
tion. In the Mechanism application, engineering students 
create connections between parts to build an assembly with 
the desired degrees of freedom, then apply motors to gener-
ate the type of motion the student wants to study. Mecha-
nism Design allows designers to extend the design with 
cams, slot-followers, and gears. When the movement of the 
assembly is completed, the students can analyze the move-
ment, observe and record the analysis, or quantify and graph 
parameters such as position, velocity, acceleration, and 
force. Mechanism is also capable of creating trace curves 
and motion envelopes that represent the motion physically. 
When the movement ready, mechanisms can be brought into 
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“Design Animation” to create an animation sequence. Actual 
physical systems such as joint connections, cam-follower 
connections, slot-follower connections, gear pairs, connec-
tion limits, servo motors, and joint axis zeros are all sup-
ported in “Design Animation.”  

 
 Initially, the dimensions of four different parts were pro-
vided to the students to model in Pro/Engineer. The parts 
were named with appropriate explanations to alleviate the 
modeling process for them. The dimensions of the ball 
adapter and main structure plate were intentionally changed 
to cause interference in between when operating in the as-
sembly. In this case, the students used a mechanism applica-
tion by changing the assembly type and using joint connec-
tions to move the parts in the assembly. Figure 9 depicts a 
Pro/ Engineer assembly of four different parts; ball adapter, 
connection pin, tightening pin, and main structure plate.  
 
 As a result of modeling and assembling the aforemen-
tioned parts together, students realized that there was inter-
ference between the internal sides of the main plate and the 
ball adapter. The interference amount was found by making 
a model clearance analysis with Pro/Engineer (depicted in 
Figure 10 with red lines). Second interference occurred 
when testing the ball adapter using the mechanism applica-
tion. When the ball adapter moved down 65-degree angle 
there was interference between the narrow edge of the main 
structure plate and the round shape of the ball adapter. 
 

 
 
Figure 9. Pro-Engineer assembly to test assembly for interfer-
ence control 
 
This was obvious when testing with mechanism only; oth-
erwise the interference was not visible without moving the 
ball adapter. Second interference diagnosed by mechanism 
application is shown in Figure 11 with red lines and 65-

degree angle. In this example, the 65-degree angle was given 
initially to indicate that the ball adapter is supposed to move 
a maximum 65 degree angle to avoid interference of other 
parts in the assembly. 
 

 
 

Figure 10. Interference between main plate and ball adapter 
without moving the parts 
 

 
 

Figure 11. Interference between main plate and ball adapter 
when moved 65 degrees 
 
 After diagnosing the interference problems, the thickness 
of the main structure plate and the diameter of the round 
shape of the ball adapter were decreased enough to avoid the 
problems. This case study motivated students to involve 
more model analysis with other applications of Pro/ Engi-
neer. Students gained skills in how to model, assemble, and 
analyze their designs with Pro/Engineer and its applications. 
 
D. Using Solid Works in Solar Electric 
Boat Design and Floating Calculations  
 
 The UNI solar electric boat team used both Solid Works 
and Pro-E to model the new solar electric boat in 2007.  
With the team’s extensive use of CAD, it was easiest to 
change the material of the hull to water and have Solid 
Works automatically to calculate the new mass as shown in 
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Figure 12 by using properties of the assigned materials from 
library.  Buoyancy is created by the displacement of water. 
As modeled, the boat displaces 288 pounds of water when 
submerged. Calculations by Solid Works indicate the weight 
of the hull composed of foam material to be only 40 pounds. 
With all other components taken into account, the assembly 
of the boat weighs approximately 230 pounds in race trim. 
This yields a safety factor (SF) as follows: 

SF = (288 – 230) / 288 = 0.2014 or 20.1 %. 

These calculations together with SolidWorks modeling show 
that the UNI solar electric boat, in the event of capsizing, 
will not sink and has a safety margin of 20.1 %.  
 
E. Using NI MultiSim in a variety of EET 
Applications 
 
 Although actual hands-on analog laboratories must be 
included in EET curriculum, students using electronics soft-
ware tools in the EET majors may also gain some initial 
skills and depth in knowledge without exposing themselves 
to the higher voltage/current values in the circuits before the 
actual lab day. Using virtual labs with graphical metering 
tools is particularly important in terms of selecting appropri-
ate circuit components to avoid any overheating and damage 
to the circuit parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       
 
 
 

A number of circuit simulation tools now offer low cost stu-
dent versions that may provide user friendly access from 
student’s personnel computer to the laboratory circuits be-
fore the class day. Figure 13 depicts a simple RLC circuit 
and how to connect appropriate meters to measure voltage, 
current, and power. 
 
 Figure 14 shows a simple passive low pass-filter circuit 
and its frequency response in MultiSim using a cut-off fre-
quency of fc = 2,192 Hz. Similarly, Figure 15 depicts a 
Notch filter design, its frequency response, and Bode plots in 
MultiSim.  

 
Figure 13. Voltage, current, and power measurements in Mul-
tiSim for a simple RLC circuit 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 12. Solid Works model of UNI solar-electric boat 
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Figure 14. A simple passive low-pass filter and its frequency 
response using MultiSim 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 Figure 16 indicates another example of MultiSim applied 
to the simulation of a full-wave bridge rectifier in a power 
electronics class. Students safely gain in-depth knowledge of 
a high-power AC/DC converter before ever entering the lab. 
This also includes instrumentation connections in a virtual 
environment, waveform monitoring and overall circuit op-
eration in steady-state. Figure 17 depicts a DC waveform 
output with numerical readings from the same bridge-
rectifier circuit shown in Figure 16. 
 
F. Using LabViewTM in Computer Based 
Data Acquisition and Instrumentation 
Classes and Capstone Design Projects 
 
 Figures 18 and 19 show a LabViewTM based data-
acquisition virtual instrument diagram and graphical outputs, 
respectively, for a 1.5 kW hybrid wind-solar power system, 
where AC/DC voltage and current values, wind direction, 
wind speed and AC/DC power values are measured and 
monitored precisely. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 15. A notch-filter design and its Bode plots in MultiSim 
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Figure 16. A full-wave bridge rectifier in MultiSim 
 
The instrumentation phase of the wind-solar power station 
includes the following hardware: One CR4110-10 True 
RMS AC Current Transducer, one CR5210-50 DC Hall-
Effect Current Transducer from CR Magnetics, voltage- and 
current-divider and scaling circuits, one wind-monitoring 
device called an anemometer, a LabView Professional De-
velopment System for Microsoft Windows, one PCI-6071E 
I/O board, NI-DAQ driver software, one SH 100100 
shielded cable, SCSI-II connectors, one NI SCB-100 DAQ 
(shielded connector block), one isolation amplifier circuit, 
and a PC.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A Young 05103V anemometer provides two voltage signals 
corresponding to wind speed and wind direction. These wind 
signals are fed to AD21OAN isolation amplifiers and the 
output is applied to National Instrument’s SCB-100 data 
acquisition board (DAQ). 
 

 
 

Figure 17. DC output waveform of the bridge-rectifier circuit 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
   

Figure 18. Overall diagram of the LabViewTM data-acquisition virtual instrument (VI) 
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Conclusion 
 
 Computer-aided engineering education is a valuable solu-
tion for increasing the quality of laboratory environments of 
engineering education courses. The classroom education 
process, similar to laboratory exercises, may be further visu-
alized by introducing more advanced simulation tools. Sev-
eral case studies have been demonstrated using LMS Imag-
ine.Lab AMESim—a professional grade, integrated platform 
for 1-D multi-domain system simulation, Pro Engineer 
Wildfire—a well-known three-dimensional CAD/CAE soft-
ware tool, SolidWorks—another 3-D digital simulation tool, 
NI MultiSim—formerly Electronics Workbench software 
integrating  powerful SPICE simulation and schematic entry 
into a highly intuitive user-friendly graphical-based electron-
ics lab in digital environments, and LabViewTM—another 
National Instruments graphical development environment to 
help create flexible and scalable design, control, and test 
applications in electronics and electromechanical  systems. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 Many students have found the software tools to be very 
helpful and user-friendly in understanding the fundamentals 
of physical phenomena in engineering technology areas. A 
number of students have increased their knowledge and ex-
perience with the aforementioned software tools as a valu-
able bridge to many internship and part-time student posi-
tions in local electronics and machinery manufacturing in-
dustries. Our industrial advisory board members have re-
peatedly mentioned their satisfaction with our students’ 
achievements and their valuable experience with digital 
modeling and simulation tools.  
 

References 
 
[1] National Instruments, http://www.ni.com/labview/ 
[2] Kain Osterholt, et al., “Virtual Control Workstation 

Design Using Simulink, Simmechanics, and The Vir-
tual Reality Toolbox”, Proceedings of American So-
ciety for Engineering Education, 2006-567. 
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Abstract  
 

Virtualization is a very popular solution to many problems 
in datacenter management. It offers increased utilization of 
existing system resources through effective consolidation, 
negating the need for more servers and additional rack 
space. Furthermore, it offers essential capabilities in terms of 
disaster recovery and potential savings on energy and main-
tenance costs. However, these benefits may be tempered by 
the increased complexities of securing virtual infrastructure. 
Do the benefits of virtualization outweigh the risks? In this 
study, the authors evaluated the functionalities of the basic 
components of virtual datacenters, identified the major risks 
to the data infrastructure, and present here several solutions 
for overcoming potential threats to virtual infrastructure. 
 

Introduction 
 
 The past few years have seen a steady increase in the use 
of virtualization in corporate datacenters. Virtualization can 
be described as the creation of computer environments 
within operating systems allowing multiple virtual servers to 
run on a single physical computer. Many datacenters have 
adopted this architecture to increase the utilization of avail-
able system resources, which resulted in a decreased need 
for additional servers and rack space. There are substantial 
savings in energy, cooling, administration and maintenance 
expenses. But these advantages are somewhat tempered by 
the additional complexities, performance and security com-
plications in virtualization environments. According to a 
recent survey from 531 IT professionals [1], concerns about 
security was considered one of the top issues in adopting 
virtual technology (43%) and the main reason that organiza-
tions were slow in the deployment of virtualization (55%).  
It is therefore necessary to examine the security risks associ-
ated with virtualization and the potential countermeasures. 
 
 Presented here are the key components that make up a 
virtual datacenter, followed by the analysis of virtualization 
security threats including virtual machine security, hypervi-
sor security, network storage concerns, and virtual center 
security. Finally, the authors present possible solutions, 
guidelines and recommendations for enhancing security in 
virtualized datacenters. 
 

 
 

Components of Virtual Datacenters 
  
 Virtual technologies have a broad range of contexts: oper-
ating Systems (OS), programming languages and computer 
architecture [12]. Virtualization of OS and computer archi-
tecture significantly benefits any disaster-recovery process 
and improves business continuity due to the fact that images 
of virtual machines can be quickly restored from different 
physical servers without waiting on the hardware repair. A 
virtual datacenter is a type of infrastructure that allows for 
sharing physical resources of multiple physical servers 
across an enterprise. This aggregation of resources becomes 
feasible when a suite of virtualization software is installed 
on the various components such as physical servers, network 
storage and others. As shown in Figure 1, the major ele-
ments of the virtualized datacenter include virtual machines, 
hypervisors, network resources, and datastores – Network 
Attached Storage (NAS), Storage Attached Network (SAN) 
and IP Storage Attached Network (IP SAN).  
 

 
Figure 1. Datacenter components 

 
It should be noted that this discussion of virtual infrastruc-

ture is independent of specific brands of virtualization suites. 
Different virtualization venders tend to use different names 
when referencing the various components, although they all 
equate to the same basic principles. 
 
A. Virtual Machines 

 
The concept of virtualization is not new. It is based on a 

time-sharing concept originally developed by scientists at 
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the Massachusetts Institute of Technology (MIT) in 1961 
[2]. Time-sharing creates an opportunity for concurrently 
managing multi-hardware and multi-user environments on a 
single physical machine. Today, many vendors such as IBM, 
VMware, Oracle, HP and others have taken this time-sharing 
concept even further and developed virtualization schemes 
of various types including Integrity VM by HP [5]. The ad-
vantages of modern technologies such as Integrity VM allow 
any operating system to run inside VM that supports the 
Integrity VM platform. An example of how virtualization is 
applied in a hosted virtualization model is shown by Figure 
2. 

 

 
Figure 2. Hosted approach for virtual servers 

Source: Adapted from [4] 
 

 Virtual machines (VMs) are sets of files that support oper-
ating systems and applications independent of a host operat-
ing system. Typical VMs include BIOS, configuration and 
disk files. In other words, they are software-only implemen-
tations of computers that execute programs just like conven-
tional systems. Figure 3 lists a number of examples of VMs 
containing virtual hardware components such as CPU, 
memory, hard drives, network adapters and many others.  
 

 
Figure 3. Elements of Virtual Machines 

 
 Nowadays, the detection of a virtualized OS is a fairly 
new technique, so most virtual OS environments are not 
detected by common operating systems such as Windows 
XP, Vista, and a few Linux operating systems. This offers a 
great deal of flexibility in the deployment of virtual infra-

structures. Another essential property of virtual machines is 
OS isolation – if a virtual computer gets infected with a virus 
other virtual machines should not get infected. Popek and 
Goldberg [8] describe a virtual machine as “an efficient, 
isolated duplicate of a real machine.”  
 
 It is possible to run multiple virtual machines on a single 
physical server without any interaction between operating 
systems. Thus, if a virtual machine crashes, it would not 
affect the performance of the other virtual machines on the 
same physical server. Because of these properties, virtual 
machines are considered one of the building blocks of virtu-
alized datacenters. 
 
B. Hypervisors 
 
 A hypervisor, also known as physical host, is a physical 
server that contains hardware and virtualization layer soft-
ware for hosting virtual machines. Hypervisors use existing 
physical resources and present them to virtual machines 
through the virtualization layer. Virtualization is neither 
simulation nor emulation. To share resources, hypervisor 
runs in a native mode, directly representing the physical 
hardware. Additionally, hypervisors effectively monitor and 
administer shared resources given to any virtual machine. 
Groups of similar hypervisors may be organized into clus-
ters. Clusters allow for aggregation of computing resources 
in the virtual environment and allow for more sophisticated 
architectures. Typically, specific software manages a cluster 
of hypervisors. 
  
C. Network Configurations 
 
 Virtual datacenters, like traditional datacenters, require 
network infrastructure. A hypervisor can use multiple net-
work interface cards (NICs) to provide connectivity. In fact, 
it is highly recommended that several NICs be used for a 
single hypervisor in order to separate networks and various 
functions. Furthermore, as virtualization of I/O devices takes 
off, the IT industry will see another sharp turn towards fewer 
cables, NICs and other devices. Each Ethernet adapter can 
be configured with its own IP address and MAC address 
manually or automatically. A hypervisor or a virtual ma-
chine can be configured with one or more virtual NICs to 
access different physical or virtual networks (see Figure 4). 
 
 Virtual switches allow virtual machines to communicate 
with each other using normal TCP/IP protocols without us-
ing additional physical network resources internal to hyper-
visor. Virtual switches may be configured to have the same 
functionality as a physical switch, with the exception that 
direct interconnection between virtual switches is not avail-
able in some configurations. 
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Figure 4: Hypervisor and virtual machine networking 

 
D. Network Storage 
 
 Most datacenters rely heavily on Fiber Channel SAN, 
iSCSI arrays, and NAS arrays for network storage needs. 
Servers use these technologies to access shared storage net-
works. Storage arrays are shared among computer resources 
enabling essential virtualization technologies such as live 
migration of virtual computers and increased levels of utili-
zation and flexibility. Within a virtual datacenter, network 
storage devices may be virtualized in order to provide dis-
tributed shared access among virtual machines. Moreover, it 
is recommended that files containing the virtual machines be 
placed on shared storage. This is because most current virtu-
alization server products will not support a live migration of 
a virtual machine from one physical server to another physi-
cal server if the virtual machine is located on a storage area 
that is not accessible by all hypervisors. 
 
 Several options are available for the creation of datastores 
such as NAS, SAN, local storage, etc. Shared network stor-
age is an essential component for any virtual infrastructure, 
and applying different storage technologies typically re-
quires a balance between cost and performance. But regard-
less of whether it is a NAS or SAN array, securing network 
storage should always be at the top of the security policy for 
any datacenter. It is critical to separate network storage traf-
fic from virtual machine traffic. 
 

Virtualization Security Threats 
  
 In this section, the security threats to a datacenter’s key 
components in a virtualized environment are discussed. 
 

A. Virtual Machine Threats 
 
 It is a common misconception that the security risks of 
virtual machines are much higher than those of physical 
computers. Virtual machines have the same, if not fewer, 
levels of security risks as their physical-computer counter-
parts. This is due to the fact that physical connectivity, soft-
ware updates and networking employ the same logical infra-
structure. The key difference lies in the fact that VMs are 
running on top of a virtualization layer instead of the actual 
hardware. Virtual machines should be protected by antivirus 
software and should be patched on a regular basis just like 
any physical computer. However, there are several virtual-
ization-specific threats that require the attention of datacen-
ter administrators: 
 

1) Suspended Virtual Machines. When a virtual machine 
is not running, users typically assume there are no security 
threats since the VM is powered off. Throughout tests in our 
lab environment, an observation was made that un-patched 
and unprotected Windows 2000 Servers, running in an ear-
lier version of a virtualized product, were actually infected 
by the Blaster Worm even when a VM was not running. To 
make matters worse, it was able to duplicate itself and infil-
trate other unprotected suspended virtual Windows 2000 
Servers. It was felt that the problem was due to security 
flaws in how the virtualized networking environment was 
implemented, but there were no validated hypotheses gener-
ated. Another observation was made regarding a virtual ma-
chine running as a DHCP server that continued to hand out 
IP addresses even when it was powered off. It is important 
then to realize that suspended virtual machines should not be 
ignored as security targets in virtual datacenter environ-
ments.  

 
2) Resource Contention. When multiple virtual machines 

run on the same physical server, they will inevitably be 
competing for hardware resources such as CPUs, RAMs, 
I/O, and network. Additionally, all of the server and client 
operating system updates are typically applied at the exact 
same time. When multiple virtual machines demand the 
same physical resources simultaneously, they may cause 
performance degradation across the datacenter and could 
even lead to some virtual machines not being able to power 
on. VM-specific countermeasures must be utilized to allevi-
ate resource contention among virtual machines. 

 
 3) VM Sprawl. With the help of current virtualization 
products, the creation of new VMs is quick and easy. It is a 
common malpractice that whenever there is a need for a cer-
tain service, a dedicated VM is immediately created. It then 
becomes a problem noted as VM Sprawl, where too many 
virtual machines are created without careful planning, man-
agement and service consolidation [9].  The biggest threat 
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associated with VM sprawl could be the cost of resources: 
storage space, CPU and RAM resources may become scarce 
and additional software licenses and network service may be 
required. From a security of point of view, if a virtual data-
center is abused by the creation and deployment of unneces-
sary virtual machines, the entire infrastructure may become 
too complex to manage, thereby posing a dangerous, unse-
cure environment. And if any virtual machine is not care-
fully protected or it is placed on a wrong network, it may put 
the entire virtual datacenter in jeopardy. 
 
B. Hypervisor Threats 
 
 Hypervisor is a thin layer that runs directly on top of the 
physical hardware and provides isolation between different 
virtual machines that run on the same physical server. It is, 
therefore, vital to protect hypervisor from being compro-
mised or attacked. Anything happening at the hypervisor 
level is not visible to virtual machines and will eventually 
render the traditional OS hardening or protection techniques 
completely useless. Lately, a number of interesting research 
efforts have been made to address the possible security 
threats to hypervisors: 
 

1) Virtual-Machine-Based Rootkit (VMBR). Samuel T. 
King et al. [11] developed proof-of-concept VMBRs that can 
be inserted underneath the targeting virtual machines if an 
attacker gains administrative privileges on a virtual machine. 
Once the rootkit is successfully installed and configured, it 
functions as a modified hypervisor on the infected physical 
server and loads all virtual machines. As a result, an attacker 
will have a great possibility of controlling every virtual ma-
chine that runs on that hypervisor. 

 
2) Blue Pill Attack. Joanna Rutkowsaka [6] presented a 

highly sophisticated attack at the 2006, annual Black Hat 
Conference. The basic idea of a Blue Pill attack is to exploit 
the AMD64 SVM virtualization instruction sets—code name 
Pacifica. If the attack is successful at the chip level, it will 
also install its own hypervisor to intercept the communica-
tion between virtual servers and the hardware. The author 
also claimed that it is quite likely that similar attacks can be 
implemented against Intel’s VT-x instruction sets—code  
name Vanderpool. Unlike VMBRs, the Blue Pill attack can 
be installed on the fly without modifying the BIOS, and 
there are no noticeable performance penalties associated 
with the attack. As a result, it becomes extremely difficult to 
detect such types of attacks. 
 
C. Virtual Infrastructure Threats 
 
 Virtual infrastructures with clusters of hypervisors are 
highly sensitive to internal attacks. Frequently, the response 

to internal threats is such that “nothing can be done”. That is 
exactly the reason why internal attacks still exist. If there are 
no preventive measures that are taken towards internal 
threats, then internal attacks should be expected. Specifi-
cally, the following security threats should be addressed: 
 
 1) Single Point of Control. A single administrator may be 
implementing permissions, authentications and privileges to 
cluster-wide environments of hypervisors, or virtual centers. 
Such a person becomes the biggest threat to the company’s 
assets, should this super administrator become dissatisfied 
with the company for any reason.  
 
 2) Physical Access. If a person gains physical access to a 
hypervisor, the damage could be much worse because the 
entire virtual infrastructure can quickly be copied, modified 
or even removed. 
 
 3) Licensing Server. Typical virtualization server prod-
ucts are activated and unlocked by the presence of valid li-
cense files. If for any reason the license server fails, IT ad-
ministrators should respond as quickly as possible to get the 
license server back online. Otherwise, when the grace period 
expires—for some vendors this can be 14 days—certain fea-
tures will be disabled, leading to a chaotic environment in 
the datacenter. 
 
D. Virtual Network Threats 
 
 From a design point of view, there are no essential differ-
ences between virtual and physical networking. If network 
administrators have proven networking skills in dealing with 
physical networks, there should be no problem in designing 
virtual networking for VMs and hypervisors. The major 
challenges are the capabilities of security tools and sound 
designs of network configurations. 
 
 1) Security Tools. Conventional networking security 
tools, such as Intrusion Detection System (IDS), Intrusion 
Prevention System (IPS), are typically running on a physical 
network and are able to check all of the traffic coming in and 
out of the area being monitored. They are not capable of 
examining traffic flowing through internal virtual switches 
within hypervisors. 
 
 2) Configuration Tools. Configurations of physical net-
works can be easily designed by using well-established tools 
and techniques. But configurations of virtual networks are 
not easily accessible to network and security professionals 
making it difficult to validate network designs. In fact, Kim 
[7] pointed out that a major security risk associated with 
virtualization is incorrect configuration. It is essential to 
have a set of best practices in place to ensure that virtual 
switches and virtual networks are appropriately configured. 
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Countermeasures 
 
 This section provides practical solutions for hardening 
virtualized environments. 
  
A. Hardening Virtual Machines 
 
 From a security point of view, virtual machines should be 
protected just like physical computers. Antivirus applica-
tions should be installed and patches should be applied as 
often as required for physical machines, even if some of 
those virtual machines remain suspended most of the time, 
i.e., VMs serving as templates.  If applicable, it is better to 
patch templates and then deploy VMs from templates than 
patching each VM individually. There should also be a clear 
organizational policy set up to dictate when to create a new 
virtual machine so that VM-sprawl problems can be miti-
gated. Additionally, it is a good idea to schedule tasks from 
hypervisors for each virtual machine to conduct a full system 
security scan or a full system backup. It is also advisable to 
schedule such tasks in a staged manner or during times when 
physical resources are not heavily utilized. 
 
B. Protecting Hypervisors 
 
 A hypervisor is the foundation of a datacenter and a vir-
tual machine. It must be properly protected from attacks; 
otherwise, virtual machines will not be able to detect any 
illegal behavior happening underground.  One of the current 
trends in securing hypervisors is to validate them under the 
framework of trusted computing. It is advisable to check the 
integrity of a hypervisor before it can be trusted and de-
ployed [3]. The main challenge here is that trusted comput-
ing works only if the underlying hardware, such as CPUs 
and chipsets, supports Trusted Platform Modules (TPM). 
 
 Thus far, no significant security threats directly targeting 
hypervisors have been discovered. This does not mean that 
current hypervisor implementations are protected. Attacks 
on hypervisors tend to be much more difficult than attacking 
the virtual machines. To counter theoretical attacks such as 
Subvirt and Blue-Pill threats described earlier more secured 
virtualization implementations at the chipset level are 
needed from both Intel and AMD. Another possible solution 
is to make the hypervisor very thin so that it is easier to vali-
date and can be pre-installed onto the hardware components 
with read-only capabilities (BIOS-like approach). 
 
 
 

C. Securely Managing Virtual  
Infrastructure 
 
 An effective security policy is a must for any datacenter, 
whether virtualized or physical. Several levels of permis-
sions can be set in a datacenter. Such levels include datacen-
ter, virtual center, host and virtual–machine, and are repre-
sented in Figure 5. The following suggestions are particu-
larly important to enhance the security of virtual infrastruc-
tures: 
 1) Separate Permissions. To alleviate the problem of the 
single point of control, the super administrator, it is best to 
separate permission policies as the following example indi-
cates [10]: 
 

• Administrator 1 (A1) may reinstall hypervisor OS; 
• Administrator 2 (A2) may specify networking for hy-

pervisors and VMs; 
• Administrator 3 (A3) may deploy VMs without per-

missions to modify VMs’ local user access and 
group policies; 

• Administrator 4 (A4) manages the distribution of 
physical resources for a datacenter; and 

• A1, A2, A3 and A4 work together as a group to spec-
ify administrative tasks for a datacenter. 

 

 
Figure 5. Levels of permissions and privileges in a virtualized 

datacenter 
 
 2) Physical Access. Physical access to a datacenter is es-
sential: bad practices such as easily accessed codes, access 
cards and even open doors should be prevented at all times.  
 3) Protecting Licensing Servers. In an enterprise virtual 
datacenter environment, it is necessary to protect the avail-
ability of the licensing server. One solution may be imple-
menting a redundant licensing server.    
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 4) Securing VM Management Console. If an attacker 
gains control of a virtual server management console, either 
locally or remotely, all hypervisors and VMs that they man-
age are easily compromised. 
  
D. Protecting Virtual and  
Physical Networks 
 
 There are crucial steps to be taken when designing a net-
work for a virtualized environment. The following list repre-
sents the minimum requirements for configuring networks in 
virtualized datacenters: 
 
1. Hypervisor management traffic or service console traffic 

must be restricted and separated from other networks such 
as virtual machine network, storage (if applicable), etc. 

2. Network storage traffic must be separated from virtual 
machine networks. In other words, network storage access 
needs to be configured at the hypervisor level, where only 
the hypervisor has the ability to access datastores and 
grant access to datastores for VMs. Additionally, SAN 
administrators need to coordinate access control for hy-
pervisors within datacenters (LUN masking, zoning and 
others). Most successful secure implementations of Fiber 
Channel SAN include both hard and soft zoning. 

3. Setting security policies on virtual switches is important. 
Third-party virtual network switches can be used to ex-
pand network security. 

4. VLAN tagging may be a good option in a limited network 
resources environment. 
 

 Figure 6 depicts a network configuration example for hy-
pervisors. 
 

 
Figure 6. Separation of network Traffic (without VLANs) 

 
E. Recent Virtualization-Aware Security 
Technologies 
 
 Virtualization vendors have recently begun to offer a set 
of Application Programming Interfaces (APIs) to end users 

and third-party IT companies. The availability of the hyper-
visor-level APIs creates an opportunity to build a virtualiza-
tion-aware security framework because it has the potential to 
monitor resource usage at both virtual-machine level and 
physical-machine level. It also makes it possible to examine 
network traffic passing through the virtual machines and 
virtual-network interfaces.  An overview of such a security 
platform is shown in Figure 7, where a dedicated security 
VM is shown being created in a virtual datacenter.  
 

 
Figure 7. A model for virtualization security with hypervisor 

level APIs 
 
This security VM will be loaded with many security tech-
nologies/products such as firewall, Intrusion Detection Sys-
tem (IDS), Intrusion Prevention System (IPS) and anti-virus 
agents, etc.  
 
 The security VM will communicate with the APIs to col-
lect security-related information about each single virtual 
OS. As a result, it is possible to run a single antivirus agent 
on the security VM to fully scan multiple virtual VMs. Since 
hypervisor-level APIs can provide network visibility at the 
virtual-switch level, traditional firewall and IDS/IPS prod-
ucts can be installed inside the Security VM to protect the 
virtual datacenter just like they are protecting physical serv-
ers.  It is the authors’ belief that those hypervisor-level APIs 
can allow the IT industry to quickly arm their virtual data-
centers with conventional security tools. 
 

Conclusions and Recommendations 
 
 The current state of virtualization technologies is not more 
vulnerable than physical servers, but the damage to a virtual-
ized datacenter could be much quicker and more severe than 
providing services in separate physical environments. How-
ever, virtualization technologies present both opportunities 
and risks. When virtualizing datacenters, all personnel 
should be involved: server administration teams, networking 
teams, security, development and management. There should 
be no difference between protecting VMs and physical com-
puters. 
 
 The following may be used as the best practices to en-
hance virtualization security: 
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1. Create an effective security policy for the virtualized envi-
ronment. 

2. Define trusted zones and separate servers either at the 
hardware level or at a VM level. 

3. Eliminate single point of control - use separation policies 
for datacenter administrators. 

4. Employ a separation policy for hypervisor administrators 
and VM administrators. 

5. Enforce extremely strict control for virtual center permis-
sions and privileges. 

6. In hypervisor cluster settings, provide high availability for 
license servers and virtual centers – have a primary and a 
backup copy of Virtual Center and License servers. 

7. If no I/O virtualization is deployed, separate physical net-
works for management and administration of hypervisors, 
storage, and virtual machines. 

8. Disable/remove all unnecessary or superfluous functions 
and virtual hardware. 

9. Prevent virtual machines from utilizing physical resources 
- do not create and use extra virtual devices such as CPUs, 
media drives, RAM; never over-allocate any physical re-
sources as this leads to resource-contention problems.  

10. Deploy virtual security appliances such as virtual 
IPS/IDS systems, firewalls, antivirus agents and others in 
virtualized datacenters. 
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Abstract 
 

A new soft-switching, high-voltage dc-dc converter for 
magnetron power supply application is presented in this pa-
per. The proposed dc power supply consists of three main 
circuits: front-end flyback converter, high-frequency trans-
former, and high-voltage diode rectifier circuit. The front-
end flyback dc-dc converter employs a soft-switching tech-
nique to minimize switching losses. Two high-frequency 
transformers with five secondary windings were developed 
to obtain a high voltage. Experimental results are provided 
to verify the superiority of the proposed converter under 
200W and 4kV magnetron operations. The developed mag-
netron power supply, based on the proposed soft-switching 
converter topology, achieved an overall efficiency of 85%.  
 

Introduction 
   

The magnetron is a high-powered vacuum tube that gen-
erates microwaves. Typical applications of such microwaves 
include heating and drying in industry and home [1]. Heat-
ing and drying with microwaves provide fast, efficient and 
accurate control of power over the conventional thermal-
based system. A high-voltage power supply, which can sup-
ply several kV, is required to operate a magnetron. 

 
High-voltage dc-dc converters are widely used for magne-

tron power supplies. As these converters are very expensive, 
they are usually limited to applications that are the most de-
manding. One current challenge is to develop a low-cost dc-
dc converter to drive magnetron lamps. Since these dc-dc 
converters transfer low-voltage power to high–voltage 
power, traditional converters have to utilize low-frequency 
ac transformers and rectifiers, resulting in low performance.   
 

Recently, the development of a new class of low on-
resistance power metal-oxide semiconductor field-effect-
transistor (MOSFET) switching devices and high-frequency 
core materials has led to more compact dc-dc converters. 
They operate at higher frequencies and power densities than 
the traditional dc-dc converters [1], [2]. In order to improve 
efficiency, some converters have been using a soft-switching 
technique to reduce switching loss and stress on the switch 

[3], [4]. However, for safety, these high-voltage converters 
require high-voltage insulation and the high-voltage trans-
formers are usually mounted on a board. Therefore, they 
tend to be large and bulky converters, resulting in a  
lower efficiency of 75% with 4kV for a magnetron power 
supply. 
 

This study focused on the development of a cost-effective, 
soft-switching, high-power density dc-dc converter for a 
magnetron power supply that can achieve a reduced size and 
weight, improved efficiency, accurate voltage regulation, 
and effective power delivery to the output dc. The major 
accomplishments of this work were   

   
• The development of a cost-effective, high-voltage dc-

dc converter using quasi-resonant flyback soft-
switching dc-dc converter topology. The converter 
reduces the turn-on loss of the power MOSFET 
switching devices. The main switching device is effi-
ciently powered at high voltages and low currents 
with low power consumption. 

• The development of a current-mode pulse-width 
modulation (PWM) controller using a commercially 
available off-the-shelf (COTS) switch-mode power 
supply (SMPS) control integrated circuit (IC) 
TEA1533 from NXP Semiconductors [5]. The con-
troller regulates a constant output voltage to maintain 
the magnetron lamp current. Using the COTS SMPS 
control IC reduces the system cost, while providing 
several advantages such as precise current regulation, 
resistance to breakdown, and extremely efficient soft-
switching operation at the high power levels.  

• The development of sensory and control logic to en-
able anode current control in the magnetron. This 
practical design and implementation of the high-
voltage converter created a compact power stage in 
addition to safe voltage insulation and accurate cur-
rent and voltage control.  

• Improvement of the overall efficiency of the 200W 
and 4kV magnetron power supply to 85% by reducing 
the turn-on switching loss of the main device, using a 
new high-voltage transformer design and its compact 
power packaging.  
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Proposed DC-DC Converter 
 

The simplified block diagram of the overall configuration 
of the proposed dc power supply to drive the magnetron is 
shown in Figure 1. The power supply, which provides 4kV 
and 40mA of output power, consists of an EMI filter, con-
tinuous-mode power factor correction (CMPFC) [10] - [13], 
quasi-resonant flyback dc-dc converter, and two 
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Figure 1. Overall block diagram of the proposed  
magnetron power supply 
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Figure 2. Proposed high-voltage dc-dc converter  

topology and its controller 
 

outputs for the standby and heater power. The input to the 
power supply has a universal operating range of 100V to 
240V. Figure 2 shows the proposed soft-switching dc-dc 
converter topology for the magnetron lamp drive. The con-
verter consists of two power stages: low- and high-voltage.  

 
The low-voltage stage contains quasi-resonant flyback to-

pology with only one MOSFET switch and a flyback trans-
former. It is possible to allow the operation of the converter 
with critical conduction mode control, so that the converter 
achieves soft switching for the main switch, S1, by using the 
leakage inductance in the transformer. The high-voltage 
stage is connected to the isolated two-stage windings of the 
transformer for high-voltage insulation.  

 

An output filter bank is composed of five series-
connected capacitors, C1 through C5, with the rectifying di-
ode connected to each side of the load. At this stage, the 
high-voltage ac produced by the transformer is rectified and 
converted back to high-voltage dc. The output is then fil-
tered by a capacitor bank to produce a low-ripple dc.  

 
The switching sequence of the converter, based on the 

switch-voltage and current waveforms, is shown in Figure 3. 
The converter has four operational modes to achieve the 
desired output voltage waveforms at steady-state operation. 
The TEA1533 SMPS control IC was selected to achieve the 
zero-voltage switching (ZVS) operation [5]. The converter 
was operated under ZVS in valley switching technology. In order 
to achieve the soft-switching operation, a time delay is  
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Figure 3. Voltage and current waveforms  

of the main switch 
 

inserted between the turn-off of the freewheeling diode and 
turn-on of the main MOSFET switch, S1. At the valley voltage 
region, an L-C resonance is formed by the leakage inductance 
on the primary winding of the transformer and the device ca-
pacitance across S1.  

 
For effective ZVS operation, it is necessary that the converter con-

troller accurately detect the voltage drop and turn on the main switch 
at valley points. In the converter, the two high-frequency 
transformers have one winding with a turns ratio of 1:1 and 
five windings connected in series with a turns ratio of 1:9 in 
order to meet the high-voltage safety requirement. Since this 
converter has quasi-resonant flyback topology, the switching 
frequency was varied up to 250kHz, depending on the load 
condition. In this converter, a frequency of 50kHz was se-
lected for full load. The configuration of the implemented 
high-voltage transformer is shown in Figure 4.  
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Design of current Controller and 
System Operation  
 

The current controller block-diagram with secondary 
voltage sensing is shown in Figure 2. The current controller 
was operated with a TEA1533 device that consists of an 
input filter, a transformer with a third winding, and an output 
stage with a feedback circuit [5]-[9]. The TEA1533 current 
controller regulates the output voltage. The turn-on time of 
the main switch, S1, is controlled by the internally-inverted 

 

 
Figure 4. Overall configuration of the implemented  

high-voltage transformer 
 
control voltage, which is compared with the primary-current 
command. Also, the primary current was sensed across an 
external resistor, Rs. The sense resistor converts the primary 
current into a voltage at the Isense pin. The value of the sense 
resistor was determined by the maximum primary peak cur-
rent.   

 
The operational requirement of the dc power supply to 

drive a magnetron lamp is shown in Figure 5. The sequence 
of operation for the proposed power supply is as follows: 
During T1, the power supply must provide the control signal 
to activate the magnetron lamp when the converter is turned 
on and its output voltage reaches 4kV. When the magnetron 
lamp is turned off, the power converter should be turned off 
with a time delay. Even though an ac line is removed, the 
converter must have the capability to turn the magnetron 
lamp off safely.   
 

For the high-voltage operation of the magnetron lamp, the 
controller of the converter should be designed with at least a 
200ms time delay at startup. After period T2, the fast re-
sponse of the controller is required for impedance matching 
between the front-side quasi-flyback converter and the trans-
former secondary output. In addition, the response band-
width of the converter for the change of input control volt-
age should be designed within approximately 20ms for a T5 
period. The fall time for the constant anode current should 
not be greater than 2ms. Thus, the controller can actively 
regulate the output current for controlling the magnetron 
lamp. Table I describes the output-current and voltage re-
quirements for the magnetron power supply.  
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Figure 5. Magnetron control voltage pattern. 

 
TABLE 1. OUTPUT CURRENT AND VOLTAGE REQUIREMENTS 

TO THE MAGNETRON POWER SUPPLY 
Output Current 

[mA] 
Output Voltage 

[kV] 
0 0 
10 3.82 
20 3.87 
30 3.93 
40 4.0  

 

Experimental Results 
 

In order to validate the proposed converter operation, 
various experiments were conducted. The parameters of the 
output filter capacitors, C1 through C5 , and a resonant ca-
pacitor, Co , were selected as 0.1µF/1kV and 6.8nF/1kV, 
respectively.  A total of five 0.1µF capacitors are connected 
to five transformer secondary taps. For the high-voltage bal-
ance, two 1.2MΩ, 0.5W resistors were also connected in 
series across each tap. 

 
The experimental waveforms during the magnetron lamp 

operation are shown in Figure 6(a).  The time delay for start-
up was measured to 200ms, which matches the design target.  
Figure 6(b) shows the voltage and current waveforms during 
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ac power line turn off.  Figure 5 shows that the waveforms 
satisfy the design specification.   
 

The experimental waveforms of the input current and in-
put voltage of the converter are shown in Figure 7.  It can be 
clearly seen that the voltage and current are synchronized in-
phase under near unity power factor (PF).  The PF was 
measured at 0.98 under 230V ac input and full load, includ-
ing a cooling fan.  Note that the current spike near the zero 
crossing originates from the cooling fan to manage the ther-
mal issues. The measured current and voltage of the primary 
winding of the transformer are shown in Figure 8. It should 
be noted that the current was well-regulated, and the active 
switch 
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(a) Current and voltage waveforms at starts up 
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(b) Current and voltage waveforms at turns off 

Figure 6. Timing and sequence of operation of the converter 
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Figure 7. Input voltage and current waveforms at 230Vac un-

der full load (PF = 0.98) 
 

turned on at the lower valley voltage, as explained in Figure 
3 [9]. Figure 9 shows the results of the conductive 
EMI/EMC test for the developed power supply. It is clear 
that the proposed soft-switching power supply met the 
minimum 4dB margin for the conductive EMI level at 230V 
ac.  The layout of the major components, which are required 
for 8kV high-voltage insulation, is shown in Figure 10. The 
integrated prototype power supply is shown in Figure 11. 
The power in the major circuitry was measured with 230V 
ac nominal input voltage under full-load conditions.  The 
measurement shows that the proposed dc-dc converter 
achieved 85% conversion efficiency.   
 
 
 

Primary Switch Voltage

Current of 3.3V Power Source

 
Figure 8. Output current and voltage waveforms  

of the transformer primary winding 
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Figure 9. Measured conductive EMI/EMC for  

the developed power supply 
 
 

 
Figure 10. Component layout of the proposed power supply 

 

 
 

Figure 11. Integrated high voltage power supply  
and a magnetron 

 

The measurement details are as follow:  
 

• Total input power:  235W,  
• High-voltage output power: 160W (4.0kV, 40mA),  
• Magnetron filament power: 35W (3.4V, 10.3A),  
• Cooling fan power:    

 4.6W,  
• Standby power:  1.0W (5V, 0.2A). 

 

Conclusion 
 
 A cost-effective soft-switching high-voltage dc-dc con-
verter for a magnetron power supply is presented in this pa-
per. The proposed dc-dc converter employs a quasi-resonant 
flyback soft-switching topology to reduce the turn-on loss of 
the power-MOSFET switching device. The main switching 
device efficiently powers at high voltages and low currents 
with low-power consumption. Using the COTS SMPS con-
trol IC reduced the system costs, while providing several 
advantages such as precise current regulation, resistance to 
breakdown, and extremely efficient soft-switching operation 
at high power levels.   
 
 The various practical design criteria, including a new 
high-voltage transformer, main switching device, and cur-
rent controller were supported by experimental results. The 
quasi-resonant flyback converter achieved an overall effi-
ciency for the 200W and 4kV magnetron power supply of 
85% by the reducing the turn-on switching losses of the 
main switching device without any additional auxiliary cir-
cuitry. 
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A NEW METHOD FOR A NON-INVASIVE 
GLUCOSE-SENSING POLARIMETRY SYSTEM 

 
Sunghoon Jang, New York City College of Technology of CUNY; Hong Li, New York City College of Technology of CUNY 

 

Abstract  
 Current methods of monitoring blood glucose use invasive 
technologies such as collecting blood samples. Development 
of an accurate non-invasive method will present a great ad-
vantage over current methods. Our research group developed 
a non-invasive glucose-sensing polarimetry system within 
physiologic glucose levels by applying advanced opto-
electronics technology. The authors of this study demon-
strated accurate results with the system presented here. In a 
previous study, the authors were successful in detecting the 
optical rotation of in-vivo and ex-vivo glucose concentra-
tions within the physiologic range of 0-500 mg/dl due to a 
highly sensitive and stable closed-loop polarimetry system. 
Although preliminary results from this system were success-
fully demonstrated by the authors in a previous study, the 
complication of a closed-loop system creates issues for fu-
ture applications because it will require more components 
and it is more difficult to design and analyze the system. The 
authors introduce here a new, simplified open-loop non-
invasive glucose-sensing polarimetry system. Theories of the 
proposed method are introduced and preliminary results are 
demonstrated. This study investigated the development of an 
open-loop optical glucose-sensing system that used a simpler 
method to distinguish blood glucose levels within this 
physiologic range by using the aqueous humor of the eye.  
This is because it has extremely fast response and recovery 
profiles without significant delay, when compared with glu-
cose concentrations in blood plasma. The results demon-
strate that not only is this non-invasive glucose-sensing de-
tector capable of monitoring glucose accurately enough to 
satisfy medical-use criteria, but is also capable of employing 
a more simplified method than existing conventional closed-
loop optical glucose-sensing technologies.  
 

Introduction 
 
 Diabetes mellitus is a serious disease when the human 
body does not produce or properly use insulin. It has been 
one of the major health problems in society. Often, diabetes 
can lead to many serious medical problems including blind-
ness, kidney disease, nerve disease, limb amputations, and 
cardiovascular disease (CVD). According to the American 
Diabetes Association, the estimated cost of diabetes-related 
health care in the United States is approximately $91.8 bil-
lion, annually, including $23.2 billion in direct medical 
costs [1]. The recent studies [2] of multi-center National 
Institute of Health (NIH) [2] indicated that the health risks 
associated with diabetes are significantly reduced when 

blood glucose levels are properly and frequently controlled 
[3]. It is clearly indicated that it is prudent to measure blood 
glucose as often as five or six times a day. Thus, it is very 
important that proper monitoring should be done by diabet-
ics at home or at work [4] [5]. At present, all existing meth-
ods of home blood-glucose monitoring require obtaining a 
blood sample by pricking a fingertip with a needle. This 
method strongly discourages patients’ compliance, and has 
serious drawbacks because of its associated pain, 
inconvenience, and invasive nature [6]. 
 
 A non-invasive method of monitoring blood glucose 
would present major advantages over current methods us-
ing invasive technologies. The authors attempted to de-
velop and demonstrate accurate results with a non-invasive 
closed-loop optical-glucose system, within the physiologic 
glucose range of 0-500 mg/dl. The proposed open-loop 
glucose-sensing opto-electronic system used in this study 
also needed to be capable of monitoring very low glucose 
levels with the accuracy and precision that would satisfy 
medical-use criteria; this method is also expected to be fast 
and simple. The cost of the proposed testing device would 
be significantly lower than for existing methods because 
only a monitor with an optical sensor would be required, 
and the high monthly expense of testing strips would be 
avoided. In addition, patient acceptance for this methodol-
ogy was expected to be high, due to its non-invasive nature, 
and the fact that it would be a simple and safe testing pro-
cedure.  
 
 There has been an increased demand for continuous, non-
invasive glucose-monitoring techniques [7], due to the in-
creasing number of people diagnosed with diabetes and the 
recognition of the fact that the long-term outcome of these 
patients can be dramatically improved by a careful, frequent 
and accurate glucose-monitoring method with control.  In a 
previous study [8] [9] [22], the authors reviewed several of 
the newest, minimally invasive and non-invasive glucose-
monitoring technologies under development or recently in-
troduced. These include near infrared spectroscopy (NIR) 
[10], mid infrared spectroscopy (MIR) [11], radio wave im-
pedance, optical rotation of polarized light [11], fluid extrac-
tion from the skin [12], and glucose-sensing contact lenses 
with fluorescence detection [11]. Although recent advances 
in basic research and clinical applications in non-invasive 
optical glucose monitoring are very encouraging for the fu-
ture of this field, none of the attempts with non-invasive 
optical glucose-sensing techniques have resulted thus far in 
the development of a sensor, which allows monitoring of 
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glucose with sufficient accuracy and precision [7], [23]. 
Therefore, it is necessary to develop a new technique to sat-
isfy criteria such as accuracy, low cost, simplicity in sam-
pling and testing, portability, and safety. 
 

Theory and Plan of Study 
 

 The first precision optical polarimeter using the Faraday 
effect was introduced by Gilham [13], [14] in 1957. Rabino-
vitch and March [15] introduced the concept of using the 
aqueous humor glucose as a detector of the blood glucose 
concentration by measuring the polarization rotation. Subse-
quently, Cote, Northrop, and Fox [16], [17] developed a true 
phase optical-glucose sensor to monitor glucose concentra-
tion. In 1997, Jang and Fox [18], [19] demonstrated that a 
closed-loop polarimeter could be realized with a single 
Faraday rotator.  
 

In previous studies [18], [19], the authors introduced new, 
simplified non-invasive glucose-sensing polarimetry 
technology by introducing theories and demonstrating 
preliminary results. Conventional optical glucose sensors 
[7], [11], [20], [21] are very complicated in systemic design 
and performance because they adopted outdated closed-loop 
systems, which are inefficiently designed and implemented 
using additional optical components and electronic devices 
including a beam splitter, photo detectors, polarizers, 
Faraday modulators, and lock-in amplifier with additional 
analyzing devices. In this study, the authors attempted to 
investigate and develop the open loop-optical glucose-
sensing system due to its simplicity for achieving higher 
accuracy and stability, while ensuring system sensitivity. 
The optical rotation due to the glucose cell will be 
proportional to the concentration of the glucose and the path 
length of the cell. The entire system sensitivity can be 
controlled by changing the gain constant of the lock-in 
amplifier. 
 
 Figure 1 shows a basic open-loop polarimetry system. The 
linearly polarized wave is emerging from the first polarizer, 
where θ represents the axis of the first polarizer. x̂  is the 
horizontal component of θ and ŷ  is the vertical component 
of θ. The linear polarization of the interrogating beam is 
modulated by the optical chopper, which replaced the Fara-
day modulator used in previous research, and is then trans-
mitted through a glucose cell, second polarizer, photo detec-
tor, and lock-in amplifier, respectively. As illustrated in Fig-
ure 1, the linearly polarized wave emerging from the first 
polarizer, can be represented as the following vector equa-
tion, 

yExE ˆcosˆsin θθ +=1E                                (1) 
 

The linear polarization of the interrogating beam is modu-

lated by the action of the modulating optical chopper such 
that tcc ωφφ cos= . Then, equation (1) becomes, 

ytExtE cccc ˆ)coscos(ˆ)cossin( ωφθωφθ +++=2E   (2) 

When θ = 0 and smalliscφ , 
yExtE cc ˆˆ)cossin( +≅ ωφ2E   (3) 

 
 
 
 
 
 
 
 
 
 
Figure 1. Block diagram of an open-loop glucose polarimetry 
system including glucose cell with first polarizer (P1) and sec-
ond polarizer (P2) 
 
The ‘x’ component of the electric field can be expanded to 
yield, 

tEE ccx ωφ cos≈    (4) 
The frequency-doubling effect for crossed polarizers, where 
the axis of the second polarizer is at a right angle with re-
spect to the axis of first polarizer, can be demonstrated by 
the following development, since optical detectors are sensi-
tive to the intensity of light 

)2cos1(
2
1coscos 2222222 tEtEtEE ccccccx ωφωφωφ +==≅=xI  (5) 

The change ‘∆’ in linear polarization due to the optical rota-
tion effect is 

ytExtE cccc ˆ)coscos(ˆ)cossin( ωφωφ +∆++∆=3E  (6) 
 

It was found that the detected intensity will be 
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where:  cφ = optical rotation due to the optical chopper 
  ∆ = additional optical rotation due to the 
                      glucose cell 
 
 If a lock-in amplifier is connected to the output of the 
photo diode detector with a reference frequency ωc, its DC 
output is 
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Vo

where L is the gain constant of the lock-in amplifier and ∆ 
directly contains information about the optical rotation due 
to the glucose molecule in the cell. From the above equation, 
we can conclude that the DC level of the lock-in amplifier in 
our open-loop optical-glucose sensing system will be de-
pendent on the gain constant of the lock-in amplifier, inten-
sity of the optical signal, and the optical rotations due to the 
optical chopper and the glucose medium. If we set all pa-
rameters as constant, other than the glucose medium, the 
system can detect the variance of DC levels due to optical 
rotation, which is proportional to the concentration of the 
glucose molecule in the medium. 
 
 The theoretical response from the lock-in amplifier as a 
function of the angle between the two polarizers is repre-
sented graphically in Figure 2. It was found that this open-
loop polarimetry system worked efficiently when close to a 
45° angle between the two polarizers. A key point is that the 
rotation change ∆, which is indicative of glucose concentra-
tion, is now modulated at the Faraday frequency for coherent 
detection. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Graphical representation showing how the output 
from the lock-in amplifier depends on the angle (θ12) between 
the two polarizers in Figure 1. 
 

Methodology and Results 
 
 The main components of the closed-loop optical glucose 
sensor using the optical rotation of the glucose molecule are 
illustrated in Figure 3. A HeNe laser (approximately 1mW 
effective output after the first polarizer, 633 nm), and a first 
polarizer were used to provide linearly polarized light. The 
light was then passed through a Faraday modulator driven at 
about 1.2 kHz for the modulation of the polarization vector 
and detected by a photo diode detector after controlling its 
intensity by a second polarizer, which is called an analyzer. 
The lock-in amplifier provided an output signal, which is a 
DC voltage proportional to the amplitude of the 1.2 kHz 
present in the detected signal from the photo detector and 
then fed back to the Faraday modulator to close the loop. 
This dc output voltage is fully monitored and recorded by an 

oscilloscope, and a single Faraday modulator was used as a 
modulator and compensator to provide modulation and feed-
back compensation combined within the system. Therefore, 
the lock-in amplifier provided phase and frequency-locked 
detection of the 1.2 kHz component, which itself was pro-
portional to the net rotation between the two polarizers posi-
tioned at 45° to each other. The optical rotation due to the 
glucose cell, with a path length of one centimeter, is propor-
tional to the concentration of the glucose and the path length 
of the cell. Thus, sensitivity of the entire system can be con-
trolled by changing the gain constant of the lock-in ampli-
fier. 
 
 
 
 
 
 
 
 
 
 
Figure 3. Block diagram of a designed and implemented closed-
loop glucose-sensing polarimetry system: P1 and P2 are polariz-
ers; FM is a Faraday Modulator; the glucose cell contains vari-
ous glucose solutions within the physiologic range; PD is the 
photo diode detector; HPF is the high-pass filter 

 
The closed-loop system was first calibrated by measuring 

the DC output signal from the lock-in amplifier, while ap-
plying various modulating frequencies in order to find the 
best fit for the current glucose-sensing system. The data 
shown in Figure 4 (a) was obtained from the DC output of 
the lock-in amplifier by changing the angle of the second 
polarizer. It was found that the system sensitivity was 
37.01V/°, which means that every 10 millidegree of rotation 
gives about 370.1 mV DC offset. Since a practical glucose 
meter would need to detect a few millidegrees [22] of rota-
tion, this system had a significant sensitivity. Figure 4 (b) 
shows a calibration run using the closed-loop system with a 
glucose cell containing dextrose-glucose in concentrations of 
0, 100, 200, 300, and 500 mg/dl within the physiologic 
range. These data sets were obtained by using a single cell 
that was refilled with various glucose concentrations at each 
measurement. The averaged set of data from Figure 4 (b) 
was plotted after taking 10 measurements for each concen-
tration to minimize errors due to the one-centimeter length 
of the glucose cell. The linear regression shown in Figure 4 
(b) yielded –5.725 – 0.006 [glucose], which indicates that 
for every 18.5 millidegree/(100 mg/dl), the dextrose-glucose 
molecule contributes about 0.2 millidegree of optical rota-
tion to the system. 
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Figure 4-a. Plot of the DC output from the lock-in amplifier 
(LIA) as a function of the second polarizer rotation in the 
closed-loop optical-glucose system illustrated in Figure 3 
 

 
Figure 4-b. Plot of the waveforms includes DC output from the 
lock-in amplifier (LIA) against glucose concentration in the 
closed-loop glucose sensor 
 
 
 
 
 
 
 
 
 

 
Figure 5. Block diagram and actual system of a designed and 
implemented open-loop polarimetry glucose sensor: CH is an 
optical signal chopper 
 

 The authors successfully demonstrated accurate results 
with the previously-designed non-invasive closed-loop po-
larimetry glucose-sensing system within physiologic glucose 
levels. This study also attempted to investigate and develop 
an optical glucose-sensing system, in order to achieve higher 
accuracy and ensure sensitivity with a simpler method using 
the open-loop glucose-sensing polarimetry system shown in 
Figure 5 by applying advanced opto-electronics technology. 
 
 The data shown in Figures 6-a to 6-i were obtained from 
the DC output of the lock-in amplifier with the angular ori-
entation of the second polarizer. Various gains were also 
applied in order to calibrate system sensitivity and stability. 
Then, the system sensitivity was measured by monitoring the 
DC output of the lock-in amplifier using a fit of the data 
as shown in Figure 6-j. It was found that the system sensitiv-
ity was 6.442 V/°, which means that every 10 millidegree of 
rotation gives about 64.42 mV DC offset output. This sensi-
tivity would be enough to detect a few millidegrees of rota-
tion for a glucose molecule.  
 
 Although the system sensitivity was lower than the previ-
ously developed closed-loop glucose-sensing polarimetry 
system, the authors are confident and optimistic about this 
new open-loop system because the system sensitivity can be 
improved by a factor of 10 without encountering major prob-
lems. From previous experience, the optical rotation of the 
glucose molecule was observed within the physiologic range 
at the system sensitivity, 370.1 mV DC offset for every 10 
millidegree analyzing the polarizer rotation. Due to the fact 
that an absolutely dark room was not available for testing 
this system, there were certain levels of interfering optical 
noise involved in the current study. To improve system sen-
sitivity and stability, future measurements will be made in an 
absolute dark room.  
 

 
Figure 6-a 

 
 The general configuration of the system presented in Fig-
ure 7 is similar to the previous setup; however, the authors 
added an ex-vivo goat eye or an artificial eye to the system 
in order to detect penetrating light through the anterior 
chamber of the eye filled with aqueous humor. Also, the 
measured VDC output depends on the glucose concentration, 
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Figure 6-b 

 

 
Figure 6-c 

 

 
Figure 6-d 

 

 
Figure 6-e 

 
which can be detected by the lock-in amplifier. The system 
analysis with an ex-vivo goat eye or artificial eye will be 
completed in a future study. In this present study, the authors 

 
Figure 6-f 

 

 
Figure 6-g 

 

 
Figure 6-h 

 

 
Figure 6-i 

 
have presented a simplified, non-invasive glucose-sensing 
polarimetry system by presenting theories and demonstrating 
preliminary results. In a follow-up study, the authors hope to 
achieve the intrinsic optical rotatory effect using conven-
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tional optical rotation in the presence of ex vivo living tissue 
or an artificial eye. 
 

 
Figure 6-j 

Figure 6. Demonstrated calibrations of the open-loop glucose-
sensing polarimetry system. (a) to (h) are plots of VDC output 
from the lock-in amplifier as a function of the second polarizer 
rotation in the open-loop system illustrated in Figure 5 at vari-
ous lock-in amplifier sensitivities. (i) is a composite plot of all 
sensitivities in the lock-in amplifier. (j) is a plot of the VDC out-
put from the lock-in amplifier in the linear regression range at 
the sensitivity 5×1×mV 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Schematic block diagram of the open-loop glucose-
sensing polarimetry system including an artificial eye 
 

Conclusion 
  
 Optical glucose-sensing techniques using the optical rota-
tory effect of glucose have many advantages over existing 
invasive and noninvasive methods, since the method is based 
on shining a brief pulse of light into the front of the eye. The 
authors previously showed that it is possible to isolate the 
lens/aqueous reflection and detect polarizational changes. 
However, measurements in the presence of a living eye will 
present many challenges because the tissues are more vari-
able than nonliving optical components due to the nature of 
corneal birefringence. Further work will optimize this sys-
tem in order to achieve the desired sensitivity, stability and 
accuracy. Once these hurdles are overcome, the optical glu-
cose-sensing method studied and developed in this study can 
be miniaturized using current integrated optics, electronics, 
and advanced micro-fabrication technologies. This technique 
also has great potential for providing an inexpensive, fast, 

reliable, accurate, and compact non-invasive glucose sensor 
for diabetic patients in the near future. 
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Abstract  
 

In this study, the author revised a basic electronic circuits 
course (EE330: Analog Circuit I) into a service-learning 
course with community engagement. The revised EE330 
course required students to: 1) give a seminar to local high-
school students on electronics topics, and 2) collaborate with 
local high-school students on a final project. The immediate 
goal of this re-design was to improve the communication 
skills of engineering students with a non-technical audience, 
and promote the awareness of engineering among future 
college candidates. Effectiveness of the service-learning 
approach was assessed through a variety of methods, includ-
ing comprehensive reports and reflection responses from 
students, analysis of students’ performance on key final 
exam problems, as well as surveys of high-school students 
and teachers. Reflection responses from college students 
indicated that the service-learning component enhanced their 
ability to communicate with a non-technical audience. It was 
also observed that students from the service-learning session 
outperformed the students from the regular session on design 
and complicated analysis problems. The majority of surveys 
from high-school students indicated that this activity stimu-
lated their interest in choosing engineering as a college ma-
jor in the future. It was also observed that female students 
showed less enthusiasm in technical topics when compared 
with their male colleagues, which suggests the needs for 
attention to gender differences in engineering education.  

 

Introduction 
 

Engineering educators are more and more aware that it is 
no longer acceptable to separate the teaching of engineering 
techniques from the social context necessary for a person to 
effectively contribute to society. Modern engineers must 
work and think both technically and socially, which requires 
them to acquire not only the knowledge of technology, but 
also the ability to communicate values and facts related to 
technology, mostly to audiences outside of engineering [1]-
[2]  

 
Nowadays, the service-learning method has been widely 

implemented in many disciplines. The specific methods may 
vary from project-based service [3], teaching-based service 
[4] and research-based service [5]. In general, when design-
ing a pedagogy containing service learning, four basic prin-
ciples need special attention. They are engagement, reflec-

tion, reciprocity and public dissemination.  The engagement 
principle ensures that the service component meets a public 
good, which requires negotiation between university and 
community partners through outreach programs. The reflec-
tion component is especially necessary for the student to 
understand what they actually learn from the course. 
Whether the service is actually learning or not depends on 
whether the activity can encourage students to link their ser-
vice experience to course content and to reflect upon the 
importance of the service. Reciprocity ensures that the stu-
dents and the community teach and learn from one another. 
Public dissemination is basically the product of the service, 
which needs to be presented and delivered to the public.  

 
While academic service learning usually provides com-

munity services, not all activities providing community ser-
vices are considered service learning. Academic service 
learning should aim for both service and, more importantly, 
learning. Therefore, this study focused on the following cri-
teria when designing the service-learning pedagogy. 

 
• Relevant and Meaningful Service with the Com-

munity: This is the typical service component 
needed to ensure that the service provided within 
the community is relevant and meaningful to all 
parties.  

• Enhanced Academic Learning: This is the typical 
learning component. The service provided must 
help students to reflect on and assimilate the 
knowledge they acquired in the course.  

• Purposeful Civic Learning: This activity should in-
tentionally prepare students for active civic partici-
pation in a diverse democratic society.  

 
If any of these three criteria is missing, it is no longer a 

service-learning practice, but some other form of community 
engagement. Table 1 compares service learning with other 
types of community engagement. A common weakness of 
college students, especially engineering students, is an in-
ability to communicate in non-technical terms with people 
from different backgrounds. Therefore, developing a learn-
ing environment that gives them the opportunity to articulate 
engineering problems or products in easy and organized 
terms is extremely important. Based on the NSF’s survey of 
recent college graduates, only half of all engineering/science 
graduates enter engineering/science occupations after their 
graduation [7]. A great number of them take positions like 
technical marketing, sales, teaching or other related posi-
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tions. These positions require great communication skills to 
non-technical audiences. Although engineering students re-
ceive basic communication training through general educa-
tion courses required by ABET, they do not usually receive 
the training in technical communication, which benefits 
them directly. The service-learning pedagogy designed for 
the EE330 course targeted this issue. Therefore, a teaching-
based service-learning model was used. The community 
partner in this study was a local high school serving mainly 
minorities.  

 
Table 1 Comparison of Types of Community Engagement [6] 

 Community 
Service 

Enhanced 
Academic 
Learning 

Purposeful 
Civic Learn-

ing 

Volunteering Yes No No 

Internship Yes Yes No 

Service  
Learning Yes Yes Yes 

 
From a community-service point of view, K-12 students 

are provided an opportunity to get to know the engineering 
world through this activity. They also come face-to-face 
with electrical engineering students, who share their college 
experience with them. This helps the K-12 students make 
well-informed decisions when they need to choose a college 
major in the future.  

 
From the academic department’s point of view, this ser-

vice-learning activity has the potential to recruit future stu-
dents, who are really interested in electrical engineering. 
This directly helps department enrollments, and indirectly 
improves the quality of the program. 

  

Curriculum Design 
 

EE330-Analog Circuit I is a required course for Electrical 
Engineering majors at California State University, Long 
Beach. It is offered in both Fall and Spring semesters. De-
pending on the student enrollment, at least one session is 
offered each semester. EE330 has both lecture and lab com-
ponents, and students are required to work on hardware lab 
experiments. The “required” nature and the offering fre-
quency of this course ensures that all students graduating 
from the Electrical Engineering department receive technical 
communications practice.  

 
The current curriculum of EE330 includes a review of lin-

ear electronic circuits, introduction to diodes, transistors and 
operational amplifiers, and examination of their applications 
in electronic circuits. Application topics include rectifiers, 

DC-DC converters, amplifiers, sensors and I-V converters. 
During the course, students are expected to develop the abil-
ity to design and build circuits, troubleshoot them and ex-
plain the results. The addition of a service-learning compo-
nent does not alter the learning objectives of the course; on 
the contrary, it enhances student achievement of those objec-
tives.  

 
The service-learning component of EE330 requires stu-

dents to give a seminar to local high-school students on top-
ics related to the course and collaborate with them on a 
hardware final project.  Students are required to develop 
their presentation strategies so that youths from high school 
will understand. Topics selected for purposes of the seminars 
should be chosen very carefully, so that they are not only 
related to course content, but also relevant to everyday life in 
order to attract the attention of the audience. The hardware 
project, which is also the final project of the course, must 
reflect one of the circuit applications covered in class. In-
structors suggest a few topics, but students can also choose 
their own topics given the instructor’s permission.  

 
The specific learning objectives of EE330 include: 

 
1. Students should be able to describe basic electron 

transport phenomena, diode rectification, switching 
and amplification of BJT and MOSFET transistors 
and op-amp operation sufficiently well to convey 
that understanding to audiences without an engi-
neering background. This objective is assessed 
through the service-learning presentation, reflection 
discussion and service-learning final report. 

2. Students should be able to draw schematics of di-
ode bridge rectifiers, DC-DC converters and com-
plete power supply. This objective is assessed 
through exams and lab reports. 

3. Students should be able to draw AC and DC 
equivalent circuits of bipolar junction and field-
effect-transistor circuits. This objective is assessed 
through exams and lab reports. 

4. Students should be able to mathematically analyze 
transistor and diode circuits and solve for Q-points 
using the MoHAT procedure. This objective is as-
sessed through exams and lab reports. 

5. Students should be able to design CS and CE am-
plifier circuits based on given design expectations. 
This objective is assessed through exams and lab 
reports. 

6. Students should be able to synthesize the knowl-
edge learned from lectures into a hardware circuit 
design to perform certain applications. Students 
should be able to troubleshoot and test their cir-
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7. Students should demonstrate civic engagement with 
local communities to promote fundamental engi-
neering knowledge through informal education 
seminars. This objective is assessed through the 
service-learning presentation, reflection discussion 
and service-learning final report. 

8. Students should demonstrate their ability to recog-
nize different audiences and be able to design their 
presentations accordingly. This objective is as-
sessed through the service-learning presentation, re-
flection discussion and service-learning final report. 

The specific requirements of the service-learning activities 
include:  

 
1. SERVICE-LEARNING PRESENTATION: Stu-

dents are allowed to choose any topic that is related 
to this course in order to design a seminar presenta-
tion for high-school students in grades 8-12. The 
presentation is evaluated through feedback surveys 
from 8-12 students and the PowerPoint slides of the 
presentation.  

2. SERVICE-LEARNING PROJECTS: Students are 
required to collaborate with 8-12 students on a 
hardware final project. Final projects must reflect 
one of the circuit applications covered in class. In-
structors may suggest topics, but students can also 
choose their own topic given the instructor’s per-
mission.  Final projects should require 10-12 hours 
of work. The final reports and seminar PowerPoint 
slides will be shared with 8-12 schools for educa-
tional purposes.  

3. REFLECTION DISCUSSION: The discussion board on 
beachboard.com (a subsidy of blackboard.com designed 
solely for CSU Long Beach) is used as a medium for 
discussion. Students are required to respond to reflec-
tion questions posted by the instructor and share their 
learning experience with peers through board postings. 
At least three responses are required by the end of the 
semester including one before the seminar presentation, 
one after the seminar presentation and one during the 
final project. Extra credit will be granted to students, 
who actively participate in discussions.  

 

Implementation 
 

In the Fall 2008 semester, EE330 was offered as a service-
learning course. The Center of Community Engagement on 
the Cal-State Long Beach campus was of tremendous help in 
terms of identifying service-learning opportunities within the 
Long Beach community. The New City School at Long 
Beach expressed their interest during the initial contact with 
the author of this study. Several campus visits to the New 
City School were conducted to identify the feasibility for 

setting up the equipment. A meeting with their science 
teachers was conducted to coordinate the educational needs 
of both parties and to negotiate an appropriate class schedule 
of both parties.  

 
During the first week, the instructor of EE330 conducted 

an introductory lecture to the EE330 students about the edu-
cational benefits and the goals and requirements of the ser-
vice-learning component. This lecture also covered technical 
communication topics such as strategies to approach the 
target audience, selection of topics/project, and design of a 
presentation. Safety issues that students should be aware of 
were also covered in the introductory lecture.  Students were 
expected to approach the community partner to make ar-
rangements for the scheduling of their presentation and the 
project.  

 
Five groups—19 students—provided service to 8-grade 

students in the New City School. The topics of their seminar 
presentations ranged from interesting applications to basic 
science. Some of them taught 8th-grade youths to measure 
current, voltage and resistance using the digital multi-meter. 
Some of them lectured on the behavior of diodes, transistors 
and their applications. Some of them brought a microcon-
troller board to showcase how to control a toy car.  

 
The selected final hardware projects included: Automatic 

light control using a Schmitt Trigger built from an opera-
tional amplifier; a power-supply design including diode rec-
tification and DC-DC converter; small signal amplifier de-
sign using a BJT transistor (2 groups selected this project); 
light insolation meter using an operational amplifier as I-V 
converter. The students designed, built and tested their cir-
cuits in the EE department’s laboratory before their commu-
nity service. On-site at the high school, they re-built their 
circuits with high-school students and characterized the cir-
cuits with them again. This way, the high-school students 
were provided a hands-on experience on electronic hard-
ware, which was expected to stimulate their interests in elec-
trical-engineering topics.   

 
Students were required to have reflection discussions be-

fore and after their service so that they could reflect on what 
they learned during the service activities. The reflection 
questions were posted on beachboard.com by the instructor. 
Students responded to questions by adding threads to the 
board. Sample questions posted by the instructor include:  

 
1. What topic did you choose for this service and 

why? 
2. Discuss your experience about the service presenta-

tion, such as questions received, audience interest 
and how you dealt with the non-technical audience.  
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cuits.  This objective is assessed through final pro-
ject reports. 

7. Students should demonstrate civic engagement with 
local communities to promote fundamental engi-
neering knowledge through informal education 
seminars. This objective is assessed through the 
service-learning presentation, reflection discussion 
and service-learning final report. 

8. Students should demonstrate their ability to recog-
nize different audiences and be able to design their 
presentations accordingly. This objective is as-
sessed through the service-learning presentation, re-
flection discussion and service-learning final report. 

The specific requirements of the service-learning activities 
include:  

 
1. SERVICE-LEARNING PRESENTATION: Stu-

dents are allowed to choose any topic that is related 
to this course in order to design a seminar presenta-
tion for high-school students in grades 8-12. The 
presentation is evaluated through feedback surveys 
from 8-12 students and the PowerPoint slides of the 
presentation.  

2. SERVICE-LEARNING PROJECTS: Students are 
required to collaborate with 8-12 students on a 
hardware final project. Final projects must reflect 
one of the circuit applications covered in class. In-
structors may suggest topics, but students can also 
choose their own topic given the instructor’s per-
mission.  Final projects should require 10-12 hours 
of work. The final reports and seminar PowerPoint 
slides will be shared with 8-12 schools for educa-
tional purposes.  

3. REFLECTION DISCUSSION: The discussion board on 
beachboard.com (a subsidy of blackboard.com designed 
solely for CSU Long Beach) is used as a medium for 
discussion. Students are required to respond to reflec-
tion questions posted by the instructor and share their 
learning experience with peers through board postings. 
At least three responses are required by the end of the 
semester including one before the seminar presentation, 
one after the seminar presentation and one during the 
final project. Extra credit will be granted to students, 
who actively participate in discussions.  

 

Implementation 
 

In the Fall 2008 semester, EE330 was offered as a service-
learning course. The Center of Community Engagement on 
the Cal-State Long Beach campus was of tremendous help in 
terms of identifying service-learning opportunities within the 
Long Beach community. The New City School at Long 

Beach expressed their interest during the initial contact with 
the author of this study. Several campus visits to the New 
City School were conducted to identify the feasibility for 
setting up the equipment. A meeting with their science 
teachers was conducted to coordinate the educational needs 
of both parties and to negotiate an appropriate class schedule 
of both parties.  

 
During the first week, the instructor of EE330 conducted 

an introductory lecture to the EE330 students about the edu-
cational benefits and the goals and requirements of the ser-
vice-learning component. This lecture also covered technical 
communication topics such as strategies to approach the 
target audience, selection of topics/project, and design of a 
presentation. Safety issues that students should be aware of 
were also covered in the introductory lecture.  Students were 
expected to approach the community partner to make ar-
rangements for the scheduling of their presentation and the 
project.  

 
Five groups—19 students—provided service to 8-grade 

students in the New City School. The topics of their seminar 
presentations ranged from interesting applications to basic 
science. Some of them taught 8th-grade youths to measure 
current, voltage and resistance using the digital multi-meter. 
Some of them lectured on the behavior of diodes, transistors 
and their applications. Some of them brought a microcon-
troller board to showcase how to control a toy car.  

 
The selected final hardware projects included: Automatic 

light control using a Schmitt Trigger built from an opera-
tional amplifier; a power-supply design including diode rec-
tification and DC-DC converter; small signal amplifier de-
sign using a BJT transistor (2 groups selected this project); 
light insolation meter using an operational amplifier as I-V 
converter. The students designed, built and tested their cir-
cuits in the EE department’s laboratory before their commu-
nity service. On-site at the high school, they re-built their 
circuits with high-school students and characterized the cir-
cuits with them again. This way, the high-school students 
were provided a hands-on experience on electronic hard-
ware, which was expected to stimulate their interests in elec-
trical-engineering topics.   

 
Students were required to have reflection discussions be-

fore and after their service so that they could reflect on what 
they learned during the service activities. The reflection 
questions were posted on beachboard.com by the instructor. 
Students responded to questions by adding threads to the 
board. Sample questions posted by the instructor include:  

 
1. What topic did you choose for this service and 

why? 
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2. Discuss your experience about the service presenta-
tion, such as questions received, audience interest 
and how you dealt with the non-technical audience.  

3. If you had a chance to repeat this service, how 
would you improve the effectiveness? 

4. Give your opinion on electronics-related service-
learning topics and how you benefited from this 
service. 

 

Assessment 
 

The assessment of this service-learning activity was con-
ducted in three ways: 1) Students’ reflection responses were 
collected and analyzed in order to assess the learning out-
come regarding technical communication; 2) Students’ per-
formance on key final-exam problems were analyzed and 
compared with a control session in order to assess the effec-
tiveness of the service-learning activity in terms of enhanc-
ing the learning of technical topics; and, 3) Surveys of high-
school youths (mainly 8th graders) were collected and ana-
lyzed in order to assess the effectiveness of the service-
learning activity in terms of enhancing community’s aware-
ness of engineering.   

 
• Reflection Response 

This is a qualitative assessment method. All reflection re-
sponses from students were collected, analyzed and summa-
rized on key issues. It was found that most of the students 
found it challenging to present the material to 8th-grade 
youth. The main reason was that they had a hard time at-
tracting the youths’ attention during the presentation. In ad-
dition, explaining concepts in non-technical terms was an-
other thing they found to be challenging. The lesson they 
learned from this service was that the design of a presenta-
tion is extremely important when facing a non-technical au-
dience. Some of them said that if they were to do the semi-
nar again, they would include more hands-on demonstrations 
and more videos and pictures.  

 
Those strategies attract the audience’s attention more ef-

fectively, and can help them better understand the topic. 
Some of them mentioned taking control of the presentation 
pace and using an active tone during the presentation, which 
is also important. Regarding the learning outcome, most of 
them responded positively. They stated that they have to 
understand their project before they can explain it to others. 
One of the groups also mentioned that the questions they 
received during the service made them think about and im-
prove the project. Another group stated that they remem-
bered how “blind” they were when they got to choose a col-
lege major, and that they were glad that they could help oth-
ers make informed choices. This comment indicated that the 
students started to become aware of their responsibilities to 
the community.   

 
• Performance on Key Problems 

Students’ learning outcome on technical content was as-
sessed quantitatively by comparing their performance on key 
final-exam problems with those from a regular session. 
When designing the two final exams, three identical key 
problems were intentionally included for assessment pur-
poses. The three key problems were: a transistor analysis for 
dc and small signal analysis, a diode analysis problem for dc 
Q-point analysis, and an op-amp design problem. To exclude 
the psychological effects, these key problems were put in the 
same order for both sessions, i.e., problem 1 was the transis-
tor analysis, problem 2 was the diode analysis, and problem 
3 was the op-amp design. Problems that were not for as-
sessment purposes were included thereafter. The average 
score of the assessment problems from both sessions are 
summarized in Table 2.  

 
It was observed that the students from the service-learning 

session significantly out-performed the regular session stu-
dents on design and transistor-analysis problems. This is 
probably because a majority of the students from the service-
learning session chose final projects related to either the op-
amp design or amplifier design using a BJT. Although stu-
dents from the regular session were required to do similar 
projects, they still showed a weaker understanding on these 
topics. This clearly suggests that the service-learning com-
ponent did enhance the students’ learning outcome. While 
seeking a way to explain their final projects to 8th-grade 
youths, the students solidified their understanding on se-
lected topics.  

 
Table 2 Score comparison of key problems between service-
learning session and regular session 

 Service 
Learning Session Regular Session 

Transistor  
Analysis 71% 43% 

Diode Analysis 61% 67% 

Design using  
Op-Amp 62% 34% 

 
• Survey to High School 

The impact of the service-learning activity on the local 
community was assessed both quantitatively and qualita-
tively. The assessment surveys shown in Table 3 were dis-
tributed to 8th-grade audiences. Besides the numerical 
measures, audiences were also provided room to provide 
their comments and expectations on future presentations. 
High-school teachers were also invited to provide their 
qualitative comments on this activity.  

Eighty copies of survey were distributed to the 8th-grade 
audience, of which 59 were returned. Among those returned, 
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30 were from males and 26 were from females; 3 others did 
not specify their gender. Some returned surveys were par-
tially completed (20 copies) with one or two un-answered 
questions. The statistical results are presented in table 4. 
Questions 1, 5 and 6 focused on assessing the effectiveness 
of the service-learning activity in terms of improving high-
school students’ awareness of the engineering field, i.e., the 
audience’s interest in engineering topics and enthusiasm for 
pursuing further study in this field. Questions 2, 3 and 4 fo-
cused on assessing the technical communication perform-
ance of college students.   

 
From the statistical results shown in Table 4, it can be 

concluded that the performance of college students turns out 
to be positive. Their presentations gained positive responses 
from the audience. Overall, they were able to convey the 
topics they selected in non-technical terms. A significant 
difference between male and female audiences on Questions 
2, 3 and 4 was not observed. However, regarding the level of 
interest in engineering topics and the enthusiasm for pursu-
ing further study in engineering, the difference between male 
and female audiences becomes significant. The male audi-
ence showed stronger interests and enthusiasm in engineer-
ing topics (Question 1- 4.65, Question 5- 4.1 and Question 
6- 4.1) than female audience (Question 1- 3.75, Question 5- 
3.43 and Question 6- 3.2). These results tell us that, as edu-
cators, we need to pay more attention to the gender differ-
ences in engineering education. 

 
Table 3 Assessment survey to 8th-grade audience 

 Strongly                   Strongly 
Agree                       Disagree 

Does the topic interest 
you? 5        4          3         2          1 

Is the presenter well 
prepared? 5        4          3         2          1 

Did the presenters pro-
vide interesting exam-
ples and/or demos that 
helped you understand 
the topic better? 

5        4          3         2          1 

Did the presenter try to 
communicate with the 
audience in non-
technical terms? 

5        4          3         2          1 

Are you willing to learn 
more about Electronic 
and Electrical Engineer-
ing after this seminar? 

5        4          3         2          1 

Will you consider Elec-
trical Engineering as 
your major in college? 

5        4          3         2          1 

 

The high-school teachers also gave positive feedback by 
stating that their students showed more enthusiasm on sci-
ence topics after this activity. They received requests from 
multiple students about visiting the college of engineering at 
CSU-Long Beach after our students gave the seminar pres-
entation. Thus, a campus visit was arranged in the same se-
mester. High-school youths visited our electronics and mi-
cro-fabrication lab as well as some computer-aided class-
rooms. During the visit, the authors received multiple ques-
tions regarding the instruments in our lab as well as the ad-
mission requirements to the electrical engineering depart-
ment. Visitors expressed high enthusiasm for further in-
volvement in these kinds of activities.  

 
Table 4 Statistical results of the assessment survey 

MALE 
(30 responses) 

FEMALE 
(26 responses) 

 

Mean STD Mean STD 
Question 1 

(56 responses) 4.65 0.48 3.75 1.15 

Question 2 
(45 responses) 4.6 0.73 4.81 0.39 

Question 3 4.42 0.94 4.6 0.61 

Question 4 
(41 responses) 4.53 0.82 3.94 1.03 

Question 5 4.1 1.11 3.43 1.06 

Question 6 4.1 1.14 3.2 1.47 

 

Conclusion 
 
An electronics core course (EE330-Analog Electronic Cir-

cuit I) was redesigned into a service-learning course in order 
to improve engineering students’ ability to communicate 
with non-technical audiences and simultaneously promote 
engineering awareness among K-12 students. Students of-
fered community service in the form of seminar presenta-
tions and project demonstrations to local high-school stu-
dents. Assessment analysis show that: 1) all college students 
stated that the service-learning activity improved their capa-
bility to communicate with non-technical audiences;  2) stu-
dents from the service-learning session outperformed the 
students from the regular session on key final exam prob-
lems, specifically on design and complicated analysis prob-
lems; 3) the majority of the surveys collected from high-
school students indicated that they were interested in choos-
ing engineering as their major in the future; 4) female high-
school students showed less enthusiasm for engineering top-
ics when compared with their male colleagues, which sug-
gests the need for attention to gender differences in engi-
neering education. 
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Abstract  
 

The present study shows the development of a tool condi-
tion monitoring (TCM) system utilizing signal decomposi-
tion techniques in an artificial neural networks (ANNs) sys-
tem. The raw signals obtained from sensors under different 
machining conditions were examined and reduced to multi-
ple components. The most significant components of each 
signal were implemented to develop tool-monitoring sys-
tems. Over 900 neural-networks structures were tested using 
a multi-learning algorithm methodology to find an optimized 
structure for the TCM system. This technique provided sys-
tematic test results of the extended number of possible ANN 
structures with higher accuracy, when compared with the 
traditional manual trial-and-error methodology. The ANN-
TCM system developed in this study showed 97% accuracy 
from 151 test samples with the reject flank wear size of 0.2 
mm or larger. The results demonstrated the successful de-
velopment of a TCM system, which can be implemented as a 
practical tool to reduce machine downtime associated with 
tool changes and to minimize the number of scraps. 
 

Introduction 
 

The metal cutting process, which has played an important 
role in modern manufacturing history, relied on highly 
skilled labor until the mid-1950s, when automated machin-
ing was introduced to replace traditional labor, decrease pro-
duction costs, increase productivity, and enhance product 
quality [1]. Not long afterwards, the industry demanded an-
other task from manufacturers. Products became more indi-
vidualistic, varied, and complex to manufacture. Manufac-
turers needed new technologies and methods that would al-
low small-batch production to gain the economic advantages 
of mass production [2]. The development of CIM (Com-
puter-Integrated Manufacturing) and FMS (Flexible Manu-
facturing Systems) seemed to be ideal solutions for increas-
ing machining flexibility in addition to flexibility in routing, 
process, product, production, and expansion [3]. 

 
Although the combination of CIM and FMS technologies 

showed great promise as a cost-effective solution to meet 

new demands, CIM-FMS systems could not be implemented 
until certain prerequisites were met. One major prerequisite 
was uninterrupted machining to achieve maximum effi-
ciency [4]. Deteriorating process conditions, such as tool 
condition, often forces manufacturers to interrupt machining 
processes in order to respond. Thus, developing an effective 
means of monitoring machine conditions has become one of 
the most important issues in the automation of the metal-
cutting process [5]. 
 

Among the many machine conditions requiring monitor-
ing, tool wear is one of the most critical issues for ensuring 
uninterrupted machining. An effective monitoring system 
allows for effective tool-change strategies when tools dete-
riorate, and maintains proper cutting conditions throughout 
the process [6]. If the monitoring system fails to detect the 
true cutting-tool conditions, the cutting process could result 
in poor surface quality, dimensional error, and even machine 
failure [5]. Furthermore, a reliable tool-wear monitoring 
system can reduce machine downtime caused by changing 
the tool, thus leading to fewer process interruptions and 
higher efficiency. The information obtained from the tool-
wear sensors can be used for several purposes, including the 
establishment of a tool-change policy, economic optimiza-
tion of the machining operation, on-line process manipula-
tion to compensate for tool wear, and to some extent the 
avoidance of catastrophic tool failure. 
 

TCM Studies 
 

The traditional process for predicting the life of a machine 
tool involves Taylor’s equation for tool-life expediency: 

CVT n = , where V is cutting speed, T is tool life based on 
the amount flank wear, and n and C are coefficients [7]. This 
equation has played an important role in machine-tool de-
velopment [8]. Since advanced machining was introduced in 
the mid-1900s, various methods to monitor tool wear have 
been proposed, expanding the scope and complexity of Tay-
lor’s equation. However, none of these extensions has been 
applied universally, due to the complex nature of the ma-
chining process [9]. 
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Researchers have searched for reliable methods to monitor 
tool wear. These methods represent an area of active re-
search because tool condition strongly influences the surface 
finish and dimensional integrity of the workpiece, as well as 
vibration in the tool. More automated approaches were at-
tempted using computer-numerical-control (CNC) technol-
ogy. However, the CNC approach also has several obstacles 
to widespread implementation such as the narrow learning 
capability of CNC machines, limited flexibility of the CNC 
controller, relatively large dynamic errors encountered in 
CNC operations, sensor noises and variability between ma-
chines [10].  In spite of the recent introduction of open CNC 
and STEP-NC for providing improved architectures, where 
researchers can integrate sensor-signal management systems 
and customized applications, studies show that it is still a 
challenge to find proper sensor technologies and signal-
process techniques for tool-condition monitoring [11, 12]. 
Therefore, numerous sensor techniques were introduced and 
tested in tool-wear-monitoring studies. 
 

Tool-condition monitoring methods can be classified into 
direct and indirect methods, depending on the source of sig-
nals collected by sensors. Direct methods sense tool condi-
tions by direct measurement of the tool. Direct methods in-
clude optical, radioactive, and electrical resistance. Alterna-
tively, indirect methods sense the tool condition by measur-
ing secondary effects of the cutting process, such as acoustic 
emission (AE), sound vibrations, spindle and feed-motor 
current, cutting force, and machining vibration. Direct meth-
ods are beneficial because they take close readings directly 
from the tool itself. By contrast, indirect methods must rely 
on conditions other than the tool itself to judge the condition 
of the tool. However, direct methods are limited because the 
machining process must be interrupted to make the direct 
measurements [13]. As a result, machine downtime in-
creases, as do costs for tool condition monitoring. 

 
Since indirect methods do not require access to the tool it-

self to measure the tool conditions, signals that indicate the 
tool condition can be gathered in real time, while the ma-
chine is running. However, despite the benefits of on-line 
measurement, indirect methods also have some disadvan-
tages. Since the information (or signals) collected by indirect 
sensors does not contain direct measurements of the tool 
conditions, additional systems are required to correlate the 
indirect measurements with its tool condition. Additionally, 
indirect measurements are weakened by noise factors associ-
ated with the machining process. Noise factors tend to 
weaken or totally eliminate relationships between the indi-
rect information and actual tool conditions. Many studies 
have sought to correlate indirect measurements with actual 
tool conditions using statistical regression techniques [14], 
fuzzy logic [1], artificial neural networks [15, 16, 17, 18, 
19], and fuzzy-neural networks [10, 20]. In many of the 

studies, the relationships between indirect signals and tool 
condition were weak because unknown factors and noise 
factors diluted the signals collected by the indirect sensors 
during machining. 
 

Some studies attempted to eliminate or minimize noise 
factors from the signals collected by indirect sensors. Wave-
let transformation methods were used to remove noise fac-
tors from the information collected by the sensors [9, 21]. 
These studies showed that a wavelet transformation process 
can increase the correlation between the reduced-noise sig-
nals and tool conditions [22]. However, these studies still did 
not show the relationship between the signal components, 
which were treated as noise factors, and tool conditions. 
 

A limited number of sensors have been adopted in most 
studies involving indirect sensing systems. The most widely 
used indirect sensor is the dynamometer [6, 10, 23], which is 
not practical because of its high cost and lack of overload 
protection. The acoustic emission (AE) sensor is another 
sensing technology that has been used in a number of studies 
[24, 25], but it is also limited in its application due to its 
noise integrity. Some studies adopted multi-sensor tech-
niques to improve tool-condition monitoring systems [26, 
27, 28]. By combining multiple sensing technologies, these 
studies sought to develop more robust on-line TCM systems. 
 

Experimental Setup 
 

From the review of the past TCM studies, two cost-
effective sensor technologies, tri-axial accelerometer and 
acoustic emission sensor, were employed in this study to 
detect multiple-direction vibrations and the energy generated 
from the interaction of tool and workpiece. The accelerome-
ter was mounted under the shank holding the cutting tool 
with the AE sensor mounted under the work piece. The sig-
nals detected by the accelerometer were amplified and trans-
ferred to an A/D converter with the signals from the AE sen-
sor, simultaneously. The signals were stored to a computer 
by a data-acquisition program (DaqView™ by IOtech), 
which was also utilized to analyze the data. Carbide insert 
tools (CNMG-432) with variable tool-wear amounts were 
mounted in a CNC lathe to cut aluminum alloy work pieces 
(AL 6061). Figure 1 shows the illustration of the experimen-
tal setup.  
 

Experimental Design 
 
The goal of this study was to develop a tool-condition moni-
toring system using three machining parameters (spindle 
speed, feed rate, and depth of cut) and the signals detected 
by the two sensors. To conduct the experiment, an experi-
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mental design was established. A full factorial design was 

 
Figure 1. Experimental setup  
 
utilized for this experiment in order to examine the full 
range of independent parameter combinations. A multilay-
ered perceptron ANN model with a back-propagation learn-
ing algorithm was deployed based on the independent vari-
ables for input neurons. The independent variables utilized 
in this study were: 3 spindle speeds (SP), 3 feed rates (FR), 3 
depths of cut (DC), and signals captured during machining 
(Si). Three insert tools with different amounts of flank wear 
(0.010714 inch, 0.017857 inch, and 0.019643 inch) were 
measured under a microscope before the machining process 
began. The measured values were used as the outcome of the 
developed TCM system. 
 

To test the flexibility of the newly developed TCM sys-
tem, additional sets of machining parameters and conditions 
were employed. These sets includes additional values for 
spindle speed, feed rate, depth of cut, and tool conditions 
(0.007143 inch and 0.014285 inch), which are not used in 
the analysis and system development. After the experimental 
design, each cutting condition—including cutting conditions 
from the flexible data set—were randomly reorganized be-
fore the machining was performed in order to eliminate any 
systemic integration from the cutting conditions. Table 1a 
shows the training data set employed in this study and Table 
1b shows the flexible data set employed in this study. 
 

TCM System Development 
 
Signal Decomposition Process 
 

A total of 270 data sets containing raw signals were ob-
tained from the experiment. Since the traditional time-
domain analysis does not provide a clear method for analyz-
ing raw signal data due to the randomness of each of the data 
points, numerous sets of conditions were tested. Among the 
many characteristics, the adjusted mean values of each 
membrane were employed to represent responses of sensors 

 

Table 1. Experimental Design 
 SP 500 1,000 1,500 

FR DC .01 .02 .03 .01 .02 .03 .01 .02 .03 

.01  S01 S02 S03 S10 S11 S12 S19 S20 S21 

.02  S04 S05 S06 S13 S14 S15 S22 S23 S24 

.03  S07 S08 S09 S16 S17 S18 S25 S26 S27 
 

 SP 625 825 

FR DC .015 .025 .015 .025 

.015  S28 S29 S32 S33 

.025  S30 S31 S34 S35 

 
to each of the machining conditions, including machining 
parameters and tool conditions. However, the raw signal 
data restrain other machining effects including the effects of 
machining parameters and machining environments. There-
fore, it is necessary to reduce the raw signals into multiple 
components and adopt only the significant components for 
development of the TCM system. 
 
 Among a number of signal-processing techniques, Daube-
chies wavelet was employed for its fairly quick calculation 
results and simple programming structure under Matlab and 
its Wavelet Toolbox environment. In this study, a D4 wave-
let program was developed. In the past, wavelet transforma-
tion methodology has been used to eliminate the noise fac-
tors. In this study, however, components of noise factors and 
significant responses to tool condition are indistinguishable. 
In order to find the most significant component of tool con-
dition, a series of statistical data analyses were performed. 
Figure 2 shows an example of the reduction process. Table 2 
shows the statistical analysis results of the components of 
each signal. The analysis results show that component 6 
(C6) of the x, y, and z direction vibrations and the original 
raw signal of the AE sensor show stronger relationships to 
tool condition than the others. This indicates that by utilizing 
the raw signal of the AE sensor and the 6th component of the 
vibration signal, obtained by wavelet reduction of the raw 
vibration signals, a more accurate TCM system can be cre-
ated.  
 
ANNs Structural Developments 
 
 Artificial neural networks provide an artificial means of 
making some of the same kinds of decisions that a highly 
skilled machine operator would make before, during, or after 
the machining process [17].   Human operators learn to make 
accurate judgments of tool conditions based on relationships 
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Figure 2. Example of signal reduction by wavelet transforma-
tion 
 
Table 2. Correlation factors of tool wear and signal 

Signal Org Cmp1 Cmp2 Cmp3 Cmp4 Cmp5 Cmp6 

X .0415 .0007 .0368 .0793 .2660 .2413 .5369 

Y .0958 .0136 .0266 .0288 .0727 .0753 .3618 

Z .0030 .0199 .0431 .0577 .1929 .2002 .5134 

W .1214 .0874 .0864 .0595 .0792 .0306 .0427 

X: x-direction vibration, Y: y-direction vibration, Z: z-direction vibration, 
W: AE signal, Org: original signal, Com1 – 6: signal components 
 
observed during the machining process. As human operators 
gain experience, their sensitivity to these relationships in-
creases. More recent experience reinforces or adjusts the 
patterns developed from prior experience. ANNs work in a 
similar fashion, continually training themselves to accurately 
judge tool conditions. By adjusting the weights among neu-
ral-network nodes until the number of test errors falls to an 
acceptable level, the nonlinear relationships among the fac-
tors and tool condition are updated and tested. 
 

Determining the network’s structure (the number of hid-
den layers and nodes of each layer) that performs best is one 
of the biggest challenges in the process of developing 
ANNs. Many machining-tool studies tested only a limited 
number of cases by trial-and-error in order to determine the 
appropriate structure [15, 26]. Investigating a limited num-
ber of cases of the ANN structure often leads to a low prob-
ability of obtaining the best-performing system with the 
available data. In addition, in a trial-and-error methodology, 
the researcher has to spend a great amount of time modify-
ing the ANNs structure, including the numbers of hidden 
layers and nodes; and, each structure must be trained until 
the test results are valid. As a result, this method requires a 
great deal of time in order to optimize the network training 
time and output results [29]. 
 

A novel method for finding the optimized ANN structure 
for tool-condition monitoring is proposed in this study. In 
order to avoid the problems of the traditional manual method 
(inefficient, time consuming, and potential inaccuracy) to 
build the ANN structure, a computer-assisted ANN-structure 
search methodology was employed. The proposed method-
ology tests all possible structures with a simplified learning 
process (quick-propagation) and short-training iteration, 
providing fitness scores for each structure to allow focus on 
a limited number of structures with higher scores and higher 
possibilities of accurate explanation of the outcome. The 
following is a discussion of the process of ANN-structure 
construction and selection. 
 

For the input layer of an ANN-based TCM system, three 
machining parameters (spindle speed, feed rate, and depth of 
cut), three accelerometer signals (three direction vibrations), 
and acoustic emission (AE) sensor signals were employed. 
The output layer has one node (the amount of flank wear of 
the tool used in each cutting condition). For the accelerome-
ter and AE signals, the best signal components of each signal 
were utilized since they exhibited a closer relationship with 
tool conditions than raw signals. In order to utilize the data 
in ANNs training, a preprocessing of the data is required to 
give equal initial weights for the input layer. All input layer 
node data (machining conditions and sensor signals) were 
transformed into the range between -1 and 1, and the output 
node (the amount of flank wear) was transformed into the 
range between 0 and 1 (normalization). 
 

After the preprocessing, the best-performing ANN struc-
ture was determined using a computer-assisted neural-
networks-structure search method. This methodology veri-
fies the performance of all possible structures systematically, 
based on the criteria of interest. In this study, the number of 
hidden layers was limited to one and two (both cases were 
tested), and the number of nodes per hidden layer was lim-
ited to thirty, due to the limitations in available computing 
power. Therefore, the number of possible structures for the 
ANN system is 930. Each of these possible structures was 
tested and scored based on its fitness to the tool conditions. 
During the test, a simplified learning algorithm (quick-
propagation) was utilized to shorten the learning time with a 
limited number of iterations. Table 3 shows the top 25 ANN 
structures selected by the process, based on the fitness scores 
of each. The results show that the structure with two hidden 
layers had a better performance fitness compared with the 
single hidden-layer structure. An irregular relationship be-
tween the degree of fitness and the structure of ANN sys-
tems (the number of nodes in each hidden layer) was also 
observed. From the test results, the top 22 structures (all 
with a fitness score of 400 or more) were studied further to 
determine the best fit for the TCM system. 
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Table 3. Summary of the top 25 ANN structures 

ID Architecture* Number of 
weight 

Fitness 
score 

Train  
error 

236 7-14-8-1 409 448.703 0.00332 

195 7-29-6-1 767 431.531 0.00298 

101 7-19-3-1 444 427.816 0.00312 

738 7-12-26-1 605 425.111 0.00344 

598 7-12-21-1 535 425.080 0.00328 

852 7-14-30-1 761 423.547 0.00323 

242 7-20-8-1 577 422.291 0.00336 

327 7-21-11-1 674 421.018 0.00325 

851 7-13-30-1 711 418.271 0.00338 

351 7-17-12-1 569 411.719 0.00342 

138 7-28-4-1 681 411.177 0.00300 

272 7-22-9-1 657 410.725 0.00348 

739 7-13-26-1 651 405.973 0.00359 

239 7-17-8-1 493 404.659 0.00318 

111 7-29-3-1 674 404.409 0.00345 

189 7-23-6-1 611 402.797 0.00368 

269 7-19-9-1 570 401.746 0.00376 

150 7-12-5-1 311 401.460 0.00347 

271 7-21-9-1 628 401.443 0.00326 

245 7-23-8-1 661 401.366 0.00318 

580 7-22-20-1 921 401.267 0.00345 

267 7-17-9-1 512 401.249 0.00341 

737 7-11-26-1 559 399.767 0.00366 

222 7-28-7-1 771 396.488 0.00340 

214 7-20-7-1 555 394.358 0.00324 
* Input Layer – Hidden Layer 1 – Hidden Layer 2 – Output Layer 

 

A new series of neural-networks training was performed 
with the top 22 ANN structures. A total of 405 data sets 
were used as training data, including three spindle speeds, 
feed rates, and depths of cut, with five tool conditions. A 
back-propagation learning algorithm was utilized as the net-
work learning algorithm for an in-depth learning process. 
Learning rates and momentum values for each neural net-
work were arranged by the negotiation of the speed of con-
vergence and the prevention of divergence during the train-
ing. The number of iterations for training was set at 50,000 
and each structure was run four times. This setup routine 
helped to ensure that the learning results avoid a local solu-
tion, which is a false response of neural networks during the 
process of node-weight adjustment during training. 
 
 During the training iterations, the convergence of the sys-
tem was checked by monitoring the system training error, 
error improvement, and error distribution. Figure 3 shows an 
example of training and its monitoring process. The test re-
sults show the successful convergence of all 22 network 
systems with high R-squared scores, which indicates fitting 
level between the neural-networks outcomes and the ex-
pected outcomes. The score range was between 0.831101 
(networks ID: 150) and 0.996173 (networks ID: 245), which 
indicated that the tool conditions used in the training proce-
dures can be explained by the input variables up to 99.61%. 
However, the results could be from the learning characteris-
tic of neural networks and does not always indicate the pre-
diction capability of the network structures. Therefore, the 
prediction capability of the networks’ structures was tested 
with the test data set, which was not used in the process of 
training. The 22 network systems were able to explain the 
test data set with an accuracy range between 73.65% (net-
work 150) and 87.78% (network 245). From its higher accu-
racy, network 245 (7-23-8-1) was nominated as the best 

structure for the ANN-based TCM system in this study. 
 Figure 3. Summary of the training results of network 245 (Correlation: 0.99813, Training time: 0:50:50) 
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Results and Conclusion 
 

With the selected ANN structure, a test was performed 
based on the criterion of detecting the rejecting tool condi-
tion (0.00787 inch [0.2 mm] or bigger), which could practi-
cally be adopted as a “STOP-GO” tool in the real manufac-
turing environment. The developed ANN-based TCM sys-
tem successfully predicted 146 tests out of a total of 151. 
From the 62 “sharp tool” tests, five samples were predicted 
as a “worn tool” (Type II error). Within the 89 “worn tool” 
tests, zero samples were predicted as a “sharp tool” (Type I 
error). Overall, the developed ANN-based prediction model 
can identify the tool condition with 97% accuracy. 
 

In subsequent studies, enlarging the number of machining 
parameters, tool conditions, types of insert tool, and different 
work-piece materials is recommended for more variable 
machining conditions. Increased numbers of hidden layers 
and nodes of ANN systems is also recommended with higher 
computational power. 
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A PROCESS FOR SYNTHESIZING BANDLIMITED  
CHAOTIC WAVEFORMS FOR DIGITAL  

SIGNAL TRANSMISSION 
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Abstract 
 
In the development of a chaotic oscillator technology to 

produce high-quality communication signals, the authors 
found a novel method for limiting the out-of-band spectral 
power from chaotic oscillators. This development is an im-
portant breakthrough that has allowed the authors to make a 
major step toward a commercially viable technology. 

 

Introduction 
 
In a practical wireless communication system, the signal 

transmitted from the antenna must be limited to a finite 
range of frequencies. Such signals are known as bandlimited 
signals; or, if the range of frequencies does not include dc-
where the frequency equals 0 Hz—they are called passband 
signals. Typically, passband signals are bandlimited signals 
that occupy a small percentage of bandwidth about a center 
or carrier frequency. Multiple signals can then be transmitted 
by using passbands that do not overlap, then separating the 
signals at the receivers by filtering all but the passband of 
interest. This method of sending multiple signals, known as 
frequency-division multiplexing, is the basis for many mul-
tiple-user systems in use today. When many users can access 
a system on either a fixed- or flexible-frequency division 
plan, the method is known as frequency-division multiple 
access. Although some methods such as code division multi-
ple access, or CDMA, do not rely upon frequency division 
for signal separation, the signals are still limited to a pass-
band defined by the Federal Communications Commission 
(FCC) [1]. 

 
If the signals generated by chaotic systems are to be used 

in commercially viable systems, the transmitted signal must 
be bandlimited in some way. One obvious and often-used 
way to do this is to generate a signal that has considerable 
out-of-band spectral power, and then filter the signal to re-
move most of the power that lies outside of the desired fre-
quency band. This method is, however, costly in many ways. 
Filters that effectively remove out-of-band energy, while 
passing the signal in-band with minimal distortion, are ex-
pensive and generally have a large footprint. The power out-
side of the band is also wasted, and must be dissipated as 

heat. This wasted power translates into increased transmitter 
power requirements and faster battery drain.  

 
In this study, development efforts to produce a commer-

cially viable chaotic oscillator technology yielded a particu-
larly simple and effective way to limit the out-of-band radia-
tion from a chaotic oscillator. This method caused the oscil-
lator itself to produce a signal with bandwidth-constrained 
signal power and, thus, there was no need for a filter or 
waste of power. In doing so, the authors applied a principle 
that may be used for more general signal shaping or spectral 
shaping. 

 
The idea behind this bandlimited–chaotic-oscillation 

(BCO) synthesis method was based on the segment-hopping 
method of oscillator control [2]. In segment hopping, a digi-
tal source produces an analog waveform that is used to guide 
the transmit oscillator. The guide signal is an analog copy of 
a signal that could be produced by the transmit oscillator 
itself, except that it follows a pre-defined symbol sequence 
that contains the digital information being transmitted. In 
this scheme, the transmit oscillator is acting as an amplifier 
for the guide signal, because the output of the transmitter can 
be much higher in power than the power drawn from the 
guide source. 
 
Synthesis and Analysis 

 
A prototypical chaotic oscillator used to produce signals 

useful for digital communication is the Lorenz system [3].  It 
was the oscillator first used by Hayes [4] to introduce the 
notion of controlling symbolic dynamics, a process to en-
code digital information in the oscillations of a chaotic sys-
tem. The Lorenz system is described by a three-dimensional 
system of equations having the form:  
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where s, r and b are parameters that Lorenz orignally set to 
10, 28, and 8/3, respectively. The state-space attractor 
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defined by these equations takes on a double-lobed structure, 
which lends itself nicely to a binary-symbol partition. Figure 
1 is an example of a two-dimensional projection of the 
solutions of the Lorenz equations, showing state-variables x 
and y. Two Poincaré surfaces are placed in positions 
piercing the focal points and extending outward beyond the 
boundaries of attractor. 

 
The time-varying state-variable, x(t), is a bipolar wave-

form well-suited for baseband transmission of digital infor-
mation.  Figure 2 is an example of the waveform in its gen-
eralized time coordinates, and Figure 3 is a plot of the fre-
quency content of this signal with respect to its average cy-
cle frequency.   The average cycle frequency is the recipro-
cal of the average cycle time. The cycle time is defined as 
the time it takes a point on the attractor to travel from one 
Poincaré surface to the other, or back to itself. The average 
cycle time is the mean time, in seconds, calculated by inte-
grating the system with a fixed integration step and collect-
ing thousands of surface crossings.  Tavg was found to be 
about 1.7 seconds, with a variance of about 1.8 seconds. 

 
Figure 4 is a block diagram of the implementation of a 

bandlimited chaotic signal source.  A binary sequence is fed 
into a discrete-time, bandlimited, segment-hopping source. 
This source will be described in the next section.  The output 
signal, y[n;t], is a sampled waveform used as a guide signal 
to synchronize a continuous-time Lorenz oscillator to it. A 
single state-variable synchronization method is used to lock 
the oscillator to the dynamics and, thus, to the embedded 
digital sequence of the guide signal. 

 
Since Pecora and Carroll first introduced the concept of 

synchronization of chaotic oscillator circuits [5], many 
methods have been developed and realized.   

 
 
 

The following mathematical model works extremely well: 
 

( )
zxyz

Rytnyxzyxy
xyx

β
ρ

σσ

−=
−+−−=

−=

&

&

&

];[        (2) 

 
Here, R is a coupling factor. This method works well from 
the standpoint of simplicity and ultimately from a circuit-
realization perspective. There have been circuit realizations 
proposed for the Lorenz equations [6]. In such circuits this 
coupling method is simply a resistive feed of a voltage 
across, or current into, a single arm.  
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Segment Hopping 

 
Refer to the synthesis of the guide signal, y[n;t]. Two new 

concepts are introduced here.  
 

1. Continuous, digitally-encoded chaos waveforms 
can be generated by piecing together the proper 
signal segments. 

2. These segments can be bandlimited prior to storage, 
and can impress their characteristics upon a con-
tinuous-time oscillator via synchronization. 

 
The sequencing of stored segments in memory in some 

pre-defined order is commonly used in arbitrary waveform 
synthesis. What is new and not obvious about segment hop-
ping is that an arbitrary controlled trajectory of a determinis-
tic dynamic system can be generated, even though the sys-
tem produces continuous and non-repeating trajectories in 
state space under the action of deterministic differential equ-
ations. Furthermore, this signal can be made to carry an arbi-
trary sequence of digital symbols representing encoded data. 
Thus, the difference between this method and arbitrary 
waveform synthesis is that this method allows for the pro-
duction of a signal carrying arbitrary data that appears to 
have been produced by the action of differential equations. 
This is achieved by putting out segments that follow the de-
sired symbol sequence, while satisfying the grammar of the 
oscillator. The theoretical basis for this method of signal 
synthesis is the idea from ergodic theory that chaos can be 
approximated to an arbitrary degree of accuracy by com-
pletely deterministic mappings in state space intermediated 
by completely random choices [7].   

 
 

For example, in an 8-bit encoding there are 256 signal 
pieces, or segments, that can be put together to form any 
desired binary-symbol sequence. The segments are assigned 
numbers from 0 to 255 according to the bit sequence they 
initiate. In a physical implementation, a segment-hopping 
system can be stored in a static memory device such as a 
ROM or EPROM and clocked out according to the input bit-
sequence. A more detailed description of the segment-
hopping process will be published shortly. In the following 
section, the authors consider a complete computer model of 
the BCO synthesis method. 

 

Computer Model Results 
 
The first, important step was to determine the amount of 

bandlimiting that can be achieved. Any amount of filtering 
will cause some distortion to the waveforms. It was then 
important that the binary encoding remain preserved, and 
that the guide signal remain capable of synchronizing the 
continuous-time oscillator. Given the determination of the 
average cycle time, Tavg, as stated earlier, a smooth, low-pass 
filter was applied to the Lorenz oscillations having a cutoff-
frequency of twice the average bit rate. With the filtering 
applied, segments were stored that source the appropriate 8-
bit symbol sequences. Figures 5 and 6 show the filter charac-
teristics and the response of the frequency spectra and the 
resultant attractor. 

 
The filtering was applied to all three state coordinates in 

order to produce a new attractor. It was with this new attrac-
tor that the symbolic dynamics of the system were deter-
mined and the associated segments produced. 
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Even though only one state-coordinate was used as a guide 
signal, namely y, the entire attractor had to be transformed in 
order to synthesize the segments needed for segment-
hopping control. 

 
In the following example, the binary sequence was en-

coded and transmitted as  
  

B = 11001101100010101111000110101100011 
 

Figure 7 shows what the desired output waveform, x(t), 
would be for a typical Lorenz oscillator.  Given the bandlim-
ited segments, the guide signal, y[n], could be synthesized.  
Figure 8 is a plot of the frequency spectrum of the original, 
unfiltered transmit signal, x(t), the result of which was fil-
tered using the low-pass filter described earlier, and the fre-
quency spectrum of the new transmit signal from the BCO 
synthesis method. 
 

Note the dramatic reduction in frequency content. Particu-
larly, there was nearly a 20 dB reduction at 3.5 times the 
cycle frequency and a 30 dB reduction at 6 times the cycle 
frequency.  Earlier it was stated that it is important that bi-
nary encoding remain preserved and that the synthesized 
BCO guide signal be capable of synchronizing a Lorenz 
oscillator to it. This is demonstrated in Figures 9 and 10.  
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 What was remarkable was how “flexible” the Lorenz os-
cillator can be. This was an important realization not only 
for this work but for synthesizing signals even more com-
patible with traditional communication signal formats and 
standards.  It was demonstrated in the lab in prototypes that 
physical chaotic oscillators can be made to produce signals 
that have constant-timing intervals between Poincaré surface 
crossings by simply synchronizing them to an artificially-
synthesized waveform having those properties.  This timing 
regularization is of utmost importance for use in commer-
cially-viable communication systems because it makes accu-
rate clock-timing recovery possible.  Combined with band-
with compression, as outlined here, this solved some of the 
most critical technological problems for using chaotic oscil-
lators in commercial systems.  

 

Conclusion 
 
What was described here in a simple example was an ena-

bling technology. In order to use chaotic systems and proc-
esses in commercial digital communication systems, the 
waveforms must be restricted in bandwidth in a controllable 
way. The focus must shift to the design of waveforms and 
sources, and away from the use of existing, easily-
constructed oscillators. 

 
The BCO synthesis technique in this study demonstrated a 

simple, efficient and effective way to generate baseband 
signals for wireless communication.  Some chaotic oscilla-
tors, such as the Colpitt’s circuit [8] and the double-scroll 
oscillator [9], produce signals with very different character-
istics.  However, this technique is a general procedure appli-
cable to a variety of chaotic oscillators.  

 
 

Another area of technology development that the authors 
are focusing on is in the development of oscillators that are  
ideally suited for given communication channels.   Although 
the Lorenz system has excellent properties for binary base-
band digital signaling in white noise, there may be oscilla-
tions better suited and which can produced with more effi-
cient circuitry.  

 
Since Ott, Grebogi, and Yorke’s initial formalism for con-

trolling chaotic processes using small perturbations [10], 
there has been a consistent march toward development of 
technological applications.  Arguably, the application to 
communications technology has held the most promise and 
has been the source of the most activity. Beyond simple ap-
plications is the realm of commercially viable applications 
that have characteristics that make chaotic dynamics tech-
nology attractive to the fast-moving world of the telecom-
munications industry. Some of the improvement areas that 
make chaotic dynamics technology attractive are increases in 
efficiency, reduction of system complexity, increases in 
transmission ranges and digital transmission data rates. 

 

References 
 

[1] Theodore S. Rappaport, Wireless Communications: 
Principles and Practice, Prentice Hall, Inc., New Jer-
sey, 1996. 

[2] Scott T. Hayes, Chance M. Glenn, Syncrodyne Ampli-
fication, Phase II Final Report, NextWave Technolo-
gies, Contract # N00014-00-C-0044, Office of Naval 
Research, 2000.  

[3] Edward N. Lorenz, Deterministic Nonperiodic Flow, 
Journal of the Atmospheric Sciences, vol. 20, March 
1963. 

[4] S. Hayes,  C. Grebogi, E. Ott, Phys. Rev. Lett. 70, 
3031 (1993). 

[5] L. M. Pecora and T. L. Carroll, Synchronization in 
Chaotic Systems, Phys. Rev. Lett. 64, 821 (1990). 

[6] R. Tokunaga, M. Komuro, T. Matsumoto, L.O. Chua, 
‘Lorenz Attractor’ From an Electrical Circuit with 
Uncoupled Continous Piecewise-Linear Resistor, In-
ternational Journal of Circuit Theory and Applica-
tions, Vol. 17, 71-85 (1989). 

[7] Athanasios Papoulis, Probability, Random Variables, 
and Stochastic Processes, 3rd ed., McGraw-Hill, Inc., 
New York, 1991. 

[8] Martin J. Hasler, Electrical Circuits with Chaotic 
Behavior, Proceeding sof the IEEE, vol. 75, no. 8, 
August 1987. 

[9] T. Matsumoto, L. O. Chua, M. Komuro, The Double 
Scroll, IEEE Trans. CAS-32, no. 8 (1985), 797-818. 

[10] E. Ott, C. Grebogi, J. A. Yorke, Phys. Rev. Lett. 64, 
1196 (1990). 

 

-15 -10 -5 0 5 10 15
-15

-10

-5

0

5

10

15
y 

(s
yn

c)

x (sync)

Figure 10. BCO-synthesized attractor projec-
tion



 
 

 
 
A PROCESS FOR SYNTHESIZING BANDLIMITED CHAOTIC WAVEFORMS FOR DIGITAL SIGNAL TRANSMISSION                                  61  
                                                                                          

 

Biography 
 
CHANCE M. GLENN, SR. is a professor in the College 

of Applied Science and Technology at the Rochester Insti-
tute of Technology.  He is also the founder of and senior 
researcher at the William G. McGowan Center for Tele-
communications, Innovation and Collaborative Research. He 
earned his B.S. (Electrical Engineering, 1991) from the Uni-
versity of Maryland at College Park, his M.S. (Electrical 
Engineering, 1995) from the Johns Hopkins University, and 
his Ph.D. (Electrical Engineering, 2003) from the Johns 
Hopkins University as well. Dr. Glenn is also the Associate 
Dean of Graduate Studies for RIT.  Dr. Glenn began study-
ing nonlinear dynamics and chaotic processes as a research 
engineer at the Army Research Laboratory then continued to 
develop technology from these concepts for private com-
mercial ventures.  He holds several patents and is currently 
developing a complete architecture for digital communica-
tions based upon chaotic dynamical systems theory. Dr. 
Glenn may be reached at chance.glenn@rit.edu. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 



 

 
 
 62                                    INTERNATIONAL JOURNAL OF ENGINEERING RESEARCH & INNOVATION | VOL. 2, NO. 1, SPRING 2010 
 

EVALUATING THE ACCURACY, TIME, AND COST 
TRADE-OFFS AMONG ALTERNATIVE STRUCTURAL 

FITNESS ASSESSMENT METHODS 
 

Michael D. Johnson, Texas A&M University; Akshay Parthasarathy, Texas A&M University 
                                         

Abstract  
 

Development project lead time and cost are of growing 
importance in the current global competitive environment. 
During the development of physical products, one key task 
is often the assessment of a component’s structural fitness. 
This paper examines the trade-offs that occur among differ-
ent methods of assessing structural fitness and their associ-
ated accuracy, costs, and lead times. Results show that 
physical prototypes require significantly more time than 
analytical prototypes, where only simple calculations or fi-
nite element analyses are used. Trade-offs are further illus-
trated using a case study, which examines the need to meet 
lead-time and budgetary constraints. In this case, it is shown 
that it can be preferable to choose a more accurate method 
even if it has a higher cost and lead time. The inability to 
escalate to a more accurate method later and still meet time 
and budgetary constraints can  prescribe choosing a more 
accurate method initially, assuming that the time and budg-
etary penalties for that method are not too great. 
 

Introduction 
 

Development is the process of creating technically feasi-
ble solutions in order to meet customer needs. In today’s 
technologically driven world, the importance of develop-
ment to the success or even survival of a firm is unques-
tioned. The return on investment for research and develop-
ment has been shown to be more effective than capital ex-
penditure at boosting various financial metrics [1].  How-
ever, it is not sufficient that the product-development proc-
ess be effective, it must also be quick. Development lead 
time can affect the commercial and financial success of a 
product [2]-[4].  Some companies even use time-to-market 
as a key product development metric [5].  There is a poten-
tial conflict between trying to complete a development pro-
ject quickly and producing a superior, or even acceptable, 
product. Design iterations increase product quality, but do so 
at the expense of increased lead time [6]. 
 

It is often said in product-development circles that “we 
never have time to do it right, but we always have time to do 
it twice”.  This remark arises from the tension between the 
desire of technical professionals to engineer “perfect” prod-

ucts and the business reality of needing to deliver those 
products in an efficient and cost-effective manner. There are 
usually alternative methods available to determine the ac-
ceptability of a given design solution. These range from 
simple analytical prototypes—such as stress calculations or 
the use of hand books—to comprehensive physical proto-
types such as creation and testing of entire products [7]. 
Rapidly advancing technology in computer-aided design, 
manufacturing, and engineering allows for several aspects of 
a product throughout the realization process to be analyzed 
virtually. The selection of alternative assessment methods 
through the development process dictates alternative costs 
and lead times. This initial selection can also affect the costs 
and lead times associated with alternative assessment meth-
ods used during iterations. 
 

There has been significant research regarding both prod-
uct- and project-related risks. Product risk is defined here as 
an unacceptable design solution – something that does not 
meet technical or customer requirements.  Project risk is 
defined as the failure to conform to time and budgetary con-
straints.  Previous research has examined the effects of itera-
tion on cost and lead time [6], [8]-[9]. These studies did not 
include the tendency to escalate to more accurate assessment 
methods in the event of an assessment failure. Assessment 
failure is defined as a method signaling an acceptable design 
solution, when in fact the design solution is not acceptable. 
This would be a Type II error.  If a relatively quick and in-
expensive assessment method resulted in an assessment fail-
ure, it is likely that an alternative method with putative 
higher accuracy will be chosen next. This switching can 
require significant additional time and cost.  

 
This current study will look at 1) the tradeoffs associated 

with these alternative methods and switching costs, 2) a 
summary of related work in the areas of project lead time, 
risk, and simulations, 3) a presentation of the methods and 
results of a design and test project, 4) a case study used to 
illustrate the usefulness of the results, and 5) the limitations 
and conclusions of this current study. 
 

Related Work 
  

Product development lead time has long been a research 
focus and has been examined from various perspectives. 
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Some of the earliest work examined the distribution of labor 
over the course of a development project [10]. The effects of 
how tasks overlap [11] and, as noted previously, iterations 
have been examined. Project team resources [12] and or-
ganization have also been analyzed [13]. Product complexity 
and newness have been shown to increase development lead 
time [13]-[14]. In addition to understanding the product and 
project factors that affect lead time, unexpected changes in 
schedules or resources (project risk) have also been exam-
ined. 

 
A significant amount of research has focused on assessing 

and mitigating project risk, which is usually related to lead 
time and budget.  These previous research projects attempted 
to reduce unexpected delays by better understanding their 
causes [15] or providing frameworks that recognize risks 
and aim to mitigate their consequences [16]-[18]. Project 
simulations based on previous project data were used to ex-
amine budget and risk minimization strategies [19].  In addi-
tion to project risk, there is also technical or product risk. 
Similar techniques were used to assess product risk, such as 
examining the failure of similar products in the past [20]. 
Risk identification and mitigation techniques were also used 
for product risks [21]. Prototypes were suggested as a way to 
reduce both product and project risk [22]. The use of com-
puter simulations may be another way to reduce risk and 
possibly decrease lead time in development projects.  

 
There have been significant advances in computer simula-

tion over the past two decades.  Some authors have predicted 
that computer-aided engineering will eliminate the need for 
prototypes [23].  However, even a prominent proponent of 
finite element analysis (FEA) has expressed reservations; 
over a decade ago, the founder of ADINA  (a FEA com-
pany) expressed concerns about the growing number of de-
signers using FEA software [24]. This was before programs 
such as COSMOS (SolidWorks), Mechanica (ProEngineer), 
and DesignSpace (ANSYS) made FEA more accessible to 
designers.  In addition to concerns about the training and 
expertise of those using FEA tools, there were questions 
about the reliability of the numerical simulation tools them-
selves. The complexity of building a reliable computer pre-
diction was noted; when empirical data is absent, there is 
ignorance [25]. A necessary step of producing a reliable 
model is the comparison of the observed physical event with 
the prediction of the mathematical model; this is referred to 
as validation [25]-[26].  

 
Unfortunately, this validation processes can require a sig-

nificant amount of time [27].  Therefore, some trade-off 
must be made between lead time and method accuracy; one 
must choose among quicker methods, validated numerical 
methods, or gathering empirical data. This decision will 
have an impact on both product and project risk. This study 

presents an explicit quantitative assessment of alternative 
assessment methods. The relative accuracy of two analytical 
prototyping methods is compared to the results of a physical 
prototyping method. This relative accuracy is then compared 
to the engineering effort (in person-hours) required to pro-
duce these results. 

 
To illustrate the impact that assessment method selection 

can have on product and project risk, a case study is also 
detailed in the next section. This case study examines three 
alternative methods that were used to determine if a design 
solution is acceptable. The case study also incorporates the 
role of iterations and unique assessment-method escalation. 
The effect of assessment method on project-related quanti-
ties, e. g., lead time and budget, is illustrated and the product 
and project risk associated with the methods are presented.  

 

Exercise and Case Study 
  
 To examine the effect of alternative data gathering meth-
ods on product and project risk, a senior design project was 
commissioned to mechanically evaluate a simple compo-
nent. A team consisting of three students designed, per-
formed finite element analyses, manufactured, and tested the 
specimen.  The students were asked to design a specimen 
that was simple enough to structurally analyze without the 
use of FEA and that could be machined using manual ma-
chining equipment. Three points of interest were selected to 
examine the mechanical behavior of the specimen when un-
der a load. The specimen, points of interest and loading con-
figuration are shown in Figure 1. The span of the specimen 
is approximately 15cm and was manufactured from 6061 
aluminum. The lower portion of the specimen was assumed 
to be constrained, as it would be in a fixture as shown in 
Figure 2. The students were asked to evaluate the specimen 
using three methods: simple stress calculations assuming 
only bending, finite element analyses, and the use of strain 
gages on a manufactured aluminum prototype. The students 
were asked to keep a diary of the time that they spent per-
forming each of the tasks throughout the project.  
 
 Initially, the component was modeled in Pro|Engineer 
CAD software.  Once the design for the component was fi-
nalized, the students began assessing its mechanical behav-
ior. It was decided to test the component using 3kg, 5kg, and 
7kg loads. The loads would be hung from the end of the 
specimen to produce a bending deformation, as shown in 
Figure 2. Given that the component was loaded in simple 
bending, it was assumed that at the three locations of interest 
only the principal stress, as a result of bending, would be 
relevant. The next step was to evaluate the mechanical be-
havior of the specimen using the alternative methods. The 
first method consisted of performing a simple bending stress 
calculation using: 
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Figure 1. Diagram of specimen detailing points of interest. 

 
 

 
Figure 2. Specimen in testing fixture 

 
 These calculations took into account the stress concentra-
tion caused by the hole at point “A” in Figure 1. Next, 
Pro|Mechanica—the integrated finite element program 
within Pro|Engineer–was used to perform the finite element 
analyses of the component assuming the previously men-
tioned loading conditions. The simulations were run and the 
predicted stresses at the locations of interest were tabulated. 
Finally, a prototype component was machined using a CNC 
mill. This required the generation of a numerical control 
program, or g-code, that was generated using the Feature-
Cam program. The material was pre-cut to near net shape to 
minimize machining time. The prototype specimen was then 
instrumented with strain gages at the locations of interest 
and loaded in the aforementioned manner. Three samples 
were taken at each location for each load. These strain re-
sults were then averaged and used along with the elastic 

modulus of 6061 aluminum (70 GPa) to determine the stress 
at the points of interest; this assumed only linear elastic 
bending.  
 

For the purpose of this study, the results of the physical 
prototype test were assumed to be the baseline. The strain 
gage results were assumed to be the most representative of 
the physical event. Figure 3 shows the relationship between 
the time required to complete a given analysis and the devia-
tion from the baseline result. Overall, the majority of the 
results were within 20% of the baseline. The notable excep-
tion is the finite element analysis results at location B. These 
results predicted stress in this location that were almost four 
times greater than the baseline result and the simple stress 
calculation. With the exception of this result, all other results 
were within 20% of the baseline. The majority of the results 
also produced what would be considered a Type I error with 
respect to the baseline, i.e., they predicted higher stress than 
the baseline. This is usually the preferred type of error in 
structural fitness evaluation methods as an over-engineered 
design is usually preferable to one that fails, though there are 
exceptions such as insertion or removal force for a snapfit.  
The only method that produced appreciable Type II errors 
was the simple calculation method at location B; the FEA 
method error at location C was less than 1%. But even this 
method’s 16% deviation from the baseline would be over-
come with an extremely modest safety factor of 1.2. The 
overall trend showed that slightly more deviation resulted 
from methods that had a lower completion time, excluding 
the FEA outlier at location B. 
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Figure 3. Deviation of stress results from those of a full proto-
type as compared with a full prototype tested at three locations 
and compared to test data gather time (hrs). 
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Figure 4. Process flow for alternative data gathering and manufacturing methods for the component. 

 
While in this case the lower time-investment assessment 

methods produced results that compared well with the base-
line, that may not always be the case.  As such, the effect of 
product risk on project risk was still evaluated. For purposes 
of this project, it was assumed that the initial design would 
be evaluated for mechanical behavior—as detailed above—
then manufactured and delivered for installation. If the com-
ponent met the structural requirements as expected, the pro-
ject was deemed complete. If it failed, a component that met 
the structural requirements had to be redesigned and deliv-
ered at no additional charge. The budget and lead time for 
the project were $7500 and three weeks—15 business days, 
respectively.  

 
Figure 4 shows the process plan for alternative methods of 

evaluating and delivering an acceptable component. All 
methods begin with design selection and solid modeling. 
The three mechanical behavior methods are detailed above: 
simple calculations, finite element analysis, and physical 
prototype testing. There are two alternative methods of 
manufacturing the component for both the prototype and 
final production: the machining can be done with a CNC 
mill, requiring a computer-aided manufacturing – CAM – 
numerical control program or it can be done manually. 
These two methods are noted in the process plan. It was as-
sumed that if the manual milling operation were chosen, a 
design for manufacturing (DFM) analysis would be per-
formed in order to determine a process plan and proper feed 
rates. The time durations shown in Figure 4 are those re-
ported by the senior design project team. The two exceptions 
were the durations for the DFM analysis and the estimation 

of the manual machining time, which were estimated by the 
authors using Boothroyd et al. [28].  

 
It was assumed that both machining and engineering labor 

would have an efficiency of 60%; direct production work is 
being done 60% of the eight-hour work day. The fully-
burdened hourly wage for engineers was assumed to be $75; 
the fully-burdened wage for a machinist was assumed to be 
$50. The wage and efficiency numbers are averages for en-
gineering and production personnel found in Johnson and 
Kirchain [29]. There was also a $28 hourly charge for the 
CNC mill and a $16 hourly charge for the manual mill. The 
hourly charges for the machines were based on purchase 
costs of $175,000 for the CNC mill and $100,000 for the 
manual mill. It was assumed that these mills would operate 
1000 hours per year and were amortized over a 10-year use-
ful life using a 10% cost of capital to take into account the 
time value of money [30]. Materials were assumed to cost 
$75 per part; this was based on the actual cost of material 
used for the project. The cost of each operation and the total 
for each alternative method are shown in Figure 4. 
 

As expected, the simple calculation and FEA methods 
were less costly and could be performed in the shortest lead 
times. The two full prototype methods were more costly and 
required more time with the method that does not use the 
CNC mill, taking the longest and being the most costly. All 
methods were within the lead time and budgetary constraints 
outlined above, assuming the assessment methods were ac-
curate and correctly predicted an acceptable design. How-
ever, if the component were installed and failed, the compo-
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nent would have to be redesigned and retested. As men-
tioned above, this retesting would probably involve escalat-
ing to a method deemed to be more accurate. In the case of 
the simple calculations—the only method to produce appre-
ciable Type II errors—escalation to the FEA method would 
require an updated design, an FEA analysis, the manufacture 
of the new component, and would require an additional six 
days and approximately $3000. This assumed that the FEA 
method would take one-third the time of the original and that 
the DFM could be omitted. 

 
This additional time and cost, combined with that of the 

original method, would be very close to the time and budg-
etary constraints. It was not possible to escalate to the manu-
ally manufactured prototype method and still meet time and 
budgetary constraints, which were an additional time of 9 
days and an additional cost of $4,600.  It would be possible 
to escalate to the CNC-prototyped component and still meet 
the lead time constraint, but not the budgetary one of an ad-
ditional time of 7 days and an additional cost of $4,300. 
Overall, it would probably be preferable to choose one of the 
physical prototyping methods, even though they have longer 
lead times and cost more. It would be very difficult to esca-
late from one of the lower-cost and shorter lead-time meth-
ods and still meet the time and budgetary constraints in the 
event of Type II errors.  

 
In summary, product risk is shown to have a significant ef-

fect on project risk and should be mitigated through the use 
of high-accuracy assessment methods in the presence of 
stringent time and budget constraints. This study examined a 
specific case and made numerous assumptions; as such, the 
results should be interpreted within certain limitations. 
These are discussed in the next section along with some 
conclusions. 

 

Limitations and Conclusions 
 
 There are several limitations through which this work 
should be interpreted. First, a single and relatively simple 
product was examined for structural fitness.  This allowed 
for a range of assessment options to be evaluated. In some 
cases, the ability to manufacture and test a component would 
not be feasible; in those cases, only simulation methods 
would be available. Second, this study assumed that all of 
the results from the various methods would be interpreted in 
a similar manner. It is possible to mitigate both the product 
and project risk associated with quicker methods by using 
larger safety factors such as over engineering to compensate 
for assessment risk. Next, although the students who per-
formed this work were near the end of their professional 
training, they were still not experienced engineers; as such, 
the duration of certain activities might be longer than those 

experienced in an industrial situation with more senior per-
sonnel.  
 
 Finally, this study assumed that the empirical data derived 
from the full prototype were assumed to be representative of 
the physical event. The problem with this assumption was 
that empirical data almost always contain errors [26]. In 
some cases, higher-end computer simulations may produce 
better results than those of simply-tested physical proto-
types. Only one physical specimen was tested; the testing of 
multiple samples would allow for the accuracy of the em-
pirical method to be better verified. Future studies should 
examine alternative components and verification methods as 
well as address the limitations noted above.  
 

Technology has afforded engineers with a wide array of 
methods to assess the fitness of their designs.  They must 
choose which assessment method affords them the highest 
probability of assessment success, while also conforming to 
time and budgetary constraints. In other words, they must 
minimize both product and project risk. This study showed 
an explicit, quantitative relationship between assessment-
method accuracy and related engineering effort. This study 
also incorporated the tendency of project teams to escalate to 
more accurate methods, when a previous method has pro-
duced erroneous results.  

 
It was shown that it can be preferable to choose a more 

accurate method even if it has a higher cost and lead time. 
The inability to escalate to a more accurate method later, and 
still meet time and budgetary constraints, prescribes choos-
ing those methods initially, assuming that the time and 
budgetary penalties for them are not too great. This study 
showed that for assessing the structural fitness of a simple 
manufactured component that these penalties are in fact not 
too great. The methods detailed in this work can be used to 
explicitly and quantitatively analyze the effects assessment 
methods have on product and project risks. 
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Abstract  
 

In selecting Digital-to-Analog converters, overall per-
formance accuracy is a primary concern; that is, how close 
does the output signal reflect the input codes. Integral 
NonLinearity (INL) error is a critical parameter specified by 
manufacturers to help users determine device performance 
and application accuracy.  In classical testing of INL error, 
for an n-bit DAC, 2n output levels must be included in the 
computation. This leads to a time-intensive and costly proc-
ess.  Therefore, the authors investigated the ability of Wave-
let Transform to estimate INL with fewer samples in real-
time testing.  Compared with classical testing, the novel im-
plementation of this Wavelet Transform has shortened test-
ing times and reduced computational complexity based on 
special properties of the multi-resolution process.  As such, 
the Discrete Wavelet Transform can be especially suitable 
for developing a low-cost, fast-test procedure for high-
resolution DACs. 
 
Introduction 
 

In today’s advanced communication systems, fast Digital 
Signal Processing (DSP) combined with mixed-signal Digi-
tal-to-Analog Converters (DACs) create a bottleneck in digi-
tal-to-analog conversion systems [1].  Therefore, it is impor-
tant to determine the right DAC for the application. At the 
most basic level, converter testing would appear to be a sim-
ple matter. However, testing is extremely expensive and 
time–consuming, as many have agreed [1]-[8] for both static 
and dynamic parameters. Static parameters of DACs, such as 
Deferential Non-Linearity (DNL) and Integral Non-Linearity 
(INL) errors, provide specific information that show the de-
vice output monotocity and signal distortions. INL meas-
urements, then, can be one of the major error characteristics 
of defining the overall DAC worst-case deviation [9]. This 
measurement can be lengthy and complicated, especially 
with the exponential growth in DAC internal complexity and 
the large number of data samples acquired per n-bit DAC 
[1]-[10].   

 
Significant work has been done in the area of enhancing 

nonlinearity testing. Several studies proposed to reduce the 
number of input codes to reduce the linearity testing time. A 
technique was proposed to shorten the testing time by  

modeling a reduced order model of DAC [4]. A reduction in 
the number of measurement points allows for faster statisti-
cal characteristic estimation in DAC models. However, a 
DAC model must feature much less than 2n code of the ac-
tual DAC codes. Prior knowledge of the tested DAC error 
behavior also needs to be included in the model. This par-
ticular approach requires complicated mathematical simula-
tion models of the DAC in order to define the influence of 
each code on its actual output voltage [10]. Also, DAC was 
modeled to show the effect of parasitic element and compo-
nent mismatching on the converter performance [11]. How-
ever, other noise sources such as power supply and other 
hardware inputs were not included [7].  

 
Others [10] proposed to reduce the number of samples by 

dividing the DAC input codes into segments. Each segment 
contains number of codes. Meanwhile, DAC output volt-
ages, corresponding to different input codes within the same 
segment, are amplified to one value. This approach is based 
on the summation (averaging) of all output voltage values 
including noise. In addition, the separation of different errors 
can get harder as the number of bits increases. Others have 
focused on implementing new transformation techniques 
such as Wavelet Transform (WT) [2], [6], [7], [12]-[14]. The 
simulation with wavelets has shown improvements with 
satisfactory results in ADC testing. Thus, previous works in 
wavelet testing were applied through simulation process 
only using MATLAB. None of these investigators used 
LabView for real-time applications in ADC or DAC testing.  

 
Since the problem of DAC testing persists due to lengthy 

processing delays caused by extremely large numbers of 
collected samples [10], the authors of this study investigated 
the ability of Wavelet Transform to estimate INL with fewer 
samples in real-time testing. Through actual testing, wave-
lets have shown improvements in characterizing DAC line-
arity error with satisfactory results. Wavelet Transform spe-
cial properties of down sampling and multi-resolution al-
lowed the reduction of compiled samples. No serious work 
has been done in this area to explore the actual strength of 
wavelet algorithms in real-time DAC testing. With the focus 
on shortening the testing process, reducing sample size, and 
simplifying testing complexity, wavelet computational effi-
ciency was suitable for this application in contrast to the 
classical technique of estimating INL. 
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Theoretical Overview 
 

Ideally, the DAC output voltage range is divided into 
equal segments, known as step size or Least Significant Bit 
(LSB), based on the device n-bit. In practice, the DAC volt-
age range is the difference between the output voltage of the 
lowest digital codes and the highest digital codes. By meas-
uring the DAC voltage range or Full Scale Range (FSR) and 
dividing by the total number of codes, DAC unit separation 
step size can be stated as:  

 

  
[2 1] [0]1

2 1

n

n

Voltage VoltageLSB − −
=

−
      (1) 

 
  where ”n” is the DAC number of bits [7], [15]-[19]. 
 
That is, for each sequence input code, the DAC analog out-
put is incremented by exactly 1 LSB. But, in reality, dis-
tances between codes vary due to non-linearity performance 
of the device, as shown in Figure 1. 
 

 
Figure 1.  DAC Linearity performance in term of 1 LSB 
 

The difference between the actual separation of adjacent 
individual codes and the estimated ideal step size is DNL. 
INL, on the other hand, is the overall linearity performance. 
INL measures the worst-case variation, or flatness, in the 
DAC analog output values with respect to an ideal straight 
line [15], [19]. Two straight-line methods are used in deter-
mining INL: End Point Line and Best Fit Line (linear regres-
sion). By using the End Point Line technique as shown in 
Figure 2, the straight line between the minimum and the 
maximum output value will present the ideal slope, or gain, 
and the INL is the deviation from this line [15]-[17]. 

 
Figure 2.  Endpoint Linearity Straight Line 
 
The Best Fit Line, on the other hand, gives a representation 
of the DAC output linearity, based on the total sample set 
without looking into the smallest and largest value, as in 
Figure 3 [15], [16]. 

 

 
Figure 3.  Best Fit Straight Line 
 

Using either straight-line method, the INL curve can be 
calculated by subtracting the reference DAC straight line 
(End Point or Best Fit Line) from the actual output values in 
terms of 1 LSB. Ideally, the DAC output is linear, and the 
INL is equal to zero. However, in actual performance, DAC 
INL can be estimated as 

 

  Re( [ ] [ ])
[ ] f

LSB

V i V i
INL i

V
−

=         (2) 

where  [ ]V i  is the actual output values 

                   Re [ ]fV i  is the straight line values 

         LSBV  is the measured LSB 
 

Testing Setup 
 

The methodology of this testing experiment, shown in 
Figure 4, is based on generating clean, low-frequency digital 
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waveform codes and measuring the corresponding output 
voltages. This is followed by signal processing and data 
analysis. 
 

Figure 4.  Model setup for DAC Wavelet analysis 
 
In this study, a pattern generator was used to produce a 

ramp-up digital-waveform range from (00..0) to (11..1), 
based on the tested DAC number of bits. Both pattern gen-
erator and Device Under Test (DUT) DAC were triggered 
using the same clock to determine output analog signal fre-
quency. The continuous output waveform, in the form of a 
continuous voltage, was captured and digitized using a high-
er-bit ADC. The digitizer resolution must be at least 2 bits 
greater than the resolution of the DUT DAC or one quarter 
the LSB [16]. In this study, a 20-bit digitizer was used, 
which is 6 bits higher than the DUT DAC (14-bit TI 
DAC2904), to allow characterization and achieve a linearity 
measurement accuracy of 1/64 the DUT LSB. A time-
domain digitized signal was transformed into the time-
frequency domain using Discrete Wavelet Transform 
(DWT). The transform data were used in characterizing the 
DAC non-linearity performance, illustrated in Fast Compu-
tation Technique section. 
 

The hardware setup shown in Figure 5 involves supplying 
a digital ramp signal using a National Instruments NI-PXI-
6552 pattern generator. The output analog signal was cap-
tured and digitized using a NI-PXI5922 fixable resolution 
digitizer to measure the output analog voltage. The clock 
source was routed through a NI-PXI-6552 to synchronize the 
DUT DAC and NI-PXI5922. A low-noise power supply was 
used to power the DAC testing board and to provide the 
digital power to trigger the bits. 

 
 

 
Figure 5.  Experiment Hardware setup 
 
 

Ramp Digital Input Codes 
 

Non-linearity measurements were affected by the device’s 
DC offset error, which can be caused by unsettled supply or 
reference-voltage input waveforms [20]. This phenomenon 
of unsettling requires additional time for a waveform to set-
tle. However, testing time is often short and does not allow 
for settling, which may result in the DC-offset error being 
added to the output signal. The digital ramp signal is typi-
cally used to generate the DAC input stimulus digital wave-
forms and the DAC’s acquired response is compared to an 
ideal response [16]-[20].   
 

A computer repeatedly generates a set of ramp codes 
ranging from Least Significant Bit to Most Significant Bit to  
control a precision DAC. To eliminate waveform dead time 
and signal distortion, multiple ramp cycles were generated, 
but only one complete cycle was extracted by the digitizer. 
The first cycle, which could be subjected to distortion, was 
avoided by using derivative analysis to locate the maximum 
index of the derived signal and to get the starting point of the 
second cycle of the ramp signal.  
 

Discrete Wavelet Transform 
 

In most cases of signal analysis, signals are transformed 
and represented in a different domain. This kind of trans-
formation, such as DWT, allows one to obtain further infor-
mation in the raw signal data by localizing in frequency 
space and determining the position of frequency components 
[21], [22]. DWT is based on sub-band coding and was found 
to have fast computation. The computation was based on 
successive low-pass and high-pass filtering of the discrete 
time domain. Filtering was used to decompose a signal by 
utilizing filter banks and a down-sampling process by factor 
2 (decimation) [2], [7], [22].   

 
Assuming an output Sn, the new decomposed signal con-

sists of two pieces, Sn-1 and dn-1 for signal approximation 
and detail coefficients, respectively, as shown in equations 
(3) and (4). 
  1, *n j nk

k
s h s− = ∑         (3) 

  1, *n j nk
k

d g s− = ∑         (4) 

where h and g  are Wavelet Transform low-pass                
and high-pass coefficients, respectively 

 
Wavelet decomposition consists of two major functions: 
convolution and down-sampling. In down-sampling, odd-
numbered coefficients are dropped and even-numbered coef-
ficients are renumbered by inserting a “0” in place of the 
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removed coefficients. The notation ( 2)a↓  denotes the se-
quence of down-sampling by 2 as shown in equation (5). 
 
  2(( 2) )k ka a↓ =         (5) 
 
In equations (3) and (4), output signal Sn is convoluted with 
wavelets low- and high-pass coefficients, as given in equa-
tions (6) and (7) 
  ( * ) *n j nk

k
h s h s= ∑            (6) 

  ( * ) *n j nk
k

g s g s= ∑         (7) 

followed by down-sampling, as given in equations (8) and 
(9). 
  1 ( 2)( * )n ns h s− = ↓          (8) 

  1 ( 2)( * )n nd g s− = ↓         (9) 
 

This process of filtering and decimation at each decompo-
sition level reduces the number of collected samples by half 
of the frequency band. Starting with the largest scale (the 
original signal), bandwidth becomes a multiple of halves at 
the high-pass and low-pass filters for fast algorithms of 
computational and implementation processes. In other 
words, a signal, ns , with a frequency 100Hz, passes through 
the first stage of decomposition to separate the signal into 
two parts: high-pass and low-pass. This results in two ver-
sions of the same signal: 0-50Hz for the low-pass portion 
and 50-100Hz for the high-pass portion. By taking one por-
tion or both, this process can be repeated at multiple stages. 
As a result, at level 2 of the high-pass decomposition, origi-
nal bandwidth can be divided into 0-50Hz, 50-75Hz and 75-
100Hz, as shown in Figure 6. However, if all are combined, 
the original signal should be observed. Therefore, DWT is 
easy to implement and reduces the computation time without 
changing the signal. 
 

 
Figure 6.  Wavelet Transform Multilevel Decomposition 

 
Many types of mother Wavelets, based on the translation 

and scaling properties, can be used to determine signal char-
acteristics. However, for each application, an appropriate 
mother Wavelet should be selected that best matches the 
signal [23], [24]. Selection of a specific DWT can be based 
on Wavelet shape, attribute, performance and signal analysis 
[23]. Properties of the Wavelet can be described in the time 
domain, (e.g., symmetry, regularity, vanishing moment, 
etc.), frequency domain (e.g., decaying, width of frequency 
window, etc.) and time-frequency domain (e.g., orthogonal, 
biorthogonal, fast algorithms, compact support, etc.) [23]. 
For example, Daubechies series are widely used in engineer-
ing applications. Using special attributes, Daubechies make 
conjugate quadrate filterband in multiresolotions analysis 
[24]. In addition, higher-order Daubechies (dbN) result in 
higher regularity [23]. An orthogonal wavelet with fast algo-
rithms and computation support is a perfect match for signal 
spectrum analysis [23] with energy conservation.  
 

The total energy contained in the DWT coefficients and 
the energy in the original signal is the same. This is suitable 
for signal compression and noising [21], [22]. However, 
unlike the orthogonal Wavelet filters (not a linear phase), 
biorthogonal filters can be linear-phase to allow for symme-
try [21]. In this study, Haar, Coef, Daubechies (orthogonal), 
and biorN (biorthogonal) were used to analyze a ramp signal 
based on their shape characteristics, matching signal, sym-
metry, smoothness and phase linearity. 
 

Fast Computation Technique 
 

Ideally, DAC has a negligible output deviation from 
straight line and 0 offset voltage [15], [16]. In a non-ideal 
environment, a DAC analog output ( )x t  contains errors 
that distort the output signal due to noise, distortion error 
and heat.  The output signal can be demonstrated as: 

 
  ( ) ( )x t x t e= +        (10) 
 
 where ( )x t = the original ramp value and 
          e  = error-value 
 

In this study, the DWT algorithm was applied to decom-
pose ( )x t using multi-resolution techniques and a combina-
tion of low- and high-frequency components.  While low-
frequency components are stationary over a period of time 
(approximation coefficients), high-frequency components 
are noisy and provide detail coefficients as shown in equa-
tions (11) and (12), respectively [21]. 
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From the high-pass filter, detail coefficients were obtained 
as indicated in equation (13) and down-sampled by 2, taking 
the odd values as shown in (14), to end with half of the 
original data.  
 
 1, 1 1,0 1,1 1,2 1,3 1,4 1,5 1,6 1,7( , , , , , , , , )n n n n n n n n nd d d d d d d d d− − − − − − − − − −K K  (13) 

 1, 1 1,1 1,3 1,5 1,7( , , , , , )n n n n nd d d d d− − − − − −K K   (14) 
 
The collected detail coefficients in the first multi-resolution 
were used again for a second-level multi-resolution by re-
peating equations (12)-(15), as shown in Figure 7.   
 

 
Figure 7.  Data decomposition process 
 

To compute INL using DWT coefficients, high-pass coef-
ficients at the 2nd stage of multi-resolution were used. As in 
the case of computing instantaneous DNL [2], [7], instanta-
neous magnitudes of the high-pass filter at the 2nd level of 
data decomposition were used in place of the original codes 
for INL estimation, where codes in the time-frequency do-
main represented a different version of the same signal.   

 
By applying DWT coefficients into the INL estimation, 

the INL was determined by subtracting the reference calcu-
lated straight line (based on instantaneous magnitudes) from 
the instantaneous magnitudes, and normalized by the DUT 

ideal∆ . As a result, the instantaneous INL can be computed 
as: 

{ }( )max
( )

n ref n

ideal

d d
INL n

−
=

∆
     (16) 

      where  ideal∆  is ideal LSB 

     nd is instantaneous magnitudes 

                  ( )ref nd  is corresponding straight-line magnitudes 
 

Experimental Results 
 

The proposed algorithm was implemented in LabView 
because of its proficiency in testing control, automation, and 
data acquisition [25]. A picture of the arranged bench proto-
type testing setup is shown in Figure 8. Testing setup con-
sists of: 1) a National Instrument PXI 1042, capable of gen-
erating various analog and digital waveforms, built-in clock 
synchronization, high-resolution digitizer, and built-in logic 
analyzer; 2) device-under-test DAC; and, 3) PC terminal for 
testing engineering interfaces and interpolation of testing 
results. 
  

 
Figure 8.  Bench Prototype Testing Setup 
 

INL testing uses the classical technique as shown in Fig-
ures 9, 11 and 13 for 14-bit, 12-bit, and 10-bit DACs, re-
spectively. Meanwhile, Figures 10, 12, and 14 illustrate the 
proposed DWT INL testing for 14-bit, 12-bit, and 10-bit 
DACs, respectively.  
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Figure 9.  14-bit DAC INL Computation 
 

 
Figure 10. 14-bit INL Wavelet Based Computation 

 

  
Figure 11.  12-bit DAC INL Computation 

 

 
Figure 12.  12-bit INL Wavelet Based Computation 

 

 
Figure 13.  10-bit DAC INL Computation 
 

 
Figure 14.  10-bit INL Wavelet-Based Computation 
 

As shown in Figures 7 and 8, for example, in classical 
testing of 14-bit DAC, a total of 16,383 codes were used in 
estimating the maximum INL, while in the DWT testing 
algorithm, 4,099 codes were used. In Figures 9 and 10, for 
the 12-bit DAC, a total of 4,095 codes were used in classical 
testing and 1,032 codes in the DWT algorithm. Also, for the 
10-bit DAC in Figures 11 and 12, 1,023 codes were used in 
computing the INL, while 258 were used in the DWT algo-
rithm. This significant reduction in the number of codes and 
shortened INL computation was due to the special DWT 
properties of dilatation and translation that allows Wavelet 
to zoom into signal data information, prevent redundant in-
formation during decomposition, and to possess the same 
amount of energy contained in the original data for signal 
reconstruction [21], [ 22]. 
 

To validate these experiment results, testing was per-
formed using several clock frequencies and DWT mother 
wavelets. Results were validated with classical testing as 
well as device specifications as shown in Tables 1- 3 and 
Figures 15-17. 
 
Table 1.  INL estimation for 14-bit (DAC2904, TYP INL = 5± ) 
Fclock 
(KHz) C.T db4 db2 Haar 

Bior3-
1 Coef1

100 0.47  0.16  0.12  0.14  0.41  0.11 
150 0.42  0.11  0.13  0.13  0.46  0.13 
200 0.46  0.13  0.17  0.13  0.4  0.11 

C.T – Classical Testing 
 

 
Figure 15.  Illustration of INL values from Table 1 
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Table 2.  INL estimation for 12-bit (DAC2902, Typ INL = 3± ) 
Fclock 
(KHz) C.T  db4 db2 Haar 

Bior3-
1 Coef1

100 0.16  0.03  0.08  0.03  0.22  0.07 
150 0.18  0.04  0.06  0.04  0.21  0.06 
200 0.17  0.04  0.06  0.04  0.21  0.06 

C.T – Classical Testing 
 

 
Figure 16.  Illustration of INL values from Table 2 
 
Table 3.  INL estimation for 10-bit (DAC2900, Typ INL = 1± ) 
Fclock 
(KHz) C.T  db4 db2 Haar 

Bior3-
1 Coef1

100 0.08  0.01  0.03  0.02  0.11  0.03 
150 0.09  0.01  0.03  0.03  0.1  0.02 
200 0.09  0.02  0.05  0.02  0.15  0.02 

C.T – Classical Testing 
 

 
Figure 17.  Illustration of INL values from Table 3. 
 

Discussion  
 

The Wavelet Transform showed improvements in testing 
INL by reducing the number of sampling data and computa-
tional complexity. As indicated in the testing process, Wave-
let Transform algorithms reduced the amount of compiled 
data by 75% of collected data samples, which reduces the 
data-storage space requirements by the same amount, and 
shortens test duration from 312ms in conventional testing to 
134ms using Wavelet algorithms.   

 
The selection of the Wavelet was based on the Wavelet 

shape characteristics, matching signal, orthogonality, and 
filter linearity. As seen from Tables 1, 2 and 3, bior3-1 out-
performed Haar and dbN Wavelets, due to the matching sig-
nal characteristics of the ramp-up signal and linear-phase 
filters. 
 

Conclusion 
 

A new method of testing INL mixed-signal DACs was 
presented to show the ability of DWT in analyzing output 
signals, and identify bit errors due to signal distortions, 
noise, and DC offset, that can be integrated into the output 
signal. This method of testing can be implemented in testing 
other DAC parameters such as gain and DC offset error. The 
benefit of Wavelet algorithms in decreasing the number of 
sample data can be used for a faster testing process, de-
creased cost, and more accurate results. DWT can be espe-
cially suitable for the incredible growing demands for high-
speed, high-resolution converters, built-in self-test algo-
rithms, and self-calibration schemes. 
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Abstract  
 
 Group-III nitride-based semiconductors have emerged as 
the leading material for short wavelength optoelectronic 
devices. The gallium nitride/indium-gallium nitride 
(GaN/InGaN) alloy system forms a continuous and direct 
bandgap semiconductor spanning ultraviolet (UV) to 
blue/green wavelengths. An ideal and highly efficient light-
emitting device can be designed by enhancing the spontane-
ous emission rate. The paper presents the design and fabrica-
tion of a visible-light-emitting device using a GaN/InGaN 
single-quantum-well system with enhanced spontaneous 
emission. To increase the emission efficiency, layers of dif-
ferent metals, usually noble metals like silver, gold and alu-
minum, were deposited on GaN/InGaN single-quantum-
wells using a metal evaporator. Surface characterization of 
metal-coated GaN/InGaN single-quantum-well samples was 
carried out using Atomic Force Microscopy (AFM) and 
Scanning Electron Microscopy (SEM). Photoluminescence 
(PL) was used as a tool for optical characterization to study 
the enhancement in the light emitting structures. This study 
also compared characteristics of different metals on 
GaN/InGaN single-quantum-well systems, thus allowing 
selection of the most appropriate material for a particular 
application. Results show that photons from the light emitter 
couple more to the surface plasmons if the band-gap of the 
former is close to the surface-plasmon resonant energy of a 
particular metal. Absorption of light due to gold reduces the 
effective mean path of light emitted from the light emitter 
and hence quenches the quantum-well emission peak com-
pared to the uncoated sample. 
 

Introduction 
  
 Semiconductor materials play a vital role both in optoelec-
tronics and high-speed digital circuits for computer and tele-
communication applications. Silicon semiconductor technol-
ogy has advanced exponentially in both performance and 
productivity as predicted by Moore’s law [1]. These expo-
nential advances in device integration observed over the past 
several decades might soon end due to fundamental physical 
(lithographic area not less than 100nm) and/or economic 
(cost of fabrication facility more than US $2 billion) limita-
tions [2]. The 1999 edition of the International Technology 
Roadmap for Semiconductors reported the presence of a 

potential “Red Brick Wall” that could block further scaling 
of integrated circuits [3].  
 
 This prediction has motivated extensive efforts aimed at 
developing new device concepts and fabrication approaches 
that may enable integration to overcome the limits of con-
ventional microelectronics technology [2]. It requires the 
development of an optical analogue of an electronic inte-
grated circuit capable of routing, controlling and processing 
optical signals [4]. There is a strong tendency to replace big 
and slow electronic devices with small and fast photonic 
ones. Development of photonic crystals, quantum wells, and 
quantum dots, having key properties controlled by size, 
morphology, and chemical composition, represents a power-
ful approach that could overcome physical and/or economic 
limitations [2]. The photonic integrated circuit include de-
vices such as switches, sources and interconnects to accom-
modate 1000 x 1000 channels on a single substrate [5]. A 
novel nanophotonic technology that goes beyond the diffrac-
tion limit is essential to meet the demands of the future 
semiconductor optoelectronic industry. Surface plasmons are 
an integral part of nanophotonic technology that could po-
tentially fill a niche in the optoelectronics industry. 
 
Surface Plasmons 
 
 Surface plasmons are trapped electromagnetic surface 
modes at the interface between a metal and a dielectric and 
are a combined oscillation of the electromagnetic field and 
the surface charges of the metal [6]. They are widely recog-
nized in the field of surface science. Surface plasmons have 
electromagnetic fields that decay exponentially into both the 
metal and dielectric media that bound the interface [7]. Sur-
face plasmons propagate along an interface between two 
media with dielectric constants of opposite sign (such as a 
metal and a dielectric). Renewed interest in surface plas-
mons comes from recent advances that allow metals to be 
structured and enable concentration and channeling of light 
using sub-wavelength structures. This in turn facilitates con-
trol of surface-plasmon properties to reveal new aspects of 
their underlying science and to tailor them for specific appli-
cations [7]. 
 
 The use of surface plasmons to concentrate light in sub-
wavelength structures stems from the different permittivity, 
(ε), of the metals and the surrounding non-conducting me-
dia. In order to sustain surface-plasmon resonance, the metal  
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concerned must have conduction-band electrons capable of 
resonating with light of the appropriate wavelength. Surface 
plasmons of lower frequency, ωsp , can also be excited by 
high-energy electron beams or by light. Thus, using surface 
plasmons that are trapped at the interface, the problem of 
light manipulation can be simplified from three dimensions 
to two dimensions [8]. Surface plasmons can increase the 
density of states (energy levels) and the spontaneous emis-
sion rate in the semiconductor, and lead to the enhancement 
of light emission by surface-plasmon quantum-well coupling 
[9], [10].  
 
 In order to build an ideal and highly-efficient light-
emitting device, it is desirable to enhance the spontaneous 
emission rate. Coupling the light to the surface plasmons of 
a metallic film can enhance spontaneous emission and 
thereby optical emission of the semiconductor. Metal-
semiconductor surface-plasmon interaction is an effective 
tool for manipulating local interaction for various optoelec-
tronic applications [11]. The purpose of this study was to 
design and fabricate a visible-light-emitting device using the 
GaN/InGaN single-quantum-well system with enhanced 
spontaneous emission. To increase the emission efficiency, 
layers of different metals, usually noble metals like silver 
(Ag), gold (Au) and aluminum (Al), were deposited on the 
GaN/InGaN single-quantum-wells using a metal evaporator. 
The bottom surfaces of the single-quantum-well samples 
(sapphire substrate) were polished to avoid scattering of 
light. Surface characterization of metal-coated GaN/InGaN 
single-quantum-well samples was carried out using Atomic 
Force Microscopy (AFM) and Scanning Electron Micros-
copy (SEM). Photoluminescence (PL) was used as a tool for 
optical characterization to study the enhancement of light-
emitting structures. This study also compared characteristics 
of different metals on the GaN/InGaN single-quantum-well 
systems, thus allowing selection of the most appropriate 
material for a particular application. 
 

Methods 
  
 The experimental procedure was divided into two sec-
tions, deposition and characterization. The first section in-
volved deposition of thin metal films on the GaN/InGaN 
single-quantum-wells in an ultra-high vacuum chamber by 
using a metal evaporator, while the second section dealt with 
characterization of the metal-coated GaN/InGaN single-
quantum-wells.  
 
GaN/InGaN Single-Quantum-Wells 
 
 Three GaN/InGaN samples (growth temperatures: 780°, 
800°, and 830°C) were grown at the Institute of Photonics, 
University of Strathclyde, Glasgow, Scotland, U.K (collabo-

ration).  Metal organic-chemical vapor deposition or metal 
organic-vapor phase epitaxy was used to grow epitaxial 
structures of samples by depositing atoms on a sapphire sub-
strate. Ammonia (NH3) was used as a precursor for nitrogen, 
whereas trimethygallium and trimethylindium were used as 
gallium and indium sources, respectively. Typically, the 
growth rate employed was one to three mono-layers per sec-
ond, approximately 0.3-1µm/hr, although much higher 
growth rates can be attained. Compounds were grown in a 
hydrogen atmosphere where they formed epitaxial layers on 
the substrate as they decomposed [12]. In order to study the 
enhancement in light emission from metal-coated 
GaN/InGaN single-quantum-well samples, the samples 
needed to be excited from the bottom surface. Rough bottom 
surfaces scatter the light and drop the efficiency of light 
reaching the quantum wells. Hence the substrate side (bot-
tom surface) of the samples had to be polished. Mechanical 
polishing is commonly used to smooth surfaces [13]. An 
Allied Tech Prep™ P/N 15-2000 mechanical polisher was 
used to polish the samples used in this study.  
 
Sample Preparation 
 
 Samples used for metal deposition and further characteri-
zation were cleaned thoroughly for best results. The three 
different GaN/InGaN single-quantum-well samples were cut 
into four pieces each for metal deposition. The protocol for 
cleaning the GaN/InGaN samples is as follows: 
 

 Rinse the samples in acetone for 5 minutes. 
 Clean the samples in distilled water 2 to 3 times. 
 Rinse the samples in methanol for 3 minutes. 
 Clean the samples with distilled water again, 2 to 3 

times. 
 Place the samples in 15% (HCl+HNO3) Aqua Regia 

solution and heat the solution to approximately 
80°C. 

 Clean the samples with distilled water 4 times. 
 Blow-dry the samples with dry nitrogen gas. 

 
Thickness Monitoring 
 
 A Maxtek TM-100 Thickness Monitor was used to moni-
tor the thickness of the metal films during the deposition 
process. The thickness monitor allows improved manual 
control of the vacuum film deposition process by providing a 
direct display of film thickness and deposition rate during 
deposition.  
 
Thin-Film Characterization 
 
 Physical and optical analyses were carried out on all the 
metal-deposited single-quantum-well samples. Scanning 
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Electron Microscopy (SEM) was performed using the JEOL-
5800™ SEM. All samples with and without metal films de-
posited were physically examined under the SEM to under-
stand their surface morphology. Atomic Force Microscopy 
(AFM) was used to make a physical analysis. Digital In-
strument’s Nanoscope-E® AFM was used in this study. A 
photoluminescence technique was used to perform optical 
analysis. Figure 1 shows the photoluminescence arrange-
ment with a system made up of a laser (light source), lenses 
and spectrometer interfaced to a PC. 
 

 
Figure 1: Simplified Photoluminescence arrangement, with 
Laser (A), Lenses (L1, L2, L3), Prism (P), Beam block (B), 
Sample (SM) inside Cryostat (C), Spectrometer (S), and Detec-
tor (D) 
 
 The enhancement of optical emission induced by surface-
plasmon interaction was studied by using a two-dimensional 
emitter situated within the surface-plasmon penetration 
depth of the semiconductor light-emitting structure. For the 
development of efficient light emitters, the quantum-well 
widths were varied by growing the samples at different 
temperatures. Three GaN/InGaN quantum-well samples 
were grown with varying quantum-well widths for achieving 
varying emission energies. Sample preparation was carried 
out by first polishing the bottom surface of sapphire 
substrate grown, single-quantum-well samples and later by 
cleaning the samples for metal deposition. Thin metal 
(Ag/Au/Al) films were deposited using a metal evaporator.  
 
 The quantum-well samples were characterized for surface 
roughness using SEM and AFM. The enhancement in light 
emission was investigated using Photoluminescence (PL) 
spectroscopy. A GaN buffer layer of approximately 1.5µm 
thick was deposited on the sapphire substrate. Single InGaN 
quantum wells were grown on the GaN buffer layer at vari-
ous temperatures measured by a pyrometer within the 
growth chamber. The growth run was finished by a GaN cap 
layer of 17nm thickness, grown at the same temperature as 
the InGaN quantum wells. The growth time for the cap was 
held at 36 s, with the GaN growth rate only slightly depend-
ent on temperature over the range concerned. Table 1 repre-
sents the classification of samples based on their quantum-
well (QW) emission and growth temperatures. 

 
 Sample A was grown at 780˚C with a well thickness of 
4.05nm. Sample B was grown at 800˚C with a well thickness 
of 4.3nm. Similarly, Sample C was grown at 830˚C and has 
a well thickness of 4.55nm. Each sample was cut into four 
pieces and Ag/Au/Al metal films were deposited.  
 
Table 1: Sample Classification 

Sample Name QW  
Energy (eV)

QW 
Thickness 

Growth 
Temperature 

Metal 
Deposited 

Sample A-No Metal 2.53 4.05nm 830°C None 

Sample A-Silver 2.53 4.05nm 830°C Silver 

Sample A-Gold 2.53 4.05nm 830°C Gold 

Sample A-Aluminum 2.53 4.05nm 830°C Aluminum 

Sample B-No Metal 2.25 4.3nm 800°C None 

Sample B-Silver 2.25 4.3nm 800°C Silver 

Sample B-Gold 2.25 4.3nm 800°C Gold 

Sample B-Aluminum 2.25 4.3nm 800°C Aluminum 

Sample C-No Metal 2.1 4.55nm 780°C None 

Sample C-Silver 2.1 4.55nm 780°C Silver 

Sample C-Gold 2.1 4.55nm 780°C Gold 

Sample C-Aluminum 2.1 4.55nm 780°C Aluminum 

 
 

Results and Discussion 
 

a) Surface Characterization 
 
 Scanning Electron Microscopy did not show significant 
quantitative roughness. Hence, AFM characterization was 
carried out on uncoated and metal-coated samples to deter-
mine the surface roughness. A scan size of 6µm x 6µm and a 
scan rate of 5.0Hz were used to scan the samples. The GaN 
domains of 1µm x 1µm (approximately) were observed on 
Sample A-No Metal, which are not periodic and, an average 
roughness of ~ 1nm was observed over a range of 6µm x 
6µm of the scanned area. Due to the existence of domains on 
the GaN surface, some domains were observed on the silver-
coated surface. These domains contribute to the roughness in 
the silver-coated sample. For gold-coated samples, a sample 
roughness of ~2.5nm was observed. Cluster formation was 
observed on both the gold and aluminum-coated samples of 
Sample A. From the images of AFM on Sample A, it was 
observed that the samples have an average roughness of ap-
proximately 1 to 2nm and do not have any periodic rough-
ness.  
 
 An AFM characterization on Sample B was carried out on 
both the uncoated and metal-coated samples in order to de-
termine the surface roughness. Based on the study of AFM 
images, it was observed that the samples had an average 
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roughness of approximately 1 to 2nm and did not have any 
periodic roughness. Cluster formation was observed on gold- 
and aluminum-coated samples. From the images of AFM on 
Sample C, it was observed that the samples had an average 
roughness of approximately 2 to 3nm and did not have any 
periodic roughness.  
 

b) Photoluminescence Characterization 
 
 In the front incidence and front collection geometry as 
discussed earlier, photoluminescence (PL) characterization 
on the samples was conducted using an excitation of a 325 
nm line of the He-Cd laser, operated at < 22.5mW, and de-
tected using a charge-coupled device (CCD) array. Figure 2 
shows the PL spectrum of Sample A at room temperature 
(300K). The peak at 360 nm corresponds to the emission 
peak, mostly from the GaN cap layer and partially from the 
GaN buffer layer. The peak at 495 nm corresponds to the 
quantum-well emission at room temperature. The small 
broad peaks from 400 to 475 nm are identified as optically-
deep-level transition peaks from GaN cap/buffer layers. An 
increase in the intensity of emission from both quantum-well 
and GaN (cap/buffer) layers was observed from the spec-
trum at low temperatures. 
 
 Figure 3 shows the PL spectrum of Sample B at room 
temperature (300K). The peak at 360nm corresponds to the 
emission peak, mostly from the GaN cap layer and partially 
from the GaN buffer layer. The peak at 544nm corresponds 
to the quantum-well emission at room temperature. An in-
crease in the intensity of emission from both quantum-well 
and GaN (cap/buffer) layers was observed from the spec-
trum at low temperatures. The PL intensity peak was ob-
served at a wavelength of 550 nm. 
 
 Figure 4 shows the PL spectrum of Sample C at room 
temperature (300K). The peak at 360nm corresponds to the 
emission peak, mostly from the GaN cap layer and partially 
from the GaN buffer layer. The peak at ~585nm corresponds 
to the quantum-well emission at room temperature. An in-
crease in the intensity of emission from both QW and GaN 
(cap/buffer) layers was observed from the spectrum at low 
temperatures. At low temperatures, the intensity peak was 
observed at 595 nm. 
 
 Non-radiative recombination of the electron-hole pairs in 
the light emitters dominates at room temperature due to pho-
nons being produced instead of photons. Hence, the intensity 
 

 
Figure 2: Room Temperature PL of Sample A 

 
Figure 3: Room Temperature PL of Sample B 
 

 
Figure 4: Room Temperature PL of Sample C 
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drops. At low temperatures, the electrons recombine with 
holes in a radiative recombination process releasing more 
photons, resulting in higher intensity. 
 

c) Angle-Resolved PL Spectroscopy in 
the Backscattered Geometries 

 
 The metal-coated samples were photo-excited at 35˚, 40˚, 
45˚, 50˚, and 55˚ angle of incidence and PL was measured 
from the back of the unpolished sapphire substrate. Reflec-
tion from the metal films on the front side of the sample re-
stricts the use of front-incidence, front-collection geometry. 
When exciting the quantum well from the backside of the 
sample, the 325nm (~3.8eV) He-Cd laser cannot be used 
since the laser light is absorbed mostly by the bulk GaN 
buffer layer (emission energy ~3.4eV). Thus, not enough 
photons reach the quantum-well layer to excite the electron-
hole recombination. Therefore, a 405nm (~2.8eV) diode 
laser was used in the back-incidence, back-collection ge-
ometry. In this geometry, GaN is transparent to the incident 
light and, hence, maximum light reaches the quantum well. 
Scattering was observed on the uncoated gold- and alumi-
num-coated samples of Sample A. A peak at 490 nm was 
observed only on silver-coated samples (Sample A-Silver) at 
all angles of incidence. A statistical analysis using a T-test 
was carried out to decide whether there is a significant 
change in the PL intensities from polished and unpolished 
samples.  
 
 With µp being the mean of peak PL intensities from pol-
ished Sample A-silver and µup being the mean of peak PL 
intensities from unpolished Sample A-silver, the null and 
alternate hypothesis can be stated as follows: 
 
Null Hypothesis H0: There is no significant change in peak 
PL intensity from unpolished and polished samples at all 
angles of incidence. 

H0: µp = µup 

 
Research Hypothesis (Alternate Hypothesis) H1: There is a 
significant change in peak PL intensity from unpolished and 
polished samples at all angles of incidence.  
 

H1: µp ≠ µup 

 
Test Statistic: The statistical T-test of “Paired Two Sample 
for Means” created using Microsoft Excel is shown in Table 
2 [16]. This test was conducted on the data with a confi-
dence coefficient (α) of 0.05 to test the equality of means of 
peak PL intensities from polished and unpolished samples.  
 

 Since statT > Tcritical two-tail, the decision rule is to reject the 
null hypothesis and, hence, accept the Alternate Hypothesis 

(H1). This implies that there is a significant difference (sig-
nificance level, α = 0.05) in the mean peak PL intensities 
between unpolished and polished samples. Thus, it can be 
inferred that polishing is required to avoid scattering and 
enhance the light emission from quantum wells. 
 

d) PL Spectroscopy 
 
 The variation of peak photoluminescence intensity with 
angle of incidence for sample A is shown in Figure 5.  No 
enhancement was observed in the gold-coated sample. 
Similar plots for sample B and sample C are shown in Figure 
6 and Figure 7, respectively.  
 
 Table 2: T-Test on Peak PL Intensity from Polished and        
Unpolished Samples 

T-Test: Paired Two Sample for Means 

  
Unpolished 

Sample A-Silver 
Polished Sample 

A-Silver 

Mean 14588.88588 47523.21135

Variance 1970594.689 50934464.45
Observations 5 
Pearson Correlation -0.986459103   
Hypothesized Mean 
Difference 0   

Df 3   
T Stat -7.726783237   

P(T<=t) two-tail 0.004507007   
T Critical two-tail 3.182449291   

  
 

 
Figure 5: Peak PL intensity of Sample A versus Angle of 
Incidence 
 
 The PL enhancement after coating the samples (Sample A, 
Sample B with different metals) is attributed to the strong 
interaction with surface plasmons. Electron hole pairs ex-
cited in the quantum well couple to the surface plasmons at 
the GaN/Metal interface when the energies of the electron-
hole pairs in InGaN (ħωInGaN) and of metal surface plasmons 
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(ħωSP) are similar. Then, electron-hole recombination pro-
duces surface plasmons instead of photons and this new re-
combination path increases the spontaneous recombination 
rate. According to the condition for surface-plasmon cou-
pling: 

ħωSP ≥ ħωInGaN 

 
For silver, ħωSP > ħωInGaN, hence the electron-hole pairs 
excited in Sample-A and Sample-B couple to the 
 

 
Figure 6: Peak PL intensity of Sample B versus Angle of Inci-
dence 
 

 
Figure 7: Peak PL intensity of Sample C versus Angle of 
Incidence 
 
surface plasmons at the GaN/Ag interface. Surface plasmons 
increase the density of states and, in turn, increase the spon-
taneous-emission recombination rate. Hence, more electrons 
recombine with holes to produce more photons. The result-
ing enhancement was observed in the silver-coated samples. 
In the case of aluminum-coated samples of both Sample-A 
and Sample-B, ħωSP >> ħωInGaN, hence the electron-hole 

pairs couple to the surface plasmons at the GaN/Al interface. 
The real part of the dielectric constant of aluminum is nega-
tive over a wide wavelength region for visible light. Thus, an 
increase in PL intensity was observed on the aluminum-
coated samples. For the gold-coated samples, ħωSP < 
ħωInGaN. This does not satisfy the condition for surface-
plasmon coupling. Therefore, no enhancement was observed 
in the gold-coated samples. 
 
 Tuning the angle of incidence or polarization of excitation 
light can effectively excite surface plasmons. In general, 
surface plasmons cannot be excited on flat metallic film by 
electromagnetic radiation with optical frequencies since light 
does not have enough momentum (kph) to excite a surface 
plasmon with momentum ksp. The photons can obtain addi-
tional momentum (kroughness) via the roughness or defects on 
the sample surface. Hence: 

kSP = kph + kroughness roughnessk
c

+×= θω sin  

where ω is the excitation photon frequency in s-1, 
θ is the angle from the surface normal to the incom-

ing photon direction (angle of incidence) in de-
grees, and 

c is speed of light in nm/s2 

 
 Surface plasmons can be excited only when momentum 
conservation is fulfilled. With ω and c being constant, mo-
mentum conservation can be achieved by rotating either the 
sample with respect to the excitation beam or by introducing 
periodic roughness, i.e., by fabricating periodic corrugations. 
In the present set up, the excitation beam was rotated with 
respect to the stationary sample. In Sample A, an increase in 
the PL peak intensity was observed from the silver-coated 
sample when compared to the uncoated sample at all inci-
dent angles. The drop in the peak PL intensity in the silver-
coated sample at a 45˚ angle of incidence can be attributed to 
the roughness and non-uniformity of the sample surface. An 
enhancement in the peak PL intensity from the aluminum-
coated sample was observed at all angles of incidence when 
compared to the uncoated sample and no enhancement was 
observed in the gold-coated samples. For Sample B, an in-
crease in the PL peak intensity from 35° to 50° angles of 
incidence was observed in both silver-coated and uncoated 
samples. No particular trend was observed in the aluminum-
coated sample. A drop in PL intensity was observed from the 
gold-coated samples at all angles of incidence. 
 
 Compared to Samples A and B, the enhancement in the 
peak PL intensity observed in the silver-coated Sample C 
was not as high. Also, a drop in the peak PL intensity was 
observed in the gold-coated samples (Sample C-Gold). The 
reduction in the PL enhancement ratio could be due to the 
higher plasmon energy of silver compared to the quantum-
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well energy, which leads to a mismatch in the energies.  In-
efficient resonant plasmon coupling occurs due to the energy 
mismatch, which leads to a reduced spontaneous emission 
rate. The PL enhancement after coating the quantum-well 
samples of Sample C with different metals is attributed to 
the strong interaction with surface plasmons. 
 
According to the condition for surface-plasmon coupling: 
 

ħωSP ≥ ħωInGaN 

 
 For silver, ħωSP > ħωInGaN, hence the electron-hole pairs 
excited in Sample C should couple to the surface plasmons 
at the GaN/Ag interface. The quantum-well energy is much 
smaller than the plasmon energy resulting in weak coupling 
and, in turn, lower enhancement was observed. Part of the 
enhancement in the PL can also be attributed to the reflec-
tion of pump light at the silver/GaN interface. In the case of 
the aluminum-coated samples, ħωSP >> ħωInGaN, hence the 
electron-hole pairs couple to the surface plasmons at the 
GaN/Al interface.  Also, the sub-wavelength roughness on 
the sample surface helps to effectively excite the surface 
plasmons. Some enhancement in the PL intensity can be 
attributed to the reflection of pump light at the GaN/Al inter-
face back through the quantum well. Thus, an increase in PL 
intensity was observed on the aluminum-coated samples. In 
the case of the gold-coated samples, even though ħωSP > 
ħωInGaN, the high absorption of gold in the visible region is 
responsible for no enhancement. The pump light and the 
light emitted by the light emitter are absorbed by the gold 
film, which leads to quenching of the quantum-well peak.  
 

e) Statistical Analysis 
 
 An analysis of Variance (ANOVA) was performed to de-
termine the effect of different metals at different angles of 
incidence on each sample. In the ANOVA, a comparison 
was made between three or more population means to de-
termine whether they could be equal [16]. With µmetal being 
the mean of the peak PL intensities from different metal-
coated and uncoated samples, and µangle being the angle of 
incidence, the null and alternate hypotheses can be stated as 
follows: 
 
Null Hypothesis (Hn): There are two variables (Columns and 
Rows) based on which hypothesis written and ANOVA 
analysis is performed.  
Rows: There is no significant variation in the mean peak PL 
intensities due to different angles of incidence. 
 
Columns: There is a no significant variation in the mean 
peak PL intensities due to different metal coatings on sam-
ples. 

Hn1: µ35 = µ40 = µ45 = µ50 = µ55 

Hn2: µAg = µAu = µAl = µuncoated 
 
Alternate Hypothesis (Ha):  
Rows: There is a significant variation in the mean peak PL 
intensities due to different angles of incidence. 
 
Columns: There is a significant variation in the mean peak 
PL intensities due to different metal coatings on sample. 
 

Ha1: At least two of µ35, µ40, µ45, µ50 and µ55, differ. 
Ha2: At least two of µAg, µAu, µAl and µuncoated differ. 

 
ANOVA on Sample A: 
 
 The peak PL intensities at all angles of incidence from 
uncoated and metal-coated samples of Sample A were tabu-
lated for statistical analysis. Using Microsoft Excel, a "Two-
Way ANOVA Without replication" was performed to either 
accept or reject the null hypothesis. The results of the 
ANOVA analysis are shown in Table 3. 
 

 Since CalculatedF  (Rows) < Fcritical (Rows), the decision 
rule is that we fail to reject the null hypothesis (Hn1) and, 
hence, accept the null hypothesis (Hn1). This implies that 
there is no significant difference (significance level, α = 
0.05) in the mean peak PL intensities due to a change in the 
angle of incidence in Sample A. 
 

 Since CalculatedF  (Columns) > Fcritical (Columns), the deci-
sion rule is to reject the null hypothesis (Hn2) and, hence, 
accept the alternate hypothesis (Ha2). This implies that there 
is a significant difference (significance level, α = 0.05) in the 
mean peak PL intensities due to different metal coatings on 
Sample A. 
 
Table 3: ANOVA of Sample A 

Source of 
Variation SS Degree of 

Freedom MS F F crit 

Rows 261244655.5 4 65311163.88 1.540945367 3.259160053
Columns 10042560323 3 3347520108 78.98106991 3.490299605

Error 508605939.9 12 42383828.32   
      

Total 10812410919 19  
  
 
ANOVA on Sample B: 
 
 The peak PL intensities at all angles of incidence from the 
uncoated and metal-coated samples of Sample B were tabu-
lated for the ANOVA analysis. Using Microsoft Excel, a 
"Two-Way ANOVA (without replication)" was performed to 
either accept or reject the null hypothesis. The results of 
ANOVA analysis are shown in Table 4. 
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Since CalculatedF  (Rows) < Fcritical (Rows), the decision rule 
is that we fail to reject the null hypothesis (Hn1) and, hence, 
accept the null hypothesis (Hn1). This implies that there is no 
significant difference (significance level, α = 0.05) in the 
mean peak PL intensities due to change in the angle of inci-
dence in Sample B.  
 

Since CalculatedF  (Columns) > Fcritical (Columns), the deci-
sion rule is to reject the null hypothesis (Hn2) and, hence, 
accept the alternate hypothesis (Ha2). This implies that there 
is a significant difference (significance level, α = 0.05) in the 
mean peak PL intensities due to different metal coatings on 
Sample B. 
 
Table 3: ANOVA of Sample B 

Source of 
Variation SS Degree of 

Freedom MS F F crit 

Rows 556641588 4 139160396.9 2.997535964 3.259160053 
Columns 1606538106 3 535512702.1 11.53502447 3.490299605 

Error 557099159 12 46424929.88   
      

Total 2720278853 19    
  
 
ANOVA on Sample C: 
 
 A similar statistical analysis was conducted on readings 
obtained for Sample C. The results of the ANOVA analysis 
are shown in Table 5.  
 

Since CalculatedF  (Rows) > Fcritical (Rows), the decision rule 
is that we reject the null hypothesis (Hn1) and, hence, to ac-
cept the alternate hypothesis (Ha1). This implies that there is 
a significant difference (significance level, α = 0.05) in the 
mean peak PL intensities due to change in the angle of inci-
dence in Sample C. 
 

Since CalculatedF  (Columns) > Fcritical (Columns), the deci-
sion rule is to reject the null hypothesis (Hn2) and, hence, 
accept the alternate hypothesis (Ha2). This implies that there 
is a significant difference (significance level, α = 0.05) in 
the mean peak PL intensities due to different metal coatings 
on Sample C. 
 
Table 3: ANOVA of Sample C 

Source of 
Variation SS 

Degree of 
Freedom MS F F crit 

Rows 596880200.7 4 149220050.2 3.379185273 3.259160053 
Columns 2480818808 3 826939602.5 18.72658616 3.490299605

Error 529903055.8 12 44158587.98   
            

Total 3607602064 19       
  
 

Conclusions 
 
 The SEM characterization carried out on all the samples 
did not show significant roughness. The AFM characteriza-
tion performed on the samples showed surface features at 
atomic resolutions. Cluster formation was observed on gold- 
and aluminum-coated samples and a Z-scale roughness on 
the order of ~ 2nm was observed on all the samples. It can 
be concluded that surface plasmons can be effectively ex-
cited by introducing roughness in the sample. Since the 
roughness in all the samples was not uniform, the angle of 
resonant surface-plasmon enhancement in each sample could 
not be determined. A better enhancement can be observed if 
uniform periodic corrugations are fabricated on the sample 
instead of random roughness. A statistical analysis revealed 
a significant difference in the mean peak PL intensities due 
to different metal coatings. Except for sample C, changing 
the incidence angle did not play a significant role in induc-
ing a significant change in mean peak PL intensity. Photons 
from the light emitter couple more to the surface plasmons if 
the bandgap of the former is close to the surface-plasmon 
resonant energy of a particular metal. 
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