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1. Introduction
The characteristics of motions in secondary-level 
physics education are often shown on various dia-
grams: x versus t, s versus t, v versus t, a versus t.  
Plots like these continuously map every instant of 
a time interval to a certain value of these physi-
cal quantities, thus making it possible to follow 
and interpret the motion. Velocity and accelera-
tion can be derived from simple distance mea-
surements and the related higher mathematical 
relationships (time derivatives) can be explored 
in extra-curricular sessions. Students may, later in 
their studies, encounter quantities which, despite 
having roots in motion, are not directly measur-
able (e.g. temperature). These quantities are mea-
sured indirectly via other, macroscopic, changes 
of another quantity, where the relationship 
between the quantities is well understood. This 
kind of indirect approach (e.g. reading a liquid-
in-glass thermometer calibrated in temperature 
but showing change of volume) requires a certain 
level of abstraction. Although students know how 

to use liquid-in-glass thermometers even before 
their physics studies, they only understand its 
principle of operation after a phenomenological 
introduction to temperature and thermal expan-
sion. Only then do they notice that changes in 
temperature can be made visible and measurable 
in cubic centimetres.

When teaching about different thermometers, 
we introduce other quantities that can be used to 
measure temperature indirectly, e.g. electrical 
resistance, frequency; a deeper understanding of 
temperature is provided by statistical physics. 
The relationship between temperature and other 
quantities and our understanding thereof deter-
mines what property of matter we can use for our 
measurement, how to scale the measured data 
and what are the measurement’s limits of valid-
ity. Thus, mathematical expressions can be turned 
into experimental procedures.

The creative demonstration of formulas 
improves the material presented in lessons. Showing 
indirect measurements (similar to those mentioned 
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Abstract
The Doppler effect has seen widespread use in the past hundred years. It is 
used for medical imaging, for measuring speed, temperature, direction, etc, 
and it makes the spatial relations of motion easy to map. The Doppler effect 
also allows GPS receivers to measure the speed of a vehicle significantly 
more accurately than dashboard speedometers. Its diverse applications have 
prompted us to revisit the simple motions from kinematics with the help of 
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above) to talented students and potentially dem-
onstrating the relationship between quantities is 
very educational. In extracurricular lessons, mak-
ing connections between different topics increases 
problem-solving ability, stimulates creativity and 
helps in memorising.

2. Analysing motion by using the Doppler 
effect
During study circle activities with 11th form 
students we decided to investigate simple types 
of motion using the Doppler effect and its 
equations  (1) and (2). In equation  (2), veloc-
ity is in the numerator and the denominator is 
simple, thus it is mathematically less difficult 
to handle.

f f
c

c v0=
+ (1)

f f
c v

c0=
+

 (2)

f f
v

c
10 ⎜ ⎟

⎛
⎝

⎞
⎠= + (3)

Rearranging equation  (2) we get equation  (3), 
where f0 is the frequency of the (stationary) sound 
source, c is the speed of sound and f is the fre-
quency detected by the observer moving at veloc-
ity v. In our experiments the ‘observer’ was a 
microphone and the sound source a speaker.

For our measurements we used a program 
called Realtime Analyser [1] to get a real-time 
frequency versus time graph. The program has a 
signal generator feature, allowing us to produce 
sounds with various waveforms, amplitudes and 
frequencies (the latter in the range of 0 to 24 kHz). 
The program can perform a frequency sweep, 
which has proved very useful to find the frequency 

Figure 1. (Left panel) theoretical diagram of the equation (5); (right panel) experimental setup.

Figure 2. (Left panel) screenshot of the software; the plot of frequency versus time (right panel), a cleaned up 
version of the same f versus t plot. Data points were taken from the middle of the frequency band. Fitting was done 
with the graph [2] program.
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with the longest range. For us, the most important 
feature of the program was the ability to create 
spectrograms in a set frequency range and sensi-
tivity, as well as with a selectable signal source.

We plugged the velocity expressions of sim-
ple motions into equation (3) and studied the fre-
quency as a function of time (see later).

2.1. Freefall

Plugging the expression vt  =  gt into equation (3) 
we get equation (4); then the observed frequency 
is expressed (equation (5)):

f f
gt

c
10 ⎜ ⎟

⎛
⎝

⎞
⎠= + (4)

 = +f
g f

c
t f0

0 (5)

The observed frequency is a linear function of 
time, and the slope m yields the gravitational 
constant:

g
mc

f0
= (6)

Thus if we drop the microphone toward 
the speaker, the local gravitational acceleration 
can be measured based on the f versus t graph 
(observed by the microphone), provided the base 
frequency and the speed of sound are known (see 
figure 1, right panel).

Figure 3. (Left panel) theoretical curve of equation (9) (right panel) experimental setup.

Figure 4. (Left panel) the measured f versus t graph (right panel) y versus t graph from our video analysis [3, 4].
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In the experiment we got the data shown 
in figure  2. The linear fit yielded a slope of 
0.43 kHz s−1, with an estimated uncertainty of 
0.02 kHz s−1, resulting from the width of the 
frequency spread (about 20 Hz).

g
0.43 0.02 kHz s 350 m s

16 kHz

9.4 0.4 m s

1 1

2

( )

( )

=
± ⋅

= ±

− −

−

 (7)

The calculated value of g also depends on 
the speed of sound, the exact value of which is 
available in tables or can be calculated from the 
temperature. Time and circumstances permitting, 
it is worth directly measuring the speed of sound 
before the experiment. The largest uncertainty of 

f(x) = 20*(1−phi0*omega*/*sin(omega*x)/c)
f(x) = 20

Figure 5. (Left panel) the theoretical curve of equation (13) (right panel) experimental setup.

Figure 6. (Left panel) Doppler image of the motion of the pendulum (right panel) y versus t graph from our video 
analysis. The frequency is sinusoidal in time, with the same period as the pendulum.

Figure 7. The experimental setup for studying uniform 
circular motion.
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the measurement is the frequency spread; other 
factors include drag and the pull of the micro-
phone’s cable—both of these will systematically 
lower the result.

2.2. Simple harmonic motion

Plugging the expression of instantaneous veloc-
ity of simple harmonic motion (equation (8) into 
equation (3), we get equation (9). A few simple 
mathematical transformations will result in equa-
tion (10), which is a shifted cosine function with 
a different amplitude A′, the so-called virtual 
amplitude (figure 3 left panel).

v A tcos( )ω ω= (8)

f f
A t
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⎜ ⎟
⎛
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⎞
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′
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For the experiment we attached a 7 kg weight 
and a microphone to a spring, with the speaker 
placed directly underneath the assembly (figure 3  
right panel). The real-time analyser plots the 
frequency of the sound (detected by the mov-
ing microphone) versus time; we determine the 
period from the plot and calculate the amplitude. 
The results were cross-checked with manual 
measurements (using a ruler and a stopwatch) and 
with the analysis of the video recordings (stacks.
iop.org/PhysEd/52/015002/mmedia) (figure 4).

For the experiment we chose a spring with a 
relatively large spring constant, thus making the 
energy loss due to drag and the microphone’s cable 
negligible. The displacement of the spring due to the 
7 kg weight was 25 cm, which yields a spring con-
stant of 275 N m−1. The period was measured to be 
1 s based on three measurements: from the f versus 
t graph, using a stopwatch, and by video analysis.

From the f versus t graph the virtual ampl-
itude was determined (A′  =  0.07 kHz). Plugging 
that and the speed of sound (c  = 341 m s−1) into 
equation (11) we got an amplitude of 19 cm, which 
is in good agreement with the 18 cm result of the 
video analysis and the manual measurements.

2.3. Pendulum

Equation (12) describes an undamped freely oscil-
lating system with one degree of freedom. (Here 

0ϕ  denotes the amplitude measured in radians, l the 

Figure 8. (Left panel) The f versus t graph shown by the sound analyser. The dim line shows echo from the wall 
beyond the microphone. (Right panel) x versus t and y versus t graph from the video analysis software.

Figure 9. The theoretical curve of equation (16) is a 
constant function.

http://stacks.iop.org/PhysEd/52/015002/mmedia
http://stacks.iop.org/PhysEd/52/015002/mmedia
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length of the pendulum and ω the angular velocity 
and v the velocity.) Plugging this into equation (3) 
we get equations  (13) and (14). Here we intro-
duced an A′ virtual amplitude, and using that, we 
expressed the speed of sound in equation (15).

v l tsin0 ( )ϕ ω ω= − ⋅ (12)
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l t
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c
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We can use equation (15) to calculate the speed of 
sound, albeit with a rather large uncertainty due to 
the width of the line in the graph.

The equations  above are only valid for small 
angles, where sin( )ϕ ϕ≈ ; thus, we should make sure 
that the initial displacement is less than ~15 degrees.

The 7 kg weight from the previous experi-
ment was recycled to be the bob of our pendu-
lum (figure 5 right panel). The angle of initial 
displacement and the length of the pendulum was 
measured from a photo using image editing soft-
ware [5] to count pixels and measure the angle. 
The base frequency was chosen to be 20 kHz. The 
period was determined from the f versus t graph 
and was cross-checked with video analysis and 
with a stopwatch. 13 0.23 rad0ϕ = °≈ , T  =  1.9 s, 
ℓ  =  0.93 cm, f0  =  20 kHz.

The brighter sections of the f versus t graph 
indicate the half period in which the microphone 
is closer to the speaker (figure 6).

2.4. Uniform circular motion

We used an electric pottery wheel with constant 
angular velocity to investigate uniform circular 
motion. The diameter of the wheel was 26 cm. The 
microphone was attached to the perimeter of the 
wheel, level with the speaker (figure 7). The fre-
quency of the sound observed by the microphone 

Figure 10. The car passed the microphone at an indicated speed of 50 km h−1. The f versus t graph clearly shows 
a frequency higher than the base frequency while the car is approaching, which instantaneously changes to a lower 
frequency after the car has passed the microphone (around the 8 s mark in the graph).

Figure 11. Studying human walk with the Doppler effect. The f versus t signals observed by a microphone placed 
on the foot (left) and the navel (right).
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is sinusoidal in time. The graph in figure 8 shows 
that it looks similar to the graph of simple har-
monic motion (figure 4); this way we indirectly 
proved that harmonic motion is a 1D projection 
of uniform circular motion.

Based on the f versus t graph shown by the 
program we determined the period, angular veloc-
ity and velocity of the microphone. The measure-
ment was cross-checked manually and with video 
analysis (figure 8 right panel).

In addition to frequency versus time, figure 8 
also shows changes in intensity by colour-coding 
the curve based on the observed volume. The 
peaks of the sinusoidal curve in the graph are 10 
dB louder than the troughs, indicating the micro-
phone’s being nearest to the speaker. The higher 
volume also results in a more diffused curve. The 
frequency diagram also has a mirror image (dim-
mer line), which shows the echo from the wall 
beyond the microphone. This can be eliminated 
by placing a few egg cartons as sound traps oppo-
site the microphone.

2.5. Uniform linear motion

Despite being the simplest of motions, uniform 
linear motion proved to be the most challeng-
ing for our measurements. To get a meaningful 
graph, we needed to achieve and sustain a speed 
of 20 km h−1 for at least a few seconds. This 
required a minimum of 20 m of free space, which 
ruled out the classroom. The wired microphone 
needed to be replaced with a wireless one as 
well. We opted for an outdoor location and per-
formed the measurement with a car. The original 
plan was to observe the sound of a higher per-
formance speaker with the microphone attached 
to the car moving at a constant speed toward 
the speaker. Unfortunately, the wind noise com-
pletely drowned the signal out, making the graph 
unusable, so we had to change it: we placed the 
microphone by the roadside and used the car’s 
built-in speakers as the sound source. This change 
made it necessary to use equation (1) instead of 
equation (3).

Plugging the velocity v0 of uniform linear 
motion into equation  (1), we get equation  (16). 
It is easy to see that if the velocity of the sound 
source is constant, the observed frequency is also 

constant. Expressing v0 from equation  (16), we 
get equation (17) (figure 9).

f f
c

c v
const.0

0

⎛
⎝
⎜

⎞
⎠
⎟=

−
= (16)

v c
cf

f
0

0  = − (17)

The car’s speedometer indicated a speed of 
50 km h−1. From the recorded graph (figure 10) 
we calculated 45.5 km h−1. The measurement was 
cross-checked with video analysis.

3. Conclusions and outlook
The Doppler measurements were out-of-the-ordi-
nary and interesting. Planning and evaluating the 
experiments did not require higher mathematics, yet 
they provided a glimpse into the wealth of physics 
formulas. We discovered that a different approach 
to quantitative relationships can be intriguing and 
can make understanding more thorough.

We had a lot of ideas during the experiments. 
The most original seemed to be the one that sug-
gested using the Doppler technique to study 
motions which are less accessible to other meas-
urement methods (figure  11). We would like to 
look for and investigate such motions in the future.
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