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Experimental Study of Coupling to an Optical
Waveguide using a Wedge-shape Tapered Optical

Fiber
Amir Arbabi, Student Member, IEEE

Abstract—Coupling to an optical waveguide using a wedge-
shaped tapered optical fiber is investigated experimentally. The
light is coupled to a non-tapered optical fiber which is used
as the optical waveguide. Coupling efficiency is measured as
a function of lateral, transverse and longitudinal misalignment
between the two fibers. A linear function of the misalignment
displacements squared is fitted to the measured data and the
statistical significance of the coefficients of the model is examined.

Index Terms—Tapered optical fibers, optical fiber coupling,
optical waveguides.

I. INTRODUCTION

EDGE coupling to optical waveguides using tapered fibers
is a conventional way for excitation of the waveguides.

The mode size of a single mode fiber is usually larger than
the mode size of integrated optical waveguides and therefore,
using a tapered fiber is inevitable for efficient coupling of light
to the waveguide. Theoretical and numerical design of tapered
fibers [1], lensed fibers [2], and tapered waveguides [3] for
increasing the coupling efficiency have been studied in the
past. Using tapered fibers, measured coupling losses as small
as 1.1dB are reported [4].

In this paper, we present the results of the experiments
performed to quantify the effect of misalignment between a
wedge-shaped tapered optical fiber and a non-tapered fiber,
which is used as a typical optical waveguide, on the coupling
efficiency. A model linear in the squared values of the mis-
alignment displacements is fitted to the data. The results of
the study can be useful in determining the minimum precision
needed for the stages which are used for alignment and/or
developing a fast automatic method for maximizing the light
coupling to a waveguide.

II. EXPERIMENTAL DETAILS

The experiment setup consists of a wedge-shaped tapered
optical fiber mounted on a xyz translation stage and a fixed
non-tapered optical fiber. Fig. 1 shows a schematic picture
of two fibers. Both fibers are single mode at the operating
wavelength of λ0 = 1.55µm and the wedge angle of the
tapered fiber is 60o. The tapered fiber is connected to a laser
source and the wavelength and power of the laser are set to
P = 5mW and λ0 = 1.55µm. The other end of the non-
tapered fiber is connected to an InGaAs infrared detector.
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Fig. 1. Schematic picture of the two fibers and the assumed coordinate
system. The fibers’ core and cladding diameter are 9µm and 125µm
respectively. The wedge angle of the tapered fiber is 60o.

The coupling efficiency, which is defined as the ratio of the
power coupled to the non-tapered fiber to the input power,
is the variable of interest in our study. We wish to study
the effect of misalignment in the x, y, and z directions (see
Fig. 1) on the coupling efficiency. Because of the symmetry
of the coupling configuration with respect to x and y we
expect the coupling efficiency to be an even function of
the displacement in the x and y directions from the optimal
coupling position. Furthermore, if the beam shape of the
tapered fiber near the focus plane is assumed to be Gaussian
then the coupling efficiency should be an even function of the
z direction displacement from the optimal position as well. If
we consider these even dependences and represent the three
displacements from the optimum coupling position by x, y,
and z, then the coupling efficiency near the optimal position
can be approximated by:

C =a0 + a1x
2 + a2y

2 + a3z
2 + a12x

2y2 + a13x
2z2

+ a23y
2z2 + a123x

2y2z2 (1)

here we have ignored higher order terms. According to (1)
the coupling efficiency is a linear function of three auxiliary
variables defined as:
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and the linear dependency can be written in the standard form
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TABLE I
LOW, CENTER, AND HIGH VALUES OF THE FACTORS STUDIED IN THE

EXPERIMENT

Coefficient Low (µm) Center (µm) High (µm)

x 0 0.75 1.5

y 0 3.75 7.5

z 0 5.5 11

TABLE II
COEFFICIENTS OF THE LINEAR MODEL OF (3) AND THEIR 95%

CONFIDENCE INTERVAL

Coef. Value Coef. Value

β0 (19.29± 0.42)× 10−2 β12 (2.85± 0.42)× 10−2

β1 (−10.55± 0.42)× 10−2 β13 (3.81± 0.42)× 10−2

β2 (−7.78± 0.42)× 10−2 β23 (−0.24± 0.42)× 10−2

β3 (−2.24± 0.42)× 10−2 β123 (−1.40± 0.42)× 10−2

of:

C =β0 + β1X1 + β2X2 + β3X3 + β12X1X2 + β13X1X3

+ β23X2X3 + β123X1X2X3 + exp. error (3)

A two level full factorial design with five repetitions was
used for estimating the coefficients in (3). At the end of each
repetition a center measurement was performed. Table I shows
the chosen displacements for the low, center and high values
in each direction.

III. RESULTS AND DISCUSSION

Collected data were examined for time drift using the time
series plot and no distinguishable time drift of the data was
detected. Coefficients in the linear fit of (3) were calculated
and are presented in Table II. The standard error of these
coefficients was found as sβ = 0.20 × 10−2. The 95%
confidence interval for each of these coefficients are also given
in the Table II. Based on these values we can conclude that
β23 has insignificant value and can be assumed to be zero.
Fig. 2 shows the variability plots for the coupling efficiency
as a function of X1, X2, and X3. As can be seen from the
slope of the line that connects the mean values, the effect of
the X1 is the largest, followed by the effect of the X2 and
then X3.

The values measured at the center point correspond to
the point (X1, X2, X3) = (−0.5,−0.5,−0.5) in the auxil-
iary variable space. The fitted model predicts the value of
Cmodel = 0.31 and the average of the measured values is
Cmeasured = 0.29 which shows that there is no evidence to
believe that the linear fit of the form (3) has been insufficient
for describing the data.

IV. CONCLUSION

We experimentally investigated the effect of misalignment
on the coupling efficiency between an optical waveguide and
a wedge-shaped tapered fiber. A non-tapered fiber was used as
the optical waveguide and a linear function was fitted to the
measured data. We also examined the statistical significance
of the coefficients of the model and that the interaction effect
between parameters X2 and X3 can be ignored.
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Fig. 2. Variability plots showing variation of the coupling efficiency as a
function of variables defined in (2).
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Abstract—Measurements  of  spectra  of  850nm  GaAs  broad-
area  lasers  were  taken  under  pulsed  operation.   Current 
pulsewidth, current amplitude, and temperature dependence  of 
the spectra peak were explored.  Current amplitude was found to 
be the dominant factor.

Index  Terms—Gallium  Arsenide,  Semiconductor  Laser, 
Spectral Measurements

I. INTRODUCTION

Understanding the shift in lasing wavelength is important. 
Wavelength  division  multiplexing  schemes  space  channels 
only .4-1.6 nm apart.  Inferring the laser temperature from the 
shift  in  lasing  wavelength  is  a  standard  temperature 
measurement.   An understanding of  how laser  spectra  drift 
under different operating conditions is useful.

II.EXPERIMENTAL DESIGN AND PROCEDURE

A. Experimental Design
Lasers  used for  this experiment were those fabricated  for 

Akash Garg's senior thesis project.  They were 850nm GaAs 
broad-area lasers with cavity length 1mm and width 400-600 
micrometers.   The  lasers  were  mounted  on  a  copper  block 
which  served  as  electrical  ground  and  was  temperature 
controlled.   The  lasers  were  pumped  with a  pulsed  current 
from a current source.  Their emitted light was coupled onto 
fiber which was fed into an optical spectrum analyzer.   The 
laser  spectrum  was  observed  for  different  temperatures, 
current amplitudes and current pulsewidths.

Temperatures chosen were 15ºC and 45ºC.  The goal was to 
make ΔT large because the red shift from temperature rise in 
the device is very slight—for bulk GaAs the wavelength shift 
is 0.07735 nm/ºC [1].  These temperatures were close to the 
endpoints of the range of the TEC used in the experiment.

Currents chosen were pulsed with a 100μs period at 99.9mA 
and  300mA—one  current  below  threshold  and  one  above 
threshold.   This  allowed for  a  comparison between spectral 
peaks when the device was lasing and when it was not.

Finally, the current pulsewidths chosen were 5μs and 10μs. 
10μs  was  the  maximum allowed  pulsewidth  setting  on  the 
pulse  generator  and  5μs  was  a  small  pulsewidth  that  still 
yielded a signal on the OSA.

This experiment is a two level full factorial experiment with 
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three factors.  Due to concerns about time drift, a zero point 
measurement (at 30ºC, 200.1mA, and 7.5μs pulsewidth) was 
performed multiple times throughout each run. The set of 11 
measurements (8  real  measurements and 3 zero points)  was 
repeated for four different devices and averaged.

   
B.  Experimental Procedure
After mounting the laser onto the copper stage and making 

contact with the probe, 200mA of current was pumped through 
the device.  The alignment of the focusing lens onto fiber was 
done  by  maximizing  the  power  received  by  an  Si 
photodetector  connected  to  the  end  of  the  fiber.   After 
alignment,  the far  end of the fiber  was sent  to an OSA for 
spectral analysis.

Measurements  were  taken  by  identifying  the  wavelength 
with the highest power on the OSA after one pass through the 
spectrum.  With high pumping currents, this was easy to do 
(see  Fig.  1)  but  on  the  low current  setting  this  was  more 
difficult (see Fig. 2). 

Fig.  1.  Spectrum  of  laser  power  when  pumped  with  300mA  at  a 
temperature of 15ºC and pulsewidth 10μs. 

Measurement order was blocked by laser and temperature, 
to minimize time aligning each laser and waiting for the TEC 
to settle.   The  remaining two factors  were done  in  random 
order.  Even though the experiment was designed to minimize 
switching the  set  temperature  on  the  TEC,  the  module  had 
trouble maintaining steady temperatures of 15 and 45ºC.  This 
added  some  uncertainty  in  the  measurements.   Had  the 
temperature been more stable, a running average of multiple 
passes through the spectrum would have been taken and the 
spectral peak determined from the averaged data.
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Temperature, Current, and Pulsewidth Dependence of 
Peak Wavelength in Broad-area GaAs Lasers 

Jared Carter, Student Member, IEEE
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Fig.  2.  Spectrum  of  laser  power  when  pumped  with  99.9mA  at  a 
temperature of 15ºC and pulsewidth 10μs.  The peak read here is on the bump
—the power spectrum to the left of the bump is the noise floor of the OSA.

III. RESULTS

The linear model for the experiment is:
Y =01⋅X 12⋅X 23⋅X 312⋅X 1⋅X 2

23⋅X 2⋅X 313⋅X 1⋅X 3123⋅X 1⋅X 2⋅X 3

expt.error
where Y is the peak wavelength, X1 is the pulsewidth, X2 is the 
current, and X3 is the temperature.  Values for the βis and their 
standard error are given in Table 1.  

Unfortunately,  except  for  the  mean,  β0,  none  of  the 
parameters in the model were significant, that is, the values for 
βi fell within the 90% confidence interval when βi  was tested 
with hypothesis μ = 0. 

It  may  be  worth  noting  that  β3,  the  response  due  to 
temperature, although not significant because of the variation 
in the data, was 0.46.  When interpolated, this gave a 0.0307 
nm /  ºC red shift.  This is on the same order as experimental 
findings from previous works [1], [2].

Fig.  3.  A  scatter  plot  of  the  average  spectral  peak 
measurements.  Plotted are the data averaged across lasers.

TABLE II
VALUES OF MODEL PARAMETERS AND THEIR STANDARD ERROR

Parameter β0 β1 β2 β3

Value 855.06 0.95 2.52 0.46

Parameter β12 β23 β13 β123

Value -0.41 -0.38 0.19 -0.05

Sβ: 1.62

IV. CONCLUSION

Measurements  of  the  spectral  peak  of  broad-area  GaAs 
lasers  were  taken  under  different  temperatures,  current 
amplitudes,  and  current  pulsewidths.    Although the  results 
were not very conclusive, current amplitude was shown to be 
the dominant effect.  
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Abstract— The Fabry-Perot quality factor is determined after 
varying three discrete parameters: the primary mirror, index of 
refraction inside the cavity, and the intensity of the laser source.  
Results conclusively show the quality of a cavity is drastically 
affected by the mirror rather than the other system parameters 
tested. 
 

Index Terms—Design of experiments, Fabry-Perot, optical 
cavity, quality factor, resonance 

I. INTRODUCTION 
N optical cavity is a very useful tool in other processes 
such as laser construction, cavity ring down 

spectroscopy, and several other forms of spectroscopy.  
Optical cavities, or resonators, are in themselves important so 
the cavities have to be designed and constructed in a manner 
that allows them to be useful in other applications.  The 
quality factor (Q), and related term Finesse (F), of the cavity 
are good characterizations of the resonance or resolution of 
the cavity [1], [2]. 

The Fabry-Perot cavity characterized in this experiment is a 
commercial cavity with very precise features and a free 
spectral range (FSR) of 1.5GHz [2].  A commercial cavity was 
used because of its availability and also the transmitted 
spectrum was better measured with less source of error.  The 
Fabry-Perot etalon is one of the simplest optical cavities and 
one that is learned about at the beginning of every 
introductory laser engineering course.  The motivation behind 
the experiment was to investigate parameters of a cavity in a 
real setting rather than just theorizing and calculating 
characteristics of a hypothetical cavity.  Lasers as well as most 
optics are topics with which I have very little experience so 
performing this experiment serves two purposes.  The first is 
to further learning on the subject and the second is to verify 
that the manufacturer has correctly marketed their product.   

II. EXPERIMENTAL DESIGN 
The quality of a cavity can be affected by several 

fundamental parameters of the system, which included a laser 
source and two mirrors separated in distance.  This experiment 
investigates the impact of changes in some of these parameters 
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in a 2 level full factorial experiment with three discrete 
parameters shown in Table I.  Since this was a full factorial 
experiment with discrete parameters a linear model was 
followed. 

 
Y= β0 + β1X1 + β2X2 + β3X3 + β12X1X2 + β13X1X3 + 

β23X2X3 + β123X1X2X3 + expt. error      (1) 
 

Table I – Factor Definitions 

 Low (-1) High (+1) 
X1:  Mirror 5A: 525nm-650nm 7A:  780nm-

930nm 
X2:  Index of 
refraction 

Air n=1 Glass n=1.52 

X3:  Intensity 
of source 

Full intensity 
(unobstructed beam) 

90% intensity 

The goal was to gather the necessary data from the 
experimental setup so as to calculate the Q factor and Finesse 
of the cavity.  The setup included a 632.8nm HeNe laser as the 
source with 2 mirrors used to direct the beam into the cavity 
and minimize feedback into the laser.  The cavity was a 
product by ThorLabs, SA200-5A, and that consisted of two 
spherical mirrors with a piezoelectric transducer on the second 
mirror to scan the cavity over very small translations in 
distance in order to observe resonance.  At the very end of the 
cavity there was a detector to measure the transmission of 
intensity through the second mirror and the light was passed 
into a spectrum analyzer controller, which amplified the signal 
to be sent into an oscilloscope where the resonant modes of 
the cavity were displayed (Figure 1) and the data was taken.   

 

 
Figure 1 – Resonance peaks. Power plotted versus time as the cavity length 

is scanned. 
 

The measured variable from the oscilloscope was the full 
width at half maximum (FWHM).  This along with the 

Optical Cavity Quality Characterized from 
Spherical Fabry-Perot 

Christyn Collum 
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frequency of the source was used to determine the Q and F of 
the cavity according to (2) and (3) respectively [3]. 

2/1

0

υ
υ

Δ
=Q               (2) 

 

      
2/1υΔ

=
FSRF         (3) 

 
To gather the data the time axis of the oscilloscope had to 

be scaled to a frequency scale using the principle that the FSR 
is the distance between two resonant peaks of a mode.  The 
FSR in terms of frequency was known and could be measured 
in time.  This scaling factor was slightly different for each 
specific configuration of the system.  Also, the FWHM was 
defined, for this experiment, to be the width from the peak to 
the broadside of the resonance to the right.   

III. RESULTS 
As the piezoelectric transducer ramped from 0-3.84V the 

cavity distance changed to produce resonance patterns that 
revealed the laser had 3 modes.  Using the same mode for 
each measurement the Q factor was on the order of 106 in 
magnitude.  There were a few values of Q and F outside of the 
95% confidence interval revealing that the experiment 
produced some outliers, but there was no systematic error to 
account for as shown by a time series plot.   

Fitting to the linear model previously mentioned the beta 
parameters are given in Table II.  The standard error in these 
beta values was 0.885.  Analysis of the results of the Q of the 
cavity revealed that the mirror was the only statistically 
significant factor in the experiment aside from the mean.  The 
high value for X1 greatly reduced the Q of the cavity and since 
Finesse is closely related to the Q factor, it too decreased with 
the change in the mirror.  The analysis also revealed that 
changing the index of refraction of the cavity had very little 
affect and decreasing the intensity of the source by 10% had 
virtually no affect on the Q and F of the cavity.  Figure 3 
shows the relationship between the means of the 2 levels for 
each factor. 

 
Table II – Beta Values 

β0 β1 β2 β3 
9.676 -7.6925 -0.4676 -0.0843 

β12 β13 β23 β123 
-0.5789 -0.1186 -0.3665 0.8739 

 

 

 

 
Figure 2 – Variability charts of a) mirror change, b) index of refraction, and 

c) intensity. 

IV. CONCLUSION 
Based on the results, the mirror is the most important 

parameter in an optical cavity and having the appropriate 
reflectivity strongly impacts the system.  The high level mirror 
used was not designed to optimally reflect at the wavelength 
of this laser source so the beam is essentially sent straight 
through the mirror and the resonance pattern is extremely 
weak and offsets to a high level on the oscilloscope.  This 
explains the very low values of Q obtained with this mirror.  
The other variables do not affect the quality of an optical 
cavity.   

Based on the results of this experiment the validity of the 
manufacturer’s claim about the Finesse of the cavity cannot be 
affirmed or rejected. 
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Abstract—This paper summarizes the results of an experiment 

which involved a single wheel sensor which is used in train 
detection.  The train wheel sensor uses Faraday’s Law to detect a 
train wheel.  The experiment’s purpose was to determine how 
different factors like a current, the presence of a piece of iron, 
and the angle at which the sensor is positioned affected the 
maximum distance the parameters could be placed from the 
sensor before the sensor did not detect a change in magnetic flux 
through the coil inside it. 

 
Index Terms— Faraday’s Law, magnetic flux, train detection, 

train wheel sensor 
 

I. INTRODUCTION 

THERE are many known applications of Faraday’s Law 
including train detection [1].  Train wheel sensors have a coil 
in them, so that when a train wheel passes by the sensor, the 
magnetic flux through the coil changes, thus setting up an emf 
in the coil that counters this change in magnetic flux.  When 
this happens, a LED turns on indicating a successful detection.   
It is also known that other factors such as a current carrying 
wire can also change the magnetic flux passing through the 
coil resulting in an emf in the coil. 
 I am currently working on my senior thesis under the 
supervision of Prof. Ahuja.  Part of my assignment is to build 
a train detection circuit.  In order to build the best train 
detection circuit, I wanted to know how different factors such 
as the magnitude of the current in a nearby current carrying 
wire, the presence of a piece of iron, and the angle at which 
the sensor is positioned affected detection.  So, I took this 
opportunity to conduct this experiment, which I would 
otherwise not be able to do in my senior thesis.  The 
experiment tested the effects of the factors mentioned above 
on the maximum detection distance. 

II. EXPERIMENTAL DESIGN AND PROCEDURE 
The experiment involved using a single wheel sensor from 

Tiefenbach, as shown in Fig. 1.  The factors studied were the 
magnitude of the current in wire, the presence of a piece of 
iron, and the angle at which the sensor was positioned in. A  
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full factorial design with two repetitions was used.  Table I 
shows the high and low level points that were used for each 
parameter. 

 
Variable resistors were used to create the current needed.  

Then, the maximum distance that current and the iron bar 
could be placed from the sensor before the sensor missed 
detection was measured.  The collected data was analyzed 
graphically and fitted to a linear model described in the next 
section.  Then, the fitted model parameters were analyzed for 
statistical significance at the 95% confidence level.   

 
 

TABLE I 
FACTORS STUDIED AND THEIR QUANTITATIVE VALUES 

 

  

 
Fig. 1.  The single wheel sensor used in the experiment.  The sensor is made 
by Tiefenbach. 

III. RESULTS 
The model used was: 
 
Y = β0 + β1X1 + β2X2 + β3X3 + β12X1X2 + β13X1X3 + β23X23 + 
β123X123 + exp. Error         (1) 
 
where Y is the distance in centimeters, and X1, X2, and X3 are 
the magnitude of the current, the presence of iron, and the 
angle of the sensor, respectively.  βs are the model parameters 
as described in Table II. 

Applications of Faraday’s Law for Train 
Detection 

Suchithra Gopalakrishnan, Student Member, IEEE 

Factor Low (-1) High (+1) 
Magnitude of current 3 A 10 A 
Presence of Iron No Yes 
Sensor angle 0o 90o 
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TABLE II 
VALUE OF MODEL PARAMETERS BY FITTING THE DATA 

TO MODEL 
Parameter β0 β1 β2 β3 
Value .0972 .0678 .0528 -.0891 
Parameter β12 β13 β23 β123 
Value .0472 -.0634 -.0509 -.0416 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 2. Variability gauge plots showing variation of distance with each factor.  
Current seems to increase the distance (a) while iron seems to decrease the 
distance (b).  Angle seems to have a negligible effect on the distance (c). 

 
In the normal probability plot (not shown), two data points 
were found to be outliers in the 95% confidence interval.  Fig. 
2 shows the variability gauge plots of the distance with respect 
each factor.  They show the effect of each factor on the 
distance as the level of the factor is changed.    Fig 2(a) shows 
that as the current increased, the distance also increased.  Fig 
2(b) indicates that the presence of iron also increased the 
distance.  According the Fig 2(c), as the angle increased, the 
distance also increased. 

In order to quantify the relationships shown in Fig. 2, a 
linear model, as described in (1), was fitted to the data.  Table 
II shows the calculated parameters.  The standard error in the 
factors and the interactions was .0101 units.  Using the t-
statistic, all the model parameters are significant at the α = 5% 
level. 

 

IV. CONCLUSION 
The experiment tried to investigate the effects of the 

presence of a current carrying wire, piece of iron, and the 
angle at which the sensor was positioned on the maximum 
distance these parameters could be place before the sensor 
missed a detection of a change in inductance.  It was found 
that overall all three parameters had a sizable effect.  It was 
also found that current, the presence of iron, and the angle at 
which the sensor was positioned had a positive effect on the 
distance.  All effects from interactions involving the angle of 
the sensor had a negative effect on the distance. 
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Abstract—Palladium thin films were deposited onto glass 

substrates in order to test the dependence of the complex index of 
refraction on fabrication parameters. Film thickness, anneal 
time, and anneal temperature were varied for several samples. 
The index of refraction and extinction ratio were determined for 
each sample through Variable Angle Spectroscopic Ellipsometry 
(VASE). The results showed a strong dependence on thickness 
and temperature as well as a coupling between the two. This 
suggests both film changes as well as interactions with the 
substrate. 
 

Index Terms— Palladium, Index of Refraction, Ellipsometry, 
 Thin Films 

I. INTRODUCTION 
HE potential of Palladium (Pd) as a hydrogen sensing 
transducer has been well established [1]. There have also 

been several steps made towards developing an accurate and 
robust optical-based sensor [2]. In many of these devices it is 
important to know both the index of refraction (n), and 
sometimes the extinction coefficient (κ), together forming the 
complex index of refraction. While they can be calibrated out 
after a device has been fabricated, being able to accurately 
predict what the index of the device will be would allow 
foresight when designing such structures and possibly prevent 
any issues that arise. 
 These values can be measured experimentally for a bulk 
sample or referenced from literature. This work investigates 
the validity of these approaches by determining whether or not 
the index can change as a result of fabrication procedures. 
Specifically, we seek to determine whether changes in the film 
itself or between film and substrate due to annealing can 
significantly change the assumed index. 

II. EXPERIMENTAL DESIGN AND ANALYSIS 

A. Experimental Design 
Using previous ellipsometry work as a guide, discussing the 

possible results, and taking resource restrictions into account, 
a suitable range for each parameter was established. The film 
thickness was to vary between 10 and 50nm as this is close to 
the thickness needed to be considered a thin film while still 
providing enough material to easily analyze with the VASE 
ellipsometer. Furthermore, this thickness seems to be right for 
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use in a device based on previous work. The annealing 
temperature was restricted by the substrate to a value of 
around 500°C and ranged between 200 and 500°C. The anneal 
time was limited by the use of Rapid Thermal Processing 
(RTP) to 2 and 10 minutes. 

Samples were fabricated for each combination of the 3 
parameters, a total of 8 different samples. After fabrication 
VASE data was then collected for each sample and fit to a 
model in order to obtain values for ñ. Due to time constraints, 
only two runs for each sample were performed. 

The experiment is based on a full factorial design with three 
parameters, two values for each. Center point runs were not 
made due to further time constraints on fabrication. Given no 
prior knowledge about fabrication affects on ñ, a linear model 
is assumed as follows, 

 
ñ β β β β β β

β β  ε 
 
where β's are the response coefficients for each factor and ε 

is experimental error. For the future,  will refer to thickness, 
 will refer to temperature, and will refer to time.  

B. Fabrication 
The fabrication of the test samples was fairly straight 

forward. I could not operate any of the clean room equipment 
myself so I had a colleague assist with the process. To begin, 
two 2" square glass substrates were placed in the evaporator 
where the Pd would be deposited via electron beam 
evaporation. The evaporator can only hold two samples and 
this is the reason a thickness center point was not taken. After 
deposition of the Pd layer at 10 and 50nm, the samples were 
then cleaved into 4 pieces. 

The next and final step of the fabrication involved the 
annealing. The choice of annealing process was limited by 
certification and hence RTP was chosen as the method. There 
are four total combinations of anneal parameters and hence 
two samples were loaded per run into the RTP for various 
temperature and time combinations. 

C.  Analysis 
The complex index was then computed for each of the 

samples through VASE by measuring the Δ and ψ stokes 
parameters of the sample. In order to analyze the data two 
things were looked at: the modeled index of the film and the 
bulk index of the sample. The model was a layer of Pd and the 
glass substrate with an Effective Medium Approximation 
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(EMA) linear blend in between. For the thicker samples, this 
was irrelevant as the Pd layer was too lossy. The measured 
data is displayed in Fig. 2. 

III. RESULTS 
In order to simplify the analysis and presentation the VASE 

data for only one wavelength was analyzed. A value of 980nm 
was chosen for its relevance and good fit. Through applying 
the linear model to the data it was found that three factors 
were significant: thickness, temperature, and the interaction 
between the two (β , β , and β ). These are statistically 
summarized in Fig. 1. While the figure only shows results for 
n, the effect on κ was mostly the same; the same three factors 
were significant. 

These three coefficients came out to be around -0.65, -0.14, 

and 0.14 respectively. The other β''s were approximately zero. 
The relative standard error of the model was .02, which is 
acceptable. 

Significance was determined by JMP software using the t-
test. The most significant factor is seen to be the thickness. 
This is most likely due to the switching effect the Pd layer will 
have on the ability for the VASE spectrometer to read data 
about the sub-layers. The 50nm Pd data collected here agrees 
fairly well with literature values for n. The average 
experimental was around 2.75 while literature suggests 2.5 for 
Pd at this wavelength. 

The next factor is the interaction between thickness and 
temperature. This is also most likely due to a screening effect 
by the Pd layer. In this case, however, the temperature is 
important because it determines whether reactions occur at the 
Pd/Glass interface resulting in the layer being modeled by the 
EMA in the VASE program. 

Finally the temperature itself is slightly important, this is 
probably due to changes in the surface characteristics of the 
Pd layer. Out of all three significant effects, this is probably 
the one that is most relevant as it does not seem to be 
dependent on substrate, although this is only an assumption. 

IV. CONCLUSION 
These results show that the index of the Pd layer can depend 

on the fabrication parameters. Specifically it shows the 
potential effect of the substrate for optically thin Pd layers, as 
well as the important of taking Pd/substrate reactions at high 
temperatures into account. In order to generate a more 
accurate and reliable assessment, however, more data is 
needed. The end conclusion, however, that ñ depends on 
fabrication techniques is supportable, the extent, however, is 
not. 
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Fig. 1.  Box plots for the three significant factors, thickness, temperature, and
the correlation between the two. In green is the means diamond, rather large
due to limited data. The blue line connects the mean of the two points. The
missing factors demonstrated no change (zero slope of this line). 
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Fig. 2.  Captured data from the VASE equipment, Δ (shown above), and ψ 
are measured for variable angles (the two curves). The optical constants can 
then be found by fitting a model to the data (red). 
 



 

Abstract— In this  paper,  the effect  of  feed  position,  ground 
plane length and patch width on the matching of a patch antenna 
is  studied.  The  results  show  that  the  feed  position  had  the 
strongest effect on the matching, a feed closer to the edge of the 
patch  resulting  in  better  matching.  Also,  the  matching  can be 
improved  by  increasing  the  patch  length  or  the  ground  plane 
width.

Index  Terms—Patch  antenna,  matching,  design  of 
experiments, coaxial feed

I. INTRODUCTION

The  microstrip  patch  antenna  is  a  very  popular  resonant 
antenna  structure  developed  in  the 1950's.  A patch antenna 
consists of two parallel conductors, a metal patch and a ground 
plane, separated by a thin dielectric substrate. The popularity 
of  patch  antennas  is  explained  by  their  low  profile,  light 
weight  and  the  simplicity  of  the  structure  leading  to  a  low 
manufacturing cost. The radiation pattern of a patch antenna is 
fairly  directive  with  the  maximum  radiation  achieved 
perpendicular to the patch.

Being a resonant antenna, patch antennas tend to typically 
have  a  fairly  narrow  operating  bandwidth.  Therefore, 
matching  the  antenna  is  of  utmost  importance  in  designing 
patch  antennas.  In  principal,  this  means  minimizing  the  S 
parameter S11 which corresponds to the absolute value of the 
reflection coefficient. This can be achieved by varying either 
the  properties  of  the  feed  (type  or  position),  ground  plane 
(size), substrate (size, thickness or permittivity)  or the patch 
(size). 

In this experiment the effect of the probe feed position, the 
length  of  the  ground  plane  which  is  also  the length  of  the 
substrate  and the width of the patch  on the matching of a 
patch antenna was studied. Particularly,  we look at  the best 
matching  (lowest  S11)  achieved  near  the  half-wave  patch 
resonance for different setups. The effect of the design factors 
on the response variable will be studied using a standard two 
level full factorial design of experiment with two replications.
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II. EXPERIMENT

Two patch antennas were designed and manufactured for the 
experiment: a 20 mm x 30 mm patch with a 60 mm x 60 mm 
ground  plane  and  a  20  mm  x  30  mm  patch  with 
a 60 mm x 90 mm ground plane. The substrate thickness for 
both  antennas  was  2.54  mm  and  the  relative  substrate 
permittivity  was  10.2.  Two  direct  coaxial  feeds  were 
implemented for each antenna by drilling two holes through 
the  antenna,  inserting  one  coaxial  probe  through  each  hole 
connecting the ground plane to the patch and soldering the 
probes to the patch and the ground plane.  Copper tape was 
later used to extend the size of the patch from 20 mm x 30 mm 
to 30 mm x 30 mm. 

The factors studied in the experiment were the probe feed 
distance form the edge  of  the patch (X1),  the length  of  the 
ground plane which is also the length of the substrate (X2) and 
the width of the patch (X3). Each of the factors was given a 
low (-) and a high (+) value. These are shown in Fig. 1.

The resonance frequency for 20 mm/ 30 mm x 30 mm patch 
antenna  was  calculated  to  be  about  1.53  GHz  using  an 
approximate  formula[1].  The  response  variable  for  the 
experiment was the minimum S11 value (i.e. the absolute value 
of the reflection coefficient) around the calculated resonance 
frequency. The S11 values for each setup were measured using 
Agilent  Technologies’  network analyzer  E8363B which was 
connected  to  the  probe  feed  by a short  coaxial  cable.  Two 
measurements were conducted for each setup. 

Effect of Feed Position, Ground Plane Size and 
Patch Size on the Matching of a Patch Antenna

J. Vehmas, Student Member, IEEE

Fig. 1. Experimental design factors



Standard two level full factorial with two replications was 
used to analyze the data. This provided us with a linearized 
equation for the response variable:

Y =β 0β 1 X 1β 2 X 2β 3 X 3β 12 X 1 X 2

β 23 X 2 X 3β 123 X 1 X 2 X 3exp.error (1)
where X1, X2 and X3 are the factors as defined in Fig.1  and Y is 
the  response  variable.  βs  are  the  optimal  model  parameters 
given by the full factorial. Although S11 is typically given in 
decibels, linear values were used for the model of (1). 

TABLE I
VALUES FOR THE MODEL PARAMETERS, THEIR STANDARD 

ERRORS AND EFFECTS
Effect Coefficient

(β)
SE of coefficient

Constant 0.6986 0.0032

X1 0.4271 0.2136 0.0032

X2 -0.0763 -0.0382 0.0032

X3 -0.1208 -0.0604 0.0032

X1*X2 -0.0344 -0.0172 0.0032

X1*X3 0.0975 0.0488 0.0032

X2*X3 -0.0002 -0.0001 0.0032

X1*X2*X3 -0.0255 -0.0128 0.0032

III. RESULTS AND DISCUSSION

The measured minimum S11 data for different setups can be 
seen in Fig.2. Because the measurements were conducted 
using a high-quality network analyzer, the errors between 
replications were minimal. The coefficients of the linearized 
model (1), their standard error and effect were calculated  (see 
Table I). All the effects except X2*X3 were meaningful with 
the significance level of 5 %. It can be observed that the feed 
position was the dominant effect with the feed position closer 
to the edge of the patch resulting in better matching. 
Furthermore, it can be observed that increasing the ground 
plane length or the patch width also improves the matching. 
The best matching (i.e. lowest S11) was observed with the 
factors X1 = -1, X2 = 1 and X3 =1. This measurement can be 
seen in Fig.3. 

Several analytical formulas approximating  the behavior of 
a patch antenna have been derived. Another way to look at the 
matching of an antenna is to look at the antenna impedance 
defined as

Z A=
1−S 11

1S 11

Z 0.     (2)

where S11 is typically a complex quantity and Z0 is the 
characteristic impedance (often 50 Ω).  At resonance, the 
imaginary part of the antenna impedance goes to zero. The 
antenna impedance of an edge-fed patch at resonance can be 
approximated by [2] 

Z A=90
r

2

r−1  L
W 

2

(3)

where L and W are the dimension of the patch (with X3 = W). 
As the probe distance from the patch edge ∆x = X1 increases, 

the antenna impedance is reduced by the factor cos 2 x
L 

[2]. It can also be shown that dependence between S11 and X2 

is not linear [1]. In conclusion, although the linear model gives 
us some useful insight into the dependence between the 
matching and the experimental factors, the underlying physics 
can not be fully explained with a linear model.

IV. CONCLUSION

The effect of the feed position, the ground plane length and 
the  patch  width  on  the  matching  of  a  patch  antenna  was 
studied. The feed position was observed having the greatest 
effect on the S11 with the feed close to the patch edge resulting 
in better matching. Increasing the patch width or the ground 
plane  length  also had  a  positive  effect  on the matching.  In 
reality, the dependence between S11 and the studied factors has 
a more complicated form than the linear formula used here.
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Fig. 3. The measured S11 for setup (-1,1,1)

Fig. 2. The measured minimum S11 data in linear  
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Resistance Characteristics of Photoresist in 
Optoelectronic Devices 
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Abstract—In order to gain greater knowledge of resist 

materials used in optoelectronic devices as permanent layers, an 
experiment is performed on patterned photoresist sandwiched 
between two Indium Tin Oxide (ITO) coated glass slides.  The 
variables manipulated are the spin speed when resist is applied, 
the time that the resist is exposed to UV (dose), and the 
temperature of device when measured.  The response variable 
observed is the resistance through the area of resist when a low 
frequency test signal is applied.  These results are compared with 
no photoresist as a control. 

 
Index Terms—Dielectric Impedance, Photoresist, 

Optoelectronic, ITO 
 

I. INTRODUCTION 
Electrical impedance of biological materials can reveal 

much information about its status.  Not only will the material 
maintain certain impedance performance, under normal 
conditions, but will exhibit change in these parameters based 
on its health condition: a measurable difference between 
healthy tissue and diseased tissue.  A device fabricated to 
measure impedance parameters of such material uses a 
positive photoresist to form a cavity, in which the sample 
material is contained.  It is therefore of importance to know 
the electrical impedance characteristics of this material when 
implemented in the device. 

In the characterization of a novel device, the many 
physical principles that apply are due to its constituent 
materials, the interactions between them, and the reactions 
from outside stimuli.  For the outcome of quality and 
performance of photoresist such stimuli may include 
temperature [1] and irradiation [2].  Most important for a 
photoresist is its etch resistance, but beyond this many factors 
are ignored because it is usually only a temporary layer.  
Incorporating a photoresist as a permanent layer into a device 
then needs further analysis for material properties.   

II. EXPERIMENTAL DESIGN AND PROCEDURE 

A. Experimental Design 
In order to learn how much certain factors contribute to 

the resistive response of the photoresist, an experiment with a 
full-factorial design will be executed with three discrete 
independent variables, each having two levels with eight trials 
of each condition for a total of 64 measurement trials (8 x 23 ).  

Two of the variables are related to the fabrication process of 
photoresist: Spin speed (thickness) and UV exposure dose, X1 
and X2, respectively.  The third variable, related to 
measurement conditions, is temperature, X3, because of a 
known linear relationship to conductivity of photoresist [1]. 

B. Fabrication Process 
The use of these experimental results are for the 

application of photoresist as a permanent layer in an 
optoelectric device, which necessitates the use of the clear 
conductor indium tin oxide (ITO), which also will be 
implemented here for the same function. This experiment was 
conducted using samples fabricated on a plain glass 1” x 
2”slides as the substrates. 

The ITO was deposited by Ar sputtering technique at 
100W for 45 min. using a Cooke sputterer, producing even 
layers of approximately 1300 angstrom on each piece of glass.  

After ITO deposition the photoresist Shipley SPR220 7.0 
was spun at high (4500 rpm) and low speeds (500 rpm) on the 
respective slides.  After a soft-bake on a hot plate at 110°C, 
half of the slides, according to the blocked design, were 
exposed to UV light (365nm), receiving a dose of 
approximately 310mJ/cm2, whereas the others received no 
dose.  A narrow band of resist was removed near the edge of 
each slide exposing an area of ITO for electrical connection as 
shown in Fig. 1. 

 

 
Fig. 1. Shown here are the assembled, wire-bonded ITO 
slides separated by the layer of photoresist. 

C. Experimental Procedure 
Using a HP 4263B LCR Impedance meter, the resistance 

response variable was measured in ohms with a test signal of 
120Hz and a live voltage of 1.0V.  To maintain the control of 
UV exposure, the electrical contacts were made to the slides 
under yellow light, their transport was in an opaque box and 
the testing was carried out in a black box.  The randomly 
arranged trials were executed for each sample once the 
connections were made and the meter triggered manually 
when ready.  To vary temperature, samples were measured at 
room temperature and on a hot plate of 70°C. 
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III. DISCUSSION AND RESULTS 
Having recorded the measurements, the data was 

assembled on a computer and analyzed by hand and by aid of 
software to produce the following plots seen in Figs. 2-4 and 
Table I.   

These variability charts show graphically the distribution 
and confidence interval for each variable.  The box plots show 
the range of the distribution, with a rectangle containing the 
middle 50% (25-75%) of the distribution.  And the green 
diamonds represent the 95% confidence interval for the mean 
with the center bar being the mean value. 

 

 
Fig 2. Variability chart of Resistance, Y, due to Spin Speed, X1. 

 

 
Fig 3. Variability chart of Resistance, Y, due to UV dose, X2. 

 
If the line between is steeper, the effect of that variable on the 
data is greater.  The slope of the means for X2 is not quite as 
steep as those for X1 and X3, it can be quickly seen.  Also for 
X3 (UV dose), the effect of being exposed to UV causes the 
readings to be constrained to a very sharp distribution.  On a 
closer inspection, the confidence interval spans a typical 
proportion of the distribution but is still very narrow in range.  

The standard linear equation for the two-level full 
factorial design of experiment with three factors is 
Y = β0 + β1X1 + β2X2 + β 3*X3 + β12X1X2 + β13*X1X3 

+ β23*X2X3 + β123*X1X2X3 + Expt. Error  
 

 
Fig 4. Variability chart of Resistance, Y, due to temperature, 
X3. 

 
which describes the total response by the beta of the individual 
factors, interactions, and the baseline pure experimental error.  
The beta values are found and then reported in Table 1. 
 

TABLE I 
THE CALCULATED VALUES OF BETA AND STANDARD ERROR 

 β σβ 
1 80,495.15 2,393.02 

X1 ‐67,517.86 2,393.02 
X2 49,473.02  2,393.02 
X3 15,909.58  2,393.02 

X1X2 ‐15,530.33  2,393.02 
X1X3 ‐48,836.59 2,393.02 
X2X3 12,093.99 2,393.02

X1X2X3 ‐13,589.48  2,393.02
 

IV. CONCLUSIONS 
From the analysis, it is clearly seen that the effect from 

heating the material introduces the least relative to the effect 
of spin speed and UV dose, both of which are close in value 
and more than twice that for temperature.  The thickness of the 
resist contributes heavily toward its overall resistance.  This is 
further argument for a linear relationship.  As equally strong is 
the exposure dose of UV in changing the resistance of the 
material.  From this it can be inferred that the chemical 
reaction in scissioning the polymer chains is directly related to 
conductivity and even that polymer chain length is directly 
related to conductivity. 
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 Pattern transfer with electroplating 
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Abstract-- A novel nanopatterning approach named nanoplating 

which generates nanoscale patterns with electroplating process is 
presented and explored. Three parameters including current value 
in electroplating, electroplating time and size of square formed by 
lithography are investigated with principles of design of experiment 
to see how significantly they affect the thickness of the transferred 
nanoscale pattern. Measurements show the layer of transferred 
pattern is thicker with higher current and longer electroplating 
time within the saturation range.  

 
Index Terms—Pattern transfer, electroplating, alpha step, full 

factorial design of experiment. 
 

I. INTRODUCTION 

anoscale patterning is one of the key issues in the 
nanofabrication process [1]. While widely adapted in 

manufacturing, conventional patterning techniques, including 
photolithography, electron beam lithography, have many 
drawbacks. Photolithography can’t produce delicate patterns due 
to the diffraction of the exposure light, and the resolution of the 
pattern is limited by the wavelength of the light [2]. Electron 
beam lithography is costly in electrical energy and time-
consuming [3], which makes it infeasible for  large area 
patterning. 

To overcome this problem, we address most issues of the 
aforementioned techniques by introducing a novel 
nanopatterning approach, named nanoplating [4], which 
generates nanoscale patterns by a simple electroplating process. 
There are some advantages with this method. First, no wear of 
the mold is produced during the process; thus, the mold is 
reusable and have very long lifetime. Second, this fabrication 
technique is low cost since the major cost is the auric chloride 
solution. Finally, this technique can do the whole silicon wafer 
patterning and  the resolution of the pattern is determined by the 
pattern scale of the mold. 

II. EXPERIMENT DESIGN AND PROCEDURE 

A. Fabrication and electroplating process 
In the proposed technique, shown in Fig. 1, a nanocone 

shaped forest is fabricated on a 4 inch silicon wafer by reactive 
ion etching and then coated with a thin layer of platimum. The 
substrate with the nanocone forest is used as the anode, an 
Indium Tin Oxide coated glass as cathode and Auric chloride as 
electrolyte. When a voltage is applied between anode and 
cathode, the Auric chloride solution is electrolyzed and the gold 
is deposited on the ITO glass.  

                       
(a) 

 
(b) 

 
Fig.  1.  Illustration (a) of the procedure of electroplating. The upper plate is gold 
pattern deposited on silicon wafer processed with optical lithography and ion 
etching. The lower plate is ITO. The medium between the gold pattern and the 
ITO is deionized water. Positive voltage is applied on the silicon wafer while  
negative voltage is applied on ITO and the current is from gold pattern to ITO to 
form electroplating thus gold is plated on the surface of ITO and the pattern is 
transferred onto ITO. Device for electroplating and measurement (b).  
 

B. Design of Experiment 
This experiment is modeled as a 2-level full factorial design 

and come up with a linear model to describe the effect of three  
parameters including current value represented with X1, 
electroplating time represented with X2 and size of squares 
represented with X3 . It is assumed that X1 = 1 stands for current 
of 2mA, X1 = -1for current of 10uA, X2 = 1for electroplating 
time of 10 minutes, X2 = -1 for electroplating time of  2 minutes, 
X3 = 1 for square size of 1mm×1mm, X3 = -1 for square size of 
0.1mm × 0.1mm. Y is the thickness of transferred gold pattern. 
Thus the data is fitted to the following equation: 

 
  � � �� � ���� � ����+�	�	+�������+��	���	 
           +��	���	+ ���	�����	+ exp.error                         (1) 
 
The current is generated with a Keithley SourceMeter which 

is controlled with a LabVIEW application. This source meter 
can apply current/voltage and measure voltage/current and 
resistance simultaneously. The reason why we use current 
instead of voltage is that the current is the rate of charge transfer 
thus describes the exchange rate of electrons and ions between 
two electrodes better than the voltage.  

N
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The thickness of the transferred pattern is measured with the 

alpha step in the cleanroom. And we also take SEM images of 
the gold pattern on the silicon wafer before electroplating and 
the transferred gold pattern on ITO after electroplating. 

Considering the cost and complexity of this experiment, we 
only replicate the experiment once, which means we have 16 
runs and randomize the run order.  

III. EXPERIMENT RESULT AND ANALYSIS 

  According to the design of experiment, the experiment is 
carried on and recorded, shown in Table I below.  

 
TABLE I 

RANDOMIZED 2 REPLICATED FULL FACTORIAL DESIGN OF EXPERIMENT 
����

������ 	
� 	�� 	�� ��� ��

����

������ 	
� 	�� 	�� ��� ��


� �
� 
� 
� 0.056 �� �
� 
� 
� 0.066 
�� �
� 
� �
� 0.062 
�� �
� �
� �
� 0.015 
�� 
� 
� �
� 0.961 

� 
� �
� �
� 0.648 
�� �
� �
� 
� 0.008 
�� 
� �
� �
� 0.484 
�� 
� �
� 
� 0.785 
�� �
� �
� 
� 0.017 
�� 
� 
� �
� 1.013 
�� �
� 
� �
� 0.079 
�� 
� 
� 
� 1.006 
�� 
� 
� 
� 0.975 
�� 
� �
� 
� 0.573 
�� �
� �
� �
� 0.012 

 
After electroplating, the transferred pattern and its SEM image 

are shown in Fig. 2 below. 

  
(a)                                            (b) 

Fig.  2.  Transferred gold pattern on ITO (a) after electroplating process and its 
SEM image (b) with the scale of 500nm. 
 

During the electroplating process, the gold atoms lose 
electrons on the silicon wafer (positive electrode) while they 
gain electrons on the ITO (negative electrode). Thus the amount 
of gold transferred onto the ITO is determined by the amount of 
charge transferred, which is Q.  

Fig. 3(a) shows the thickness increases significantly as the 
current value increase, which can also be verified in Table II. 
The estimated ��  is 0.383 which is much larger than other 
parameters, and the P value of �� is less than 0.0001, that means 
the current value has a very significant effect on the thickness of 
the transferred pattern. This result makes sense since the current 
value represents the transfer rate of the charge. Therefore higher 
current values have higher transfer rates.   

It is shown in Fig.3(b) and Table II that X2 and X1× X2 are 
also  significant given the level of significance is 5%. That 
matches our explaination well since Q = I×t. More charge is 
transferred as time passes and the interaction of current and time, 
which is amount of charge in fact, does affect the thickness.  

According Fig. 3(b) and Table II, the effect of X3 is 
insignificant at the 5% level of significance. We assumed that 
with the same amount of charge transferred the amount of gold 
would be the same. So the larger the area would lead to a smaller 

thickness. But the observation does not support this assumption. 
This issue needs further investigation.    

 

 
(a) 

  
                                               (b) 

  
(c) 

Fig. 3. The variability gauge plots versus each of the factors. Thickness of the 
transferred layer increase as current (a) and electroplating time (b) increase. The 
size of square (c) has no significant effect on the thickness of the transferred gold 
pattern.  
 

TABLE II 
ESTIMATES, STD ERROR AND P VALUE OF PARAMETERS CALCULATED BY FITTING 

THE DATA IN MODEL (1) 
 �� �� �� �	 ��� ��	 ��	 ���	 

Estimate 0.423 0.383 0.105 0.013 0.078 0.016 -.014 -.013 

Std Err 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.017 

Prob>|t| <0.0001 <0.0001 0.0003 0.464 0.0019 0.384 0.417 0.485 

IV. CONCLUSION 

We fabricated a nanocone shaped forest on a silicon wafer and 
implemented pattern transfer with electroplating process. In 
order to control this transfer process, we explored three factors,  
including current value, electroplating time and square size, 
which are considered to have an effect on the thickness of 
transferred pattern. We used the full factorial design of 
experiment and came up with a linear model  to describe this 
relationship. The experiment result suggested that current, time 
and their interaction significantly affect the pattern thickness 
corresponding to our assumption. 
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Abstract—A sound signal is generated by a guitar and analyzed 

in the LabVIEW software. A microphone is used to acquire a 
signal. The experiment is designed by the principles of design of 
experiments. The response variables are the acoustic signal’s 
amplitude and frequency. The controlling factors are the scale 
(Do-Re-Mi-Fa-Sol-La-Ti), octave (8-scale change), and use of an 
amplifier. Results show that the change of scale and octave affects 
frequency, but the use of the amplifier affects amplitude. 
 

Index Terms—Amplitude, Frequency, Design of Experiments. 

I. INTRODUCTION 
OUNDS are composed of various physical characteristics, 
such as amplitude, frequency, tone, period, intensity, 

wavelength, noise, etc [1]. To investigate characteristics of the 
sound, the experiment is set up by the principle of design of 
experiments with three controlling factors, scale, octave, and 
use of an amplifier. 

After the experiment is performed, the statistical analysis is 
performed. From the analysis, the models of two response 
variables, amplitude and frequency, will be investigated. Then, 
we will see which controlling factors affect each response. 

II. EXPERIMENTAL DESIGN AND PROCEDURE 
A sound signal is generated by a guitar. An amplifier is 

connected to the guitar to amplify the signal. The LabVIEW 
software is used to analyze the signal. In the project design, 
“Acquire Sound VI” is set up for acquiring the signal, and then 
the signal is connected to “Tone Measurement VI.” This VI 
measures the amplitude and frequency of a sound signal. A 
filter was set up to reduce the low amplitude noise. 

The full factorial experiment is used to design the 
experiment. The response variables are amplitude (Y1) and 
frequency (Y2). The controlling factors are scale 
(Do-Re-Mi-Fa-Sol-La-Ti, X1), octave (8-scale change, X2), and 
the use of an amplifier (X3). The high level for scale is “Sol”, 
and the low level is “Mi.” The high level for scale is third scale 
(String 1), and the low level is first scale (String 6). The high 
level for amplifier is volume 6, and the low level is volume 0, 
which means to turn off the amplifier. The center point is “Fa” 
on the second scale with the amplifier set up volume 3 (hitting 
string 4 with holding second rectangle). The experiment was 
performed a total of 27 times: 2 replicates, 3 center points, and 
24 high and low level data. 
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TABLE I 

FACTORS STUDIED AND THEIR HIGH, LOW AND CENTER VALUES USED IN 
THE EXPERIMENTS 

Level/ 
Factor 

Low 
(-1) 

Center 
(0) 

High 
(1) 

X1: Scale Mi Fa Sol 
X2: Octave First Second Third 
X3: Amplifier 0 3 6 
 
The model equations for amplitude and frequency can be 

written as the design of experiments model. 
 

1 0 1 1 2 2 3 3 12 12

13 13 23 23 123 123 exp.
Y X X X X

X X X error
β β β β β

β β β
= + + + +

+ + + +
   (1) 

 

2 0 1 1 2 2 3 3 12 12

13 13 23 23 123 123 exp.
Y X X X X

X X X error
β β β β β

β β β
′ ′ ′ ′ ′= + + + +

′ ′ ′+ + + +
   (2) 

 
where 1Y  is the amplitude of the signal, 2Y  is the frequency of 

the signal, and 1X , 2X , and 3X  are the scale, octave, and 
amplifier, respectively. 

TABLE II 
VALUES OF THE MODEL PARAMETERS (1) 

Parameter β0 β1 β2 β3 

Value 15.554 0.523 -1.124 14.407 

Parameter β12 β13 β23 β123 

Value -0.188 0.523 -1.140 -0.189 
Sβ = 0.541 

TABLE III 
VALUES OF THE MODEL PARAMETERS (2) 

Parameter β’
0 β’

1 β’
2 β’

3 

Value 224.079 19.516 134.018 -0.011 

Parameter β’
12 β’

13 β’
23 β’

123 

Value 11.533 -0.124 0.056 0.090 
 Sβ’ = 0.050 

III. RESULT AND DISCUSSION 
Time series plots did not show any time dependence, in other 

words, the experiment probably has no systematic error. In the 
normal probability plot, most of data are within 95% 
confidence interval, but four points in each case are outliers. 
But if we apply 99% confidence interval, there are no outliers. 
So, the four points are considered that they have larger 
experimental errors. 

Acoustic Signal Analysis in LabVIEW 
Seongsu Yun, Student, IEEE 
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Fig. 1. Variability gauge plots showing variation of amplitude with each level of 
independent factors. Scale and octave has little effect (a), (b), whereas use of 
amplifier tends to increase amplitude of sound signals (c). 
 

To investigate the effects of controlling factors, the model 
parameters are tested by the t-test for significance. With α=0.01, 
use of amplifier (X3) and mean (β’

0) are significant for signal’s 
amplitude, whereas scale (X1), octave (X2), their interaction 
(X12), and mean (β’

0) are significant for signal’s frequency. It is 
interesting to point out that X12 is significant because it actually 
means if we play high octave and high scale, it will have the 
highest frequency as we want. 
 As the statistics imply and from general knowledge, changes 
of scale and octave do not affect the amplitude of the signal. 
The variability gauge plots have lower values at the center 
points in Fig 1. (a), (b), but this is from the center point values 
that we set amplifier volume as 3. Thus, if we discard the center 
points, we can clearly see that scale and octave barely affect the 
amplitude. In contrast, use of the amplifier has little effects on  

  

 

 

 
Fig. 2. Variability gauge plots showing variation of frequecy with each level of 
independent factors. Scale and octave have influence on frequency (a), (b), 
whereas use of amplifier has little propensity about frequency (c). 
 
frequency. Octave has the greatest effect on frequency and 
scale has a decent effect. 

IV. CONCLUSION 
We investigated the effects of three controlling parameters of 

an acoustic signal. As we generally know, the experiment 
revealed the truth. Use of amplifier affects only the amplitude 
of the sound signal, whereas variations of octave and scale have 
influence on only frequency. 
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Abstract— The effects of biasing the DFB and EAM as well as 

overall temperature of an EML device on its output power are 
observed, and statistically analyzed. It is found that higher-order 
terms have a significant impact on the output power. 
 

Index Terms— Electrical modulation, DFB laser, optical 
coupling, LI characteristics 
 

I. INTRODUCTION 
PTICAL methods have dominated the communications 
industry since the discovery of low-attenuation optical 

fiber. Light signals can be used to transmit information at far 
greater bandwidths, thanks to the unique properties of photons 
and optical waveguides. The modulation of light signals is one 
of, if not the most important process in using light to carry 
information. Making this process compact and simple goes a 
long way in reducing the overhead of modern 
communications. 
 One way of simplifying the process is to integrate a laser 
and a modulator on one device. This simplifies the process of 
controlling the two components by having them share a 
ground contact and ensures that the optical coupling between 
the two is not susceptible to disturbances. 
 In this article we demonstrate one such device, called an 
electroabsorption modulated laser (EML) [1], [2], which 
consists of a distributed feedback (DFB) laser and an 
electroabsorption modulator (EAM) grown on the same 
substrate (Fig. 1). The goal of our project was to observe its 
behavior just above the lasing threshold, confirming the 
behavior of output power with respect to three major factors: 
DFB current, EAM voltage, and device temperature. We 
additionally determine what, if any, higher-order interactions 
between the three are significant. 

 
Fig. 1.  Example layout of a p over n EML device. 
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II. EXPERIMENTAL DESIGN AND PROCEDURE 

A. Experimental Design 
 The schematic shown in Fig. 2 outlines our test setup. The 
EML was placed in a thermoelectric cooler (TEC) to maintain 
a desired operating temperature.  The DFB and EAM portions 
were biased using two separate current and voltage sources, 
respectively. The output power, obtained from the facet of 
EAM, was measured using an optical power meter. 

 
Fig. 2.  Schematic of the test setup. The output of the EML is optically 
coupled to the power meter. 
 
 To model the responses of the device, a full-factorial 
experiment with 3 first-order terms in the model was used. 
The full linear model used to fit the response was 
 

 β0 + β1x1 + β2x2 + β3x3 + β12x1x2 + β13x1x3  
+ β23x2x3 + β123x1x2x3 + experimental error 

 

(1) 

Table I lists the assignment of the three factors as well as their 
high, center, and low values. The main goal of the experiment 
was to determine if the higher order coefficients, β12, β13, β23, 
and β123 are significant. 

Observation of Second-Order Effects on Output 
Modulation in EM Laser 

Daniel Zuo, Student, IEEE 
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TABLE I 
VALUES OF OPERATING FACTORS 

Factor Low Center High 
x1: DFB Current (mA) 30 35 40 

x2: EAM Reverse Voltage (V) 0 1 2 
x3: Device Temperature (°C) 20 25 30 
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B. Experimental Procedure 
Electrical probes were placed on contact pads to bias the 

terminals of the EML, while the three factors were controlled 
by external devices. A lens-tipped fiber mounted on a three-
axis stage was used to provide optical coupling from the EML 
to the power meter. 

Measurements of the output power were recorded in dBm 
from the power meter in a random order and duplicated 
multiple times to guard against drift. 

III. RESULTS 
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Fig. 3.  Measurements of output power versus DFB current. 

 

 
Fig. 4.  Measurements of output power versus EAM voltage. 
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Fig. 5.  Measurements of output power versus temperature. 

 
Figs. 3-5 show the response of output power versus the three 
main factors. Table II shows the fitted model results. Based on 
the standard error and a confidence level of 95%, the 

temperature, current-voltage, and current-voltage-temperature 
terms were insignificant. 

IV. CONCLUSION 
These results show that the two components of the EML 

can be operated in tandem without the biasing of the two 
interfering. The insignificant temperature term can be 
interpreted as meaning the temperature’s greatest impact is on 
the behavior of the two other terms, resulting in the non-zero 
second order values. 

These observations were made at steady-state biasing 
conditions. Further tests might be made during AC operation 
to truly determine the device’s frequency-dependent 
performance in applied settings. 
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TABLE II 
ESTIMATES OF MODEL COEFFICIENTS 

Coeff. Value Standard Error 
β0 -23.78 0.4885 
β1 3.385 0.4885 
β2 -4.270 0.4885 
β3 -0.917 0.4885 
β12 -0.941 0.4885 
β13 -2.867 0.4885 
β23 1.753 0.4885 
β123 -0.815 0.4885 
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