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Abstract  
 

 This project was created as an extension of a previous IQP. The main goals were 

to improve the design of an existing Doppler effect simulator and to be able to produce 

reliable data such that this device can be used in the future for freshman laboratory 

experiments. To meet these goals, the prototype model was completely redesigned to 

improve stability, balance, and overall performance. With this new device, a battery of 

systematic tests was carried out in which each controllable variable was isolated. The 

results of these tests indicated that if more time is dedicated to completing a full analysis 

of all data, this device could indeed be used as an exciting new way to demonstrate the 

Doppler effect.     
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Executive Summary  
 

 The two most important questions that needed to be answered during the semester 

were óWhat improvements can be made on a prototype model of a spinning Doppler 

effect simulator?ô and óCan repeatable data be generated, analyzed and synthesized for 

the creation of an undergraduate laboratory experiment?ô 

 The motivation for this project was the continuance of a previous IQP from 2008. 

This IQP group aimed to create a fun, interesting new experiment to demonstrate a well-

known physics concept and encouraged participation by keeping students engaged with 

hands-on activities.  

 In fourteen weeks, the Doppler device was reconstructed with new materials, and 

subjected to numerous tests under constantly changing conditions. Laboratory testing of 

the new device during that period showed remarkable improvement in signal clarity and a 

decrease in both vibration and audible noise inherent in the system. One factor that has a 

potential to skew any test results is the reflection of sound waves of the solid walls and 

floors of Olin Hall. Additionally, a set of Doppler equations that govern the situation 

created in this experiment were derived from known Doppler cases. 

 Overall, testing demonstrated the fundamental soundness of the new Doppler 

device. Work should continue steadily on this project to push it towards becoming a 

usable laboratory experiment. When considering the advancement of this project, the 

following actions are recommended: 

 

¶ Obtain an independent confirmation of equation derivations from a reputable source 

¶ Perform a full observational and mathematical analysis of Spectrum Lab results 

¶ Characterize the properties of the resonant and harmonic frequencies of the buzzer 

when subjected to different configurations of the Doppler device 

¶ Make any additions or clarifications to the design or experimental procedure that could 

not be made during the semester 

¶ Find a professor or someone that is a professional in the field of pedagogy and get some 

expert suggestions on how to create clear and meaningful laboratory exercises using the 

new Doppler device 
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1. Introduction  
 

The Doppler effect experiment was developed as part of an IQP by the Physics 

Production Corporation-a group of five WPI undergraduate students- and was presented 

in January 2009. This group began to assemble a creative physics ñtoolboxò to help new 

students grasp introductory physics concepts. The main goal of this IQP was to remodel 

the freshmen level laboratories of the WPI Physics Department with these new ñtoolsò 

created for the physics ñtoolboxò. Another objective of this IQP was to create these tools 

in a way that would be ñinnovative and exciting for the studentsò (Pydynkowski, Lessard, 

Perry, McGinley, & Jones, 2009).  

The tools created in Ongoing Advancement of the Physics Toolbox were intended 

to lay a foundation that could be improved upon by future WPI project teams as well as 

enhance the current state of the Physics Department. These tools are ñfar different than 

anything that has been seen by freshman taking the introductory Physics classes thus far.ò 

(Pydynkowski, Lessard, Perry, McGinley, & Jones, 2009) The group, lead by Kyle 

Pydynkowski, chose to design these experiments in a unique manner to ñcapture the 

attention of the students who otherwise would not be interested in an introductory level 

physics course.ò (Pydynkowski, Lessard, Perry, McGinley, & Jones, 2009) 

 

1.1 Overview of previous project  
 

 Kyle Pydynkowski and Konrad Perry were responsible for creating Physics 

laboratories that could be used in any of the freshman Physics courses. Pydynkowski was 

in charge of designing the device that would be used to carry out such experiments. The 

goal of creating a lab such as the Doppler experiment was to present a well-known 

concept in a new and interesting way and to encourage student attendance and 

participation. This particular experiment was intended to engage all of the students 

present for the lab session. The topic of the lab should also complement the lectures and 

existing curriculum of the professors that teach the courses. In their report, Pydynkowski 

and Perry state that ñEvery student should have an equal amount of work to do so that all 

the students have an opportunity to learn.ò (Pydynkowski, Lessard, Perry, McGinley, & 

Jones, 2009) 
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 The original concept for the Doppler lab involved using a frictionless cart on a 

track. The cart would have a string attached to one end and hanging mass attached to the 

end of the string. A pulley would be used to redirect the mass and use gravity to move the 

cart along the track. A microphone would also be attached to the cart and was pointed in 

the direction of a speaker and a position sensor at the opposite end of the track. A 

program called Data Studio would then be used to emit a sound with a single waveform. 

The configuration for this original idea is shown in Figure 1 below.  

 

 

Figure 1 - Doppler Experiment Concept Using Frictionless Cart on Track 

  

The microphone input could then be analyzed with a program called Spectrum 

Lab. So the idea was to drop hanging mass and simultaneously release the cart while the 

microphone records the sound coming from the speaker. Theoretically, students should 

be able to visualize the Doppler effect and use the data to find the velocities and 

frequencies of the speaker and microphone from the Doppler equations that are discussed 

in Chapter 2. 

However, this IQP group soon realized that in order to detect and record Doppler 

effects, the cart would have had to be moving at a much faster speed than they 

anticipated. Even though the group recommended this as a good way to show the Doppler 

effect, the idea was adapted to be usable in the space provided in the WPI physics labs.  

 After realizing that the original design was impractical, the team decided to create 

a lab that used some type of variation of the Doppler effect. After some brainstorming, 
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the group decided to create a spinning Doppler machine. The idea came from Astronomy 

and is analogous to the rotation of a galaxy or a star.  One can analyze the spectrum of 

light emitted from a star in orbit, and just as easily analyze the spectrum of sound emitted 

from a buzzer spinning around in a circle. The basic experimental setup for the Doppler 

effect experiment can be seen in Figure 2 below.  

 

 

Figure 2 - Experimental Setup for Doppler Effect experiment as of January 2009 

 

 An AC electric rotating motor is mounted in a square wooden box on top of a 

piece of plywood. A long wooden arm is then mounted on the motor and fastened to the 

motor mount with washers and screws. Buzzers were duct taped to each end of the arm 

and connected to a 9V battery which was also duct taped to the arm several inches from 

each from the buzzers. The motor was wired to an auto transformer or Variac which 

allows the user to manually adjust the speed of the motor. A microphone is then placed 

just outside the spinning radius of the arm and used to receive the sound being emitted by 

the buzzers. The microphone is wired into a computer which runs a program called 

Spectrum Lab. This software can be used for spectrum analysis of the incoming sound. 

The spectrum can then be displayed in numerous ways depending on user preference. The 

default display plots frequency on the horizontal axis and amplitude on the vertical axis. 

A vertically-scrolling waterfall display can also be used to plot the resulting spectrum 
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over time using pre-defined time intervals as data reference points. A sample screenshot 

is provided below to illustrate the setup of the Spectrum Lab interface. The data shown in 

Figure 3 was provided by the previous IQP team and represents data recorded using the 

experimental setup in Figure 2.  

 

 

Figure 3 ï Sample Spectrum Lab Screenshot from previous IQP group 

  

 Figure 3 represents a combination of steps. First, the team allowed Spectrum Lab 

to pick up five seconds of dead air which is the blank area at the bottom of the waterfall 

display. Next, one of the buzzers was connected to one of the 9V batteries. This shows 

the frequency emitted by the buzzer while at rest, which was previously referred to as the 

ñnatural frequencyò. This step is represented by the three straight lines that begin to form 

around the 16:39 time interval marker in Figure 3. From this graph, it was observed that 

the buzzer was not monotonic, but rather consisted of a combination of different tones 

being emitted simultaneously. After approximately 30 seconds the motor was turned on 
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and slowly increased to an appropriately fast speed to record the Doppler effect. This can 

be seen in Figure 3 above where the three frequencies begin to widen. Once the spectral 

lines spread to their widest point, this indicates that the motor is at the maximum speed 

for that time period. After less than one minute, the motor was slowly tilted toward the 

microphone to a ninety degree angle. This can also be seen in Figure 3 around the 16:41 

marker as the spectrum appears to intensify at a central frequency which looks much like 

the spectrum for the buzzer at rest. This result is to be expected since the distance 

between the buzzer and the microphone remains constant. At the top of Figure 3, around 

the 16:43 marker, the motor was turned off and the rest frequency of the buzzer can be 

seen again. Figure 4, below, isolated one of the buzzer frequencies and zoomed in to 

show a close-up image of the same steps.  

 

 

Figure 4 - Close-Up of Highest Buzzer Frequency from Figure 3 
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Although a proof of concept was established with this demonstration, the Doppler 

effect experiment was never put into a laboratory format or tested by students due to lack 

of time. However, the IQP team stated that ñIn the upcoming years of this ongoing IQP, a 

lab could be made quite easily from the ideas and findings of this experiment.ò 

(Pydynkowski, Lessard, Perry, McGinley, & Jones, 2009) One recommendation the team 

made for future project groups was that a louder buzzer would improve the system and 

allow the microphone to detect the sound from farther away. Using a louder buzzer and 

placing the microphone further away reduces noise in the system that can be created by 

the sound of the motor running, as well as the wind noise created by the spinning arm. 

Another recommendation was to find a buzzer with a single resonant frequency instead of 

the multiple resonant frequencies that were shown in Figure 3. The harmonic frequencies 

of the buzzer complicate the spectral analysis. A buzzer with a single resonant frequency 

will show the exact same effects, but will be much cleaner and easier to analyze in 

Spectrum Lab. The previous group also stated that there were some problems with 

ordering the parts, so our group took that as a recommendation to get all the necessary 

parts ordered soon enough to leave us sufficient time in the lab to perform tests. It is the 

opinion of Pydynkowski and Perry that ñHaving this machine is a terrific starting point to 

implement a laboratory experiment that has never been done before here at WPI.  With 

the use of the Doppler machine and the knowledge that was gained by this inaugural 

Physics Production Company an educational laboratory experiment is within reach with 

only a little more effort.ò (Pydynkowski, Lessard, Perry, McGinley, & Jones, 2009) 
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2. Background  
 

The Doppler effect is named after Austrian physicist Christian Doppler who first 

proposed this theory for light waves in 1842. The Doppler effect describes the change in 

wavelength of a light source when there is relative motion between the light source and 

observer. The Doppler effect also describes the change in frequency that is observed 

when there is relative motion between a sound source and an observer. This effect was 

observed by Dutch meteorologist Christophorus Buys-Ballot in a famous experiment. 

Buys-Ballot assembled a group of musicians on a train and stood on the train platform. 

The musicians were asked to play a single note while the train passed by the platform at 

full speed and he was able to detect the Doppler effect or Doppler shift (Filkin, 1997). A 

similar phenomenon was documented independently for electromagnetic waves in an 

experiment performed by Armand H. L. Fizeau in 1849 (Serway & Beichner, 2000). The 

Doppler effect has many applications but in this case, only the acoustic variation is 

considered. 

 
2.1 General Doppler  Effect 
 

 One of the most common situations in which the Doppler effect can be noticed is 

when an emergency vehicle with its siren on drives past a car containing an observer. As 

the ambulance approaches, the observed frequency is increased relative to the emitted 

frequency. When the ambulance is passing by the vehicle of the observer, the observed 

frequency will be equal to the emitted frequency, and the observed frequency is 

decreased when the ambulance is moving away from the observing vehicle.  

 This Doppler experiment is concerned with sound waves which are longitudinal 

waves. A longitudinal wave is a wave in which the particles of the medium move parallel 

to the direction of the wave velocity (Serway & Beichner, 2000). In contrast, a transverse 

wave is a wave in which the particles of the medium move perpendicular to the wave 

velocity (Serway & Beichner, 2000). Longitudinal waves travel through a medium at a 

speed that depends on the compressibility and inertia of that medium (Serway & 

Beichner, 2000). Thus, the total Doppler effect may be a combination of motion of the 

source, motion of the observer, or motion of the medium. For waves which do not require 
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a medium, such as light, only the relative difference in velocity between the observer and 

the source needs to be considered.  

The most generalized form of the Doppler effect is given in terms of the resonant 

frequency and the appropriate velocity components. The observed frequency f is related 

to the emitted frequency of the source fϚ by the equation: 

 

1  Ὢ= ὪϚ
ὺ+  ὺὶ
ὺ+ ὺί

 , 

 

where ɜ is the velocity of waves in the medium, ɜs is the velocity of the source relative to 

the medium and ɜr is the velocity of the receiver relative to the medium. In the case of a 

stationary receiver (or microphone), the equation reduces to: 

  

2  Ὢ= ὪϚ
ὺ

ὺ+ ὺί
 , 

 

where ɜs is positive when the source is moving away from the observer, and negative 

when moving towards the observer. These equations assume that the source is directly 

approaching or receding from the observer. 
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2.2 Doppler Effect for Uniform Circular  Motion  
  

A slightly more complex case of the Doppler effect involves a source in uniform 

circular motion and a stationary receiver. During the literature review, an article was 

discovered in a volume of Physics Teacher, a popular science journal. This article was 

written by a group that conducted an experiment with a similar spinning Doppler 

machine. In this experiment, a microphone was placed in the path of a spinning arm with 

a buzzer attached. Images of the schematics for the experimental setup are shown below 

in Figure 5.  

 

Figure 5 - Schematic Side View (a) and Top View (b) of Experimental Setup 

 

 

 



 

10 

 

 

Figure 6 ï Schematic Geometry for Calculating Approaching/Receding Speeds 

  

This derivation begins with the assumption that the observer is at rest, and the 

Doppler equation is defined as: 

 

3  Ὢ= ὪϚ
ὺί

ὺί+ ὠὈ
 . 

 

 For this derivation, the authors have defined ὺί as the speed of sound, and ὠὈ as 

the approaching and receding velocities. The quantity ὺί is equal to the quantity ὺ from 

the Equation 1, and the quantity ὠὈ is equal to the quantity ὺί from Equation 2.  

 To solve for find ὠὈ as a function of time, geometric considerations are made 

from Figure 6 resulting in the following equation: 

 

4  ὠὈ= ὠὧέίɔ , 
 

where ὠ is the tangential velocity of the buzzer and ɔ is the angle between ὠ and ὠὈ. If T 

is the period of rotation of the buzzer and R is the radius of the circular path swept out by 

the arm then, 

 

(5) ὠ=
2“Ὑ

Ὕ
 , 
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Substituting this value of ὠ will result into Equation 4 will result in a new 

expression for ὠὈ, which takes the form: 

 

6  ὠὈ=
2“Ὑcos(ɔ)

Ὕ
 . 

 

From the angles in Figure 6, it is found that —+ 2‌ =  “ and ‌+  ‎=  “/ 2. 

Solving for ‎ gives the result ‎=  —/ 2. For a constant ὠ,—= 2“ὸ/Ὕ, making ‎=  “ὸ/Ὕ. 

Substituting this back into Equation 6 gives: 

 

7  ὠὈ=
2“Ὑ

Ὕ
cos

t́

Ὕ
 . 

 

 

Substituting this expression back into Equation 3 will lead to the new form of the 

Doppler equation: 

  

8  Ὢ= Ὢέ
ὺί

ὺί+
2“Ὑ
Ὕ cos

t́
Ὕ

 . 

 

 

This Derivation was borrowed from The Doppler Effect of a Sound Source 

Moving in a Circle (Saba & Antonio da S. Rosa, 2003). The next step is to generalize this 

approach further by moving the microphone away from the path of the arm to a random 

point in space and allowing the rotational plane to vary by 90 degrees. These subtle 

changes in geometry make this problem much more complex.   
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2.3 Derivation of Doppler Effect for Tilted Platform 
in Uniform Circular Motion  
 

 

Figure 7 - Schematic Side View of Experimental Setup Used for Derivation 

 

Previous experiments involving the Doppler effect have focused on particular 

geometries but do not account for the tilt angle of the device ɓ. Here the observed 

frequency of the Doppler shift is derived for a random value of ɓ and a random 

microphone position. The knowledge gained from the literature review provided the 

necessary background information to attempt this derivation. First consider a rotated 

coordinate system defined by the transformation, 

 

9  
ὀᴂ

ὁᴂ

ὂᴂ

=
cosɼ 0 sinɼ

0 1 0
sinɼ 0 cosɼ 

ὀ
ὁ
ὂ

 .  

 

For this case, the ὁ unit vector does not change and only the ὀᴂand ὂᴂcomponent 

need to be considered,  

 

(10) ὀᴂ=  cosɼὀ+  sinɼ ὂ , 
 

11  ὂᴂ= sinɼ ὀ+ cosɼ ὂ . 
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Figure 8 - Schematic Oblique View of Rotational Plane with Angle ɗ Introduced 

 

The arm is rotating with scalar angular velocity about the ὂᴂaxis.  

 

12  ʖ=
dʃ

dt
 , 

 

such that the vector angular velocity is given by: 

 

13  = ʖ ὂᴂ=  ʖ sinɼ ὀ+ cosɼ ὂ. 

 

The vector location of the buzzer, with respect to the point of rotation, is given in 

terms of the rotational position of the arm, ɗ, which is measured from the ὀᴂ axis.  

 

14  ►= R sinʃ ὁ+ R cosʃ ὀᴂ. 
 

Substituting Equation 10 into Equation 14 leads to the result: 

 

 15  ►= R sinʃ ὁ+ R cosʃ ὀ cosɼ+ ὂ sinɼ . 
 

This result is then simplified to: 

 

16  ►= Ὑ cos ʃ cosɼὀ+  sinʃ ὁ+ cosʃ sinɼὂ . 
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Figure 9 - Schematic Side View of Experimental Setup Showing Position Vectors L and Lє 

 

The relevant quantity to determine the Doppler shift is the component of the 

buzzer velocity along the vector Ἐ, which runs from the microphone to the buzzer. This is 

given as the following dot product: 

 

17  VD =  ἘɇἾ=
ἘɇἾ

ȿἘȿ
 , 

 

where 

 

18  Ἐ=
Ἐ

ȿἘȿ
 . 

 

Already having defined the quantities ⱷ and ►, it is a simple matter to determine 

the vector velocity of the buzzer: 

 

19  Ἶ= ⱷ× ► . 
 

Taking the cross product results in the following expression for Ἶ: 
 

20  Ἶ= Ὑ‫

ὀ ὁ ὂ
sinɼ 0 cosɼ

cosʃ sinʃ sinɼcosʃ
 , 

 

= Ὑ+ɀcosɼsinʃὀ ‫ sin2ɼcosʃ+ cos2ɼcosʃ ὁ sinɼsinʃὂ , 
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21  Ἶ= Rʖ cosɼ sinʃ ὀ+ cosʃ ὁ sinɼsinʃ ὂ . 
 

The vector Ἐ is the sum of a vector ╛0, from the microphone to the center of the 

arm, 

22  Ἐ0 = L ὀ+ h Љ ὂ , 
 

and the vector location ► determined above, such that: 

 

23  ╛= ╛0 + ►. 
 

Substituting Equations 16 and 22 into Equation 23 and simplifying gives the 

following expression for Ἐ:  

 

24  Ἐ= L + Rcosɼ cosʃ ὀ+ R sinʃ ὁ+ h Љ+ Rsinɼ cosʃ ὂ . 
 

The magnitude of Ἐ  is then calculated as follows: 

 

ȿἘȿ2 = L2 +  R2 cos2ɼ cos2ʃ+ 2LRcosɼ cosʃ+ R2 sin2ʃ 
+ h Љ2 + R2 sin2ɼ cos2ʃ+ 2 h Љ Rsinɼ cosʃ , 

 

= L2 +  R2 + h Љ2 + 2RcosʃL cosɼ+ h Љsinɼ , 
 

25  ȿἘȿ= L2 + R2 + h Љ2 + 2RcosʃL cosɼ+ h Љsinɼ
1

2 . 
 

The dot product in the expression for VD is then: 

 

ἘɇἾ= Rʖcosɼ sinʃ L + Rcosɼ cosʃ+ Rʖ cosʃ R sinʃ
+ Rʖsinɼ sinʃ h Љ+ Rsinɼ cosʃ , 

 

ἘɇἾ= LRʖ cosɼ sinʃ R2ʖcos2ɼ sinʃ cosʃ+ R2ʖ cosʃ sinʃ
Rʖh Љ sinɼ sinʃ R2ʖsin2ɼ sinʃ cosʃ , 

 

ἘɇἾ= R2ʖcosʃsinʃ1 1 LRʖcosɼ sinʃ Rʖh Љsinɼ sinʃ , 
 

26  ἘɇἾ= Rʖ sinʃL cosɼ+ h Љsinɼ . 
 

At last, a solution is reached and the final expression for VD is found to be:  

 

27  VD =
RʖsinʃL cosɼ+ h Љsinɼ

L2 + R2 + h Љ2 + 2RcosʃL cosɼ+ h Љsinɼ
1

2
 . 
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It can be seen from Equation 27 that moving the microphone out of the path of the 

arm and allowing the plane of rotation to be changed has resulted in a complex solution 

for the approaching and receding velocities. This is to be expected when two extra 

degrees of freedom are introduced to a system. Although the math seemed to work out 

perfectly, the team needed a way to confirm the results. 

 

2.3.1 Special Cases 
 

 Since no independent verification has been received regarding the validity of the 

derived quantities from the previous section, three special cases were considered. 

Checking the Doppler equations for these cases and comparing them with the expected 

results should indicate whether or not the derivation makes sense. The three special cases 

are configured as follows: 

  
1) Doppler device spinning flat ( ɼ= 0 ) with the plane of rotation at the same height as 

the microphone ( h = Љ ). 
 

2) Doppler device spinning at 90 degrees ( ɼ=
ʌ

2
 ) with the point of rotation a distance R 

above the microphone ( h = Љ+ R ). 

 

3) Doppler device spinning at 90 degrees (ɼ=
ʌ

2
 )  with the point of rotation at the same 

height as the microphone  ( h Љ= 0). 

 

Special Case 1: 
 

 

Figure 10 - Side View of Configuration for Special Case 1 


