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The speed of the cart can then be calculated from the Doppler 
shift with

Apparatus
This activity makes use of commercially available equip-

ment and data acquisition software commonly used in 
introductory laboratories. The equipment includes a track 
with defined markings and a cart with an optical motion en-
coder receiver (MER)8 to measure its velocity. This system is 
commercially available from Vernier. Additionally a custom- 
made plastic reflector and reflector holder were machined 
in-house.9 The sound source is generated with a function gen-
erator and a speaker,10 and received with a Vernier MCA-BTA 
microphone.11 The setup is shown in Fig. 1. The LabQuest 
Mini and Logger Pro software were used with the microphone 
to acquire frequency data, while a LabQuest 2 was used with 
the MER to record the velocity of the cart. Alternatively, an 
ultrasonic motion detector or photogates could be used to 
measure the velocity of the cart.

The two separate interfaces were used due to the different 
data sampling rates needed for the sound and velocity data. If 
the frequency of sound used in the experiment is lowered to 
~4000 Hz, both the microphone and MER may be run off of 
Logger Pro at a sampling rate of ~10,000 samples per second. 
However, this requires the experiment to be performed in the 
audible range, which can create a loud laboratory environ-
ment when many students are performing the experiment 
simultaneously. We note that the audible range is useful as an 
introduction to the lab or as a teaching demo using this setup.

Use in the classroom
This activity has the following objectives. First, to demon-

strate to students how the Doppler shift can be used to deter-
mine the speed of an object in the specific case of a stationary 
sound source and receiver and a moving reflecting object. 
Second, to demonstrate how this model can be built upon to 

Teaching Doppler Ultrasound in an Introductory 
Laboratory for Pre-health Students
Theodore Stenmark, Thomas Allen, and Ralf Widenhorn, Portland State University, Portland, OR

We present a novel activity to demonstrate the Dop-
pler shift of a sound wave, incident at an angle, 
upon a moving reflector. This activity is intended 

for use in an introductory physics laboratory focused on pre-
paring students for the health and medical fields. The activity 
is designed to simulate Doppler velocity measurements from 
ultrasound imaging. While there have been previous quali-
tative discussions of blood flow measurements in the physics 
education literature, they were without associated laboratory 
activities.1 The lab can be part of a life science physics curric-
ulum that has been identified in need of reforms to meet the 
needs of students and the medical and biology community.2-7 

Doppler shift
At nonrelativistic speeds, the change in frequency of a 

sound wave emitted by a moving source and observed by a 
moving receiver is given by

where f  is the measured frequency, c is the speed of sound in 
the media, vr is the speed of the receiver, vs is the speed of the 
source, f0 is the emitted frequency, and the sign of the receiver 
and source speeds depends on the relative direction of mo-
tion.

To mimic measuring blood flow speed with ultrasound, 
we use an apparatus that contains a stationary initial sound 
source, a moving reflector, and a stationary receiver located 
near the source. We can consider the final frequency mea-
sured at the receiver to be the result of two Doppler shifts. The 
first Doppler shift results from the moving receiver reflecting 
the initial sound pulse, and the second Doppler shift results 
from the reflected wave now being “emitted” from the moving 
reflector. The double shift from the reflection is equivalent to 
that of source and receiver approaching each other at the same 
speed and thus,

since v = vs = –vr.
Now if the sound source and receiver are oriented at an 

angle θ with respect to the direction of motion of the reflector, 
then the Doppler shifted frequency of the wave becomes

θ is referred to as the insonation angle in ultrasound imaging. 
For Doppler ultrasound imaging it represents the angle be-
tween the sound emitted by the transducer and the direction 
of the blood flow. 

In the limit that v << c, as is the case for blood flow mea-
surement and for the speed of the cart in this experiment, this 
simplifies to 

Fig. 1. Setup used in the first experiment. The 
microphone and speaker are mounted on the ring 
stand to the left of the track. The LabQuest 2 data 
logger/visualizer is attached to the motion encoder 
receiver (MER) on the right end of the track. The 
function generator is in front of the ring stand in 
this image.



accommodate an angled, moving reflecting surface. Labo-
ratory activities appropriate for the first objective have been 
discussed in the literature already (some utilize a stationary 
receiver and moving sound source)12-17; however, we are not 
aware of a student activity that includes the angular depen-
dence, which directly relates to real-world medical applica-
tions in ultrasound imaging.

Experiment 1
The first experiment is a measurement of the velocity of a 

cart moving directly toward the source using a Doppler shift-
ed echo and comparing it with the velocity recorded by the 
MER. The primary factor difference of the experiment from 
the idealized model is variations of the cart’s velocity over the 
data collection time. A level track will result in a decrease in 
velocity due to frictional forces, so a slight incline to coun-
teract the frictional force is preferable. To achieve a constant 
velocity, we set the cart in motion with a light push and record 
the velocity. After observing the velocity vs. time graph, we 
tilt the track in the appropriate direction and repeat until the 
velocity vs. time graph becomes approximately constant. Stu-
dents are asked to look at the percentage change in the veloci-
ty of the cart from one end of the track to the other and make 
sure it is under 5%.

Once we are satisfied with the leveling of the track, a cart 
with an attached reflector is set into constant velocity motion 
along a track with a slight push; once the cart is in motion, the 
collect button is hit on Logger Pro with a data collection time 
of 1 s. A constant, known frequency is emitted from a speaker, 
reflected off a panel attached to the moving cart, and recorded 
by a Vernier microphone at a sampling rate of ~45 kHz. We 
use a function generator set to 20 kHz to generate the signal. It 
should be noted that while the Vernier MCA-BTA Microphone 
is rated for only 15 kHz and cannot cleanly define the sinu-
soidal waveform, the frequency can be determined from the 
Fourier transform. We chose 20 kHz as it is outside the audible 
range, although other frequencies may be used. The sampling 
rate may need to be adjusted with frequency to avoid aliasing 
effects. Once the reflected wave is received by the microphone, 
it is recorded and analyzed using computer software. Here, we 
use the commercially available Logger Pro software to process 
the reflected signal with a Fourier transform, allowing the stu-
dent to measure the frequency of the reflected wave. 

To compare with the calculated velocity of the cart, we also 
directly measured the velocity of the cart with the motion en-
coder system with a sampling rate of 30 samples per second. 
The precision of the frequency can generally be obtained to 
within a few hertz based on the full-width, half-max (FWHM) 
of the Fourier transform peak. For typical cart speeds in the 
0.2 to 0.6 m/s range, the expected Doppler shift from a 20-kHz 
frequency is from ~25 to 70 Hz. 

Figure 2 shows the results of one trial of this experiment. 
We can clearly see the emitted frequency with the function 
generator set to 20,0001.5 Hz as well as the reflected signal 
with distribution peak at approximately 20,0412 Hz. The 
uncertainties for the emitted and reflected frequencies are 
based on the FWHM of their signal peaks in Fig. 2. The aver-
age velocity of the cart is measured to be 0.36 m/s by the MER 

with a variation of 
~5% from one end 
of the track to the 
other. We can now 
calculate the veloc-
ity of the cart using 
the Doppler shifted 
frequency using the 
equation for v << c.

                                                                
                                           

40,000
.

 The predominant 
source of uncertain-

ty in the velocity calculation came from the uncertainty in the 
magnitude of the Doppler shift, the f  – f0 term. We assumed 
the speed of sound to be known and note that the error in 
the f0 term in the denominator is negligible as it is known to 
within 2 Hz out of 20 kHz. The uncertainty was estimated as 
follows. If ∂f0 and ∂f  are the magnitude of uncertainty for the 
frequencies, then the percent uncertainty can be calculated by 

Using our uncertainties of 1.5 Hz and 2 Hz for ∂f0 and ∂f , 
respectively, this gives us an uncertainty of 6.1%, and the 
direct and Doppler measurements of the speed agree within 
the estimated uncertainty. By simply reversing the direction 
of motion of the cart and releveling the track, this experiment 
can be modified to measure the velocity of a receding object.

Experiment 2
 The second experiment builds off of the first and provides 

a novel activity particularly suited for health science students. 
For this experiment the sound source, receiver, and the re-
flector are all placed at an angle with respect to the direction 
of motion of the cart. Figure 3 shows the setup for this exper-
iment. The cart that we use has a custom-made mount that 
allows the reflector to be placed at angles of 15o, 30o, and 45o 
with respect to the direction of motion. 

Figure 4 shows the results of one trial with this setup with 
an emitted frequency of 20,0021.5 Hz and a Doppler shift-
ed frequency of 20,0361.5Hz. In this case the speaker and 
microphone are set to an angle of  300.5o with respect to 
the center of the track, and the reflecting panel is adjusted to 
the 30o slot to maximize the efficiency of the reflection. The 
speaker and microphone should not be placed too close to the 
track to reduce the variation in angle as the cart rolls along 
the track. A distance of 1 to 2 m is generally sufficient. For 
the data presented below, the speaker and microphone were 
placed at a distance of 1.5 m. In the same manner as the first 
experiment, the cart is given a slight push to set it in motion. 
The data collection time is set to 1 s and some coordination 
is required to ensure the data collection window includes the 
time in which the cart passes through the center of the track. 

Fig. 2. Results of Experiment 1. The most 
prominent peak at around 20 kHz corre-
sponds to the frequency of the emitted 
frequency. The next most prominent peak 
at around 20.041 kHz corresponds to the 
reflected peak Doppler shifted due to the 
motion of the cart.
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Conclusion
We present an experiment that expands upon a typical 

Doppler shift laboratory to measure the velocity of an object 
moving at an angle with respect to the sound source. This 
experiment is designed for students in health science fields as 
a simple model of Doppler velocity measurements used for 
example in blood flow measurements.
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We directly measure the average velocity of the cart to be 0.35 
m/s, with a variation of ~5% from one end of the track to the 
other. We can solve the Doppler shift equation, accounting for 
the angle, to determine the velocity of the cart.

20,036 20,002
40,004

Students should realize there is an additional variable with 
uncertainty being added, namely the angle. Due to the cosine 
term, the error propagation for the speaker and microphone 
placement angle is more complex, but students can compare 
values for different angles. For example, over the 1-s collec-
tion time, the cart travels 35 cm in our sample data, which will 
produce a range of angles. If we assume the data collection 
window is centered on the time when the cart was in the cen-
ter of the track where the angle is 30o, this corresponds to an 
angular change of 3o when the speaker is at a distance of 1.5 
m. Students can compare cos (27o) and cos (33o) and find the 
maximum uncertainty from the changing angle to be ~6%. 
It should also be noted that the efficiency of reflection of the 
signal back towards the microphone is strongest when the cart 
is at the 30o angle, which helps to mitigate this error. We also 
calculate the uncertainty from the Doppler shift due to the 

uncertainty in 
the frequency 
as in Exper-
iment 1. For 
our parameters 
of 20,0021.5 
Hz, 20,0361.5 
Hz, this pro-
duces a 6.2% 
uncertainty. For 
initial runs of 
the experiment 
with students in 
a lab setting, the 
velocity students 

get from the MER and as calculated from the Doppler shift are 
typically within ~5% of each other.

Fig. 3. Setup used in the second experiment. The setup is 
similar to the first experiment, except now the reflector 
and the sound source are at an angle with respect to the 
motion of the cart.

Fig. 4. Results of Experiment 2. The emitted 
frequency from the FFT is at 20,0021.5 Hz 
while the reflected frequency Doppler shifted 
due to the motion of the cart is at 20,036 

1.5 Hz.
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