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In 1880, A. A. Michelson invented the well-known Michelson interferometer, which was later used
in the Michelson–Morley experiment to test the existence of the aether. Although the experiment
failed, the Michelson interferometer still has many applications, including the present experiment.
Aim of this experiment is to observe the vibrations created by a loudspeaker using the modified ver-
sion of well known Michelson Interferometer. Modification of the setup will be done by introducing
a loudspeaker to the system, which will create vibrations via sound waves. Thus, the disturbance
of interference pattern due to vibrations will enable us to detect those vibrations precisely. Imple-
menting a FFT algorithm provide a determination of the distinct frequencies of the vibrations.

INTRODUCTION

Albert A. Michelson was a successful physi-
cist who had done major contributions to optics
in late 19th century, which is one of the funda-
mental areas of physics. Using the interferom-
eter he designed, he achieved a highly accurate
measurement of the speed of light in 1881. In
1887, together with Edward W. Morley, he con-
ducted the well knownMichelson–Morley exper-
iment, which demonstrated the absence of de-
tectable aether drift and played a key role in the
development of special relativity [1].

Working principle of Michelson Interferome-
ter is based on wave optics. The aim of the
device is to detect interference and the diffrac-
tion patterns of light as the name implies. This
mechanism enables us to measure several as-
pects of light or light related events[1] [2].

In this experiment classical Michelson Inter-
ferometer has modified using a loudspeaker in-
stead of a static object. This modification in-
troduce vibrations on one of the mirrors. This
vibration of mirror has continuously altered the
distance from the beam splitter thus changed
the path difference. This alteration of the path
difference created a vibration on the pattern
which has captured and analyzed with FFT.

THEORY

Michelson Interferometer

The Michelson interferometer consists of a
laser, a beam splitter, and two mirrors oriented
perpendicular to each other. Light emitted from
the laser is divided by the beam splitter into two
beams with equal intensity. These beams prop-
agate along perpendicular paths, are reflected
by the mirrors, and meet at the beam splitter.
Any difference in the optical path lengths of the
two beams produces a phase difference, which
determines whether the interference is construc-
tive or destructive [3].

Constructive interference occurs when the op-
tical path difference satisfies

∆d = d2 − d1 = n
λ

2
, (1)

where d1 and d2 represent the distances between
the beam splitter and the mirrors, λ is the wave-
length of the light, and n is an integer [3].

The electric fields of the two interfering
beams can be expressed as

E1 = Aei(ωt+ϕ1), (2)

E2 = Aei(ωt+ϕ2), (3)

where A is the amplitude, ω is the angular fre-
quency, t denotes time, and ϕ1 and ϕ2 are the
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phase constants. The total electric field is ob-
tained by superposing two electric fields:

E = E1 + E2 = Aeiωt
(
eiϕ1 + eiϕ2

)
. (4)

The intensity is proportional to the squared
magnitude of the total electric field,

|E|2 = EE∗

|E|2 = Aeiωt(eiϕ1 + eiϕ2)×Ae−iωt(e−iϕ1 + e−iϕ2)

|E|2 = A2
[
e0 + ei(ϕ1−ϕ2) + ei(ϕ2−ϕ1) + e0

]
|E|2 = A2

(
1 + 1 + ei(ϕ1−ϕ2) + ei(ϕ2−ϕ1)

)
|E|2 = 2A2(1 + cos(∆ϕ))

where ∆ϕ = ϕ1 − ϕ2 is the phase difference.
Expressing this phase difference in terms of the
optical path difference yields

|E|2 = 2A2

(
1 + cos

(
2π

2∆d

λ

))
. (5)

Since the response of photodetector is propor-
tional to the light intensity, alterations in |E|2
are expected to directly translate into measur-
able electrical signals [4].

In the modified configuration used in this ex-
periment, one mirror is fixed while the other
is mounted on a loudspeaker. The oscillatory
motion of the loudspeaker induces periodic dis-
placements of the mirror and modulating the
optical path difference. If the mirror undergoes
sinusoidal motion, the path difference can be
approximated as

∆d ≈ 2A sin(ωt), (6)

where A is the displacement amplitude and
ω is the angular frequency of the vibration.
This periodic modulation causes the interfer-
ence fringes to oscillate, producing a harmonic
variation in the output of the photodetector.
The resulting signal then can be analyzed using
FFT techniques to determine vibration frequen-
cies [5].

Discrete Fourier Transform

Fourier analysis is used to find the frequency
components. For a data x[n] with N data
points, the Discrete Fourier Transform (DFT)
is defined as

X[k] =

N−1∑
n=0

x[n] e−i2πkn/N , (7)

where k is the frequency index and magnitude
|X[k]| shows the amplitude of each frequency
component. The direct evaluation of the DFT
scales as O(N2) and becomes inefficient for
large data sets. The Fast Fourier Transform
(FFT) uses the symmetry in the exponential
factors to reduce the complexity to O(N logN)
while staying mathematically equivalent to the
DFT [6]. Due to vast number of data points ac-
quired in this experiment, analysis of these data
will be done using FFT.

Diverging Lens

Diverging (concave) lenses are used in the op-
tical setup to expand the laser beam and en-
hance the visibility of the interference pattern.
When parallel rays enter a diverging lens, they
spread outward as if originating from the focal
point on the same side of the lens [7].

Assume an incident laser beam of radius r.
Then the relationship between the incoming and
outgoing beam radii can be derived using sim-
ilar triangles. If r′ denotes the beam radius at
a distance d from the lens and f is the focal
length, the angle α satisfies:

tanα =
2r

f
=

2r′

f + d
. (8)

Defining the magnification factor M as the
ratio of beam radii, M = r′/r, yields:

M =
r′

r
=

f + d

f
. (9)

This expression shows that the beam expan-
sion increases with the distance between the
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lens and the screen, allowing the interference
fringes to be observed more clearly [7].

METHODOLOGY

The interferometer part of the experimental
setup consists of a 532 nm green laser as a light
source, a beam splitter, 2 mirrors, a loudspeaker
as source of vibration. Also several diverging
and converging lenses are used to magnify the
pattern. Furthermore, the setup has built on a
heavy granite slab standing on 4 seismic isola-
tors to reduce external vibrations which would
affect the data negatively as noise.

To capture the data; a photodetector with an
amplifier composed of a BPW 34 S photodiode,
TLV2462 Op Amp, proper resistors and capac-
itors connected to an Arduino Uno has used.

A sketch of the experimental setup and an
actual image of the setup are provided below.

FIG. 1. A demonstration of the setup consisting
of a laser, beam splitter, loudspeaker, two mirrors,
and a photo detector.

As it could be seen lenses used to magnify
the pattern are not included here but they are
in actual setup which is as follows:

FIG. 2. An image of the actual setup consisting
mentioned equipments for interferometer.

1. A Michelson Interferometer has built us-
ing the mentioned equipments. Beam
splitter has placed on the diagonal of two
mirrors with a π/2 angle in between. In-
coming laser beam has splitted into two
separate beams via beam splitter which
are then reflected back from mirrors and
meet again on beam splitter. This meet-
ing of the beams created an interference
pattern due to path differences of two
beams, which altered via the vibrations
of loudspeaker.

2. The vibrations has introduced to the sys-
tem via a loudspeaker placed as in Figure
2. The distinct frequencies has created
using MATLAB codes to create sound via
sine waves. It should be noted that ampli-
tude of the applied sound should be as low
as possible since the aim is to vibrate just
one mirror not whole the system. This ac-
quired by simply turning down the volume
consistently until the measurements be-
came sufficiently consistent with the given
vibrations.

3. The alteration of the pattern could be
seen with naked eye. Furthermore it could
also be analyzed by a photo detector to
determine the vibration frequency of the
pattern which is expected to match vibra-
tion frequency of the loudseaker.

4. The photo detector has constructed us-
ing the components mentioned earlier.
The BPW 34 S has a spectral range
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of sensitivity for wavelengths between
420nm - 1120nm which was suitable for
the laser pointer used in the setup with
532nm wavelength. Furthermore, men-
tioned photodiode has a response time
around ∼ 20ns which provide photo detec-
tor to capture high frequency alterations
in the pattern [8].

5. An amplifier circuit including TLV2462
Op Amp, 1 MΩ resistor and 100nf capaci-
tor has included into the photodetector to
amplify the signal created by photodiode.
The output of the photodiode has ampli-
fied from 0V − 0.2V to 0 − 5.0V via the
amplifier circuit.

6. The photodetector has built on a bread-
board and connected to an Arduino Uno
to capture data. The code has written in
a way that Arduino to capture ∼ 3.8×104

data points per second. The captured
data then transferred into Python to run
an FFT and plot. Also some of the data
acquired were from recordings of the com-
plex sounds such as musics and conversa-
tions which converted back to sound with
appropriate filtering techniques to recon-
struct the sound applied to the system

RESULTS

In the experiment, a clear and stable inter-
ference pattern has acquired. An image of one
of the patterns acquired with setup shown in
Figure 2 is as follows:

FIG. 3. One of the patterns used in experiment.

Throughout the project, different patterns
has acquired. Nevertheless, shape of the pat-
tern does not affect the results since experiment
aims to capture and analyze vibrations and al-
terations of the pattern not the actual shape.

So, various types of sounds are introduced to
the setup as vibrations via loudspeaker which
also vibrate the pattern. These vibrations an be
separated into two sections: Distinct Frequen-
cies and Complex Frequencies. Here distinct
frequencies represents vibrations consists of at
most 3 distinct sine waves and complex frequen-
cies represents sound recordings such as musics
and conversations which consists a spectra of
frequencies.

Results for Distinct Frequencies

In this part of the experiment various sine
waves with various frequencies has created and
converted into sound using MATLAB. The
sound produced by MATLAB then introduced
to the system via laudspeaker. The data has
captured for 20 s then analysed with a FFT al-
gorithm.

First, single sine wave sounds with distinct
frequencies are introduced to the system. The
intensity data collected by photodetector has
passed through an FFT analysis with Hann
Windowing and plotted to compare with given
frequency.

For this part vibrations of 400 Hz and 1000



5

Hz are introduced separately in different runs
with different measurements. The results are
provided below.

FIG. 4. The FFT analysis of the data collected with
a vibration of 400 Hz is applied.

Figure 4 clearly shows a peak at 400.4 Hz
which is sufficiently consistent with the intro-
duced vibration of 400 Hz. Also there are other
peaks at integer multiples of 400 Hz caused by
both convolution in FFT and harmonic distor-
tion which will be discussed in Error Analysis
section.

FIG. 5. The FFT analysis of the data collected with
a vibration of 1000 Hz is applied.

Figure 5 shows a distinct peak at 1001.0 Hz
which is sufficiently consistent with the intro-
duced vibration of 1000 Hz. The interesting
thing is that both 400 Hz and 1000 Hz mea-
surements has an error of exactly 0.1 percent
which also could be a consequence of the har-

monic distortion or the spacing of the grid used
while FFT.

Secondly, two sine wave sounds with differ-
ent frequencies are introduced simultaneously
to the system and analyzed in the same way.

For this part, vibrations of 400 Hz and 600 Hz
frequencies are introduced simultaneously. The
result is provided below.

FIG. 6. The FFT analysis of the data collected with
vibrations of 400 Hz and 600 Hz are applied.

As Figure 6 shows the highest peaks present
are at 400.4 Hz and 600.6 Hz which are greatly
consistent with the introduced vibrations of 400
Hz and 600 Hz. Unfortunately, due to more vi-
bration in the system noise and effect of both
harmonic distortion and convolution has in-
creased.

Finally, three sine wave sounds with differ-
ent frequencies are introduced simultaneously
to the system and also analyzed in the same
way.

For this final part, two measurements has
taken. One with vibrations of 400 Hz, 600 Hz,
and 1000 Hz. Other with frequencies of 50 Hz,
2000 Hz, and 5000 Hz. The second measure-
ment was to test the systems response when
high and low frequencies introduced simultane-
ously. The results are provided below again.
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FIG. 7. The FFT analysis of the data collected
with vibrations of 400 Hz, 600 Hz, and 1000 Hz are
applied.

As Figure 7 shows, there are complements of
the given frequencies in the FFT plot at 400.5
Hz, 600.7 Hz, and 1001.0 Hz. 400.5 Hz and
600.7 Hz are clearly consequences of the vibra-
tion introduced to the system but since 1001.0
Hz also appears in Figure 6 it is not clear that
if 1001.0 Hz is a consequence of convolution,
harmonic distortion or the actual vibration in-
troduced to the system. Although, the system
should have been capture the 1000 Hz frequency
as Figure 5 implies. Thus, probably the peak
at 1001.0 Hz in Figure 7 is a consequence of
all convolution, harmonic distortion and actual
vibration in the system.

FIG. 8. The FFT analysis of the data collected
with vibrations of 50 Hz, 2000 Hz, and 5000 Hz are
applied.

Since this measurement is to see the limits of
the setup, it has observed that the response at

5005.0 Hz is extremely low compared with the
responses at 50.0 Hz and 2002.0 Hz as Figure 8
implies. Nevertheless, it could be said that the
peak at 5005.0 Hz is not a consequence of in-
teger multiples of introduced frequencies since
it is neither an integer multiple of 50.0 Hz nor
2002.0 Hz. Thus, setup is able to capture rel-
atively high frequencies but with lower ampli-
tudes. Also, setup captures the low frequencies
very efficiently.

As the results imply, the system is sufficient
for determining single, double, and triple fre-
quencies applied simultaneously. Nevertheless,
errors and the unwanted peaks at integer mul-
tiples of the actual frequencies present in every
measurement due to harmonic distortion and
convolution in FFT.

Result for Complex Frequencies

In this part of the experiment, sound waves
of a music record have introduced to the system
via loudspeaker. The data has captured for 20
s and the same FFT analysis is applied to the
data. Also, an FFT has applied to same 20 s
of the music record introduced to system. The
comparison of the results are as follows:
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FIG. 9. The FFT analysis of the data collected
with a sound recording is introduced and the FFT
analysis of the actual audio.

The general shape of the experimental result
is consistent with the audio reference as Fig-
ure 9 clearly demonstrates. Nevertheless, the
amplitude proportions between frequencies are
slightly off due to both noise and imperfections
of FFT.
The acquired data also reconstructed as audio

to compare with actual audio. Unfortunately
adding mentioned audios to this report is not
possible but as the result provided in Figure
9 implies, reconstructed audio and the actual
audio were greatly consistent with each other
with a slight noise.

ERROR ANALYSIS

Since the interferometer has tried to be built
with low budget equipments, it has limitations.
One of these limitations is that imperfect in-

sulation of external vibration which causes noise
and error in the data even though a granite slab
with 4 seismic isolators used. With more profes-
sional equipments such as optic rails or optical
table one could greatly reduce the effect of ex-

ternal vibrations.

In addition, the laser used has an inhomoge-
neous beam which has a constant pattern con-
sist of bright and dark areas instead of a ho-
mogeneous circular shape due to lack of qual-
ity of the laser. A laser specifically designed
for optic experiments could have more homoge-
neous beam which results in more precise mea-
surements of the interference pattern.

Furthermore, the optical equipments used
such as glass slide, converging lenses, and di-
verging lenses were not ideal as expected. The
glass slide was not splitting the laser beam per-
fectly 1/1 ratio but absorbing some of it which
cause a slight decrease in intensity of the out-
going beam. Also the converging and diverg-
ing lenses were not perfect either, the reflections
created by the lenses greatly reduced the inten-
sity of pattern acquired. All these reductions of
the light intensity caused response of the pho-
todiode to be reduced which leads noise to be
more effective. Using high quality and profes-
sional equipments would prevent this intensity
reduction effect.

Several nonlinear effects may have occurred
while the loudspeaker vibrates the system which
cause given frequency to differ in output. These
nonlinear effects create harmonic distortion
which cause the unwanted peaks at integer mul-
tiples of introduced actual frequencies and also
the mentioned exact and consistent 0.1 percent
deviation of the results [9].

Since setup is used to record data for finite
time periods, this finite time period acted as
a step function multiplied with the actual data.
Thus, in FFT analysis the data has seen as con-
volution of mentioned step function and actual
data. This caused the presence of integer mul-
tiples of actual frequencies in the FFT analysis
plots. Recording data for a much longer time
would reduce the effect of convolution, but due
to data capturing at high rate with Arduino
and transferring it via USB cable to computer
created lack of synchronization for long records
which made taking longer records impossible
with current equipments.
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Also, the discrete grid used in FFT and finite
sampling rate of the photodetector and Arduino
affected the results. Better equipments which
could acquire higher sampling rate and a FFT
algorithm which uses finer grids would reduce
the error.

CONCLUSION

The results of the experiment mostly met
with the expectations. For the relatively lower
frequencies (50 Hz - 2000 Hz) the response of the
setup is much more than the response it gives
for the relatively high frequencies (5000 Hz) as
Figure 8 and Figure 7 implies. Furthermore due
to high measurement rate around ∼ 3.8 × 104

data points per second, the setup was sufficient
to capture high frequencies even though the re-
sponse is lower than low frequencies.This be-
havior can be explained by the response of the
loudspeaker mirror system and the limitations
of the photodetector. In conclusion, a modified
version of Michelson Interferometer has built in
order to conduct a vibration analysis of a loud-
speaker and since the ultimate aim of the exper-
iment was to determine frequencies introduced
by loudspeaker to the system accurately, the re-
sults show that the project successfully achieved
its aim. With improved external vibration iso-
lation and higher-quality components, the sen-
sitivity and frequency range of the system could

be further enhanced in future projects.
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