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Using Arduino To Teach Digital 
Signal Processing 
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Abstract – The Arduino microprocessor platform would seem to be an unlikely choice for teaching labs in Digital 
Signal Processing (DSP), however, from an educational perspective it can work very well, particularly in a 10-week 
introductory course. The Arduino platform is easy to get started with. It allows more time to be spent on teaching the 
fundamentals of DSP, and less on learning the integrated development environment or configuring  complex 
hardware. The pros and cons of Arduino versus traditional DSP development kits are discussed, along with the 
benefits of open source software community support. 
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INTRODUCTION 

In 2011, a senior-level Digital Signal Processing (DSP) laboratory in the engineering technology department at the 
Rochester Institute of Technology was changed so students would spend more time learning the practical aspects of 
implementing DSP algorithms and less time dealing with the intricacies of setting up a particular manufacturer’s 
DSP development system. The hardware platform was changed from a traditional high performance 32-bit digital 
signal processing platform to the Arduino open source platform based on a low performance 8-bit microprocessor.  

Many readers might reasonably question the change from high performance to low performance platform. However, 
as will be described in this paper, simplifying the hardware platform and the reducing the complexity of the software 
integrated development environment (IDE) created room for significant educational gains in other areas. Changing 
the hardware/software platform allowed there to be fewer labs spent on gaining familiarity with the IDE and 
hardware features. This freed up time for a final project that was motivating and manageable in scope. Each of the 
labs leading up to the project was scaffolded to provide component skills or knowledge needed for the project. The 
labs still addressed such universal implementation issues as memory usage, execution time, quantization noise, finite 
precision effects, stability, and datatyping. 

EDUCATIONAL GOALS FOR REVISED LAB 

Digital signal processing can be taught from a mathematical perspective without a hardware or simulation lab, 
however hands-on laboratory activities are a key feature of technology-oriented education. Laboratories provide 
opportunities for experiential learning, build practical skills, and reinforce theoretical concepts presented in the 
lecture. Often labs serve to develop both practical implementation skills and to illustrate fundamental principles 
from lecture. The lecture topics for the RIT DSP course are shown in figure 1, while the educational goals for the 
course are shown in figure 2.  The lecture topics are typical of a generic DSP course, however the educational goals 
are focused on students demonstrating that they can implement a DSP filter system in hardware and be able to 
explain in plain language the practical tradeoffs that must be made for FIR and IIR filter designs. 
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Topic Weeks 

Statistics, Probability, Noise, A/D Conversion, DSP Number Systems 2 

Convolution, Convolution properties, Linearity 1 

Discrete Fourier Transform, Transform Pairs, Spectral Analysis 3.5 

Digital Filter Design FIR, IIR 3.5 

Figure 1. Lecture topics covered in 10-week introduction to digital signal processing course. 

 

Figure 2. Goals for the course as presented to students in the syllabus.  

Students demonstrate success in the class by designing and building a seemingly simple digital filtering system. 
However, for students to succeed they need to have a firm understanding of the A/D conversion process from a 
signal processing perspective (quantization noise, dithering, oversampling to increase resolution, averaging to 
reduce noise), as well as the impact of datatypes on roundoff error, dynamic range, memory usage, and execution 
speed and, finally, the impact of roundoff error and finite precision on IIR filter stability. The project pushes 
students to critically examine the entire signal processing system and assess whether it can be practically 
implemented. The students must identify and overcome roadblocks such as when Matlab produces an IIR filter 
design that works perfectly in simulation but is unstable when run with single precision floating point math.    

The revised labs expose students to the DSP implementation issues, cited above, which are universal and platform-
independent. What does change from platform to platform is the point where limits are hit, whether the execution 
bandwidth is Kilohertz or Gigahertz or the memory limit is Kbyte or Gigabytes, the limits are there and the effect on 
the algorithm of hitting the limit is the same.  

Some might argue that there is essentially unlimited memory available or unlimited execution bandwidth with 
today’s processors. While this might be true in a low volume design with an unlimited power supply budget, in 
practice, battery powered equipment that uses extra instructions has a shorter operating time. Product designs that 
use more memory than needed are going to cost more than those which are properly designed [12]. 

EXISTING HARDWARE PLATFORM AND MOTIVATION FOR CHANGE 

Before the hardware platform change, lab exercises were based on a commercially available 32-bit DSP 
development kit board capable of executing fixed and floating point multiplies in less than 4 nanoseconds. The DSP 
chip was coupled with a high performance stereo codec, allowing processing of audio signals in realtime. A 
companion textbook provided instructions on how to set up the development environment, create batch and make 
files, link and compile, and use the IDE for debugging. The textbook contained a brief introduction to the theory of 
DSP and provided example code and exercises for FIR and IIR filters, FFT routines, and many interesting project 
samples. A set of weekly laboratory exercises were performed to introduce the hardware and set up the development 
environment. Later labs presented examples of FIR and IIR filters. 
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In many ways, the existing DSP platform would be considered very appropriate for teaching classical DSP labs. 
However, in practice, there were several deficiencies. The development environment was licensed software, which 
meant students could only work in the laboratory. A special user account was required and license server issues 
frequently arose at inconvenient times, resulting in lost class time and the need to reschedule labs. New versions of 
the code development environment were incompatible with older hardware, requiring either the purchase of new 
hardware or searching for workarounds. The end result was that less time was available for instruction and too much 
time was being spent dealing with licensing and access issues unrelated to course content.  

The full-featured development environment of the DSP previously used was very good, but had a definite learning 
curve for students. As a result, several labs were consumed bringing students up to speed on the setup of the IDE 
and use of IDE-specific features to compile, download and execute code. Learning these skills is useful, but there is 
a tradeoff between time spent on processor/company specific syntax versus time spent on universal DSP 
implementation issues, such as datatypes, efficient memory usage, and execution timing. A conscious decision was 
made to spend less time on learning the syntax of a particular development system and more time on universal issues 
in practical DSP system design.  

The hardware cost of the high performance DSP development board was $400, making it impractical for students to 
purchase the hardware and use it at home. As a result, students only had class time and lab hours to work through 
issues, solve problems, and explore different ideas. Students could not afford to purchase a board to use in other 
class projects, independent studies, or hobbies. Their use of the board ended with the end of DSP class.   

Support for the IDE and processor was also a challenge because of the nature of the DSP boards themselves. The 
number of users of such advanced DSP systems is limited. While DSP chip manufacturers often have on-line 
forums, the number of active users and posts on these forums is far fewer than for microprocessor platforms, and 
particularly compared to Arduino. Students who got stuck on some aspect of running the IDE and could not find a 
solution in the forums or textbook were stalled until they could talk with the professor. 

GOALS FOR THE NEW HARDWARE SYSTEM 

Based on the challenges associated with the existing DSP system and the restrictions it placed on student access and 
potential for use in future projects, a new hardware and software platform was sought. The goals of the new 
hardware and software system were to: 

1) reduce the cost of ownership to less than $50 so that each student could have hardware to take home, 
increasing the time students could spend with the hardware and giving them a platform for creativity in 
future classes. 

2) reduce the time spent on basic non-DSP issues such as user account privileges, software license 
incompatibilities, setting up the software IDE and learning the IDE. 

3) provide extensive and rich on-line support for the hardware and software environments, accessible 24 
hours a day. 

Mondragon and Becker-Gomez [7] recently assessed a range of microprocessor systems used in the educational 
market. The options include high performance and low performance systems, though higher performance systems 
generally have higher cost. Several manufacturers provided low-cost hardware platforms and free software IDEs. 
Differentiating features between systems include the complexity of IDE setup, requirements for additional power 
supplies, relative amount of on-line support, number of third-party add-on boards, and quality/quantity of 
documentation.  

Since it was desired that students taking the DSP class would be positioned to continue using the platform for future 
projects outside of class, the deciding factors were how easy the platform was to use and the quality, availability, 
and extent of support. In this respect, the Arduino platform stands out from other platforms due to its very large and 
communicative user base. 

ARDUINO OPEN-SOURCE, OPEN-HARDWARE PLATFORM 

Arduino is an open source electronics prototyping platform based on 8-bit Atmel microprocessors. It was developed 
in Italy by Massimo Banzi and David Cuartielles to be used by artists to control interactive design exhibits [3]. The 
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hardware designs, software and IDE are all open-source, allowing hobbyists to create new board designs and new 
software features. The IDE is simple, but has sufficient functionality to edit, download and run code. Mac, PC, and 
Linux versions of the IDE are available.  

The Arduino is programmed in a C-like language. With very few lines of code, the system can perform A/D 
conversions and create PWM outputs. C-code can be mixed with low-level calls to set bits in interrupt registers or 
read PORTs, allowing deep dives into the microprocessor hardware peripherals or timers when needed, while hiding 
this complexity for most users. 

The performance specifications of the Arduino UNO board are very modest: 16 MHz 8-bit microprocessor, 14 
digital I/O, 6 analog input channels with a 10-bit A/D converter, 32kB flash, 2kB SRAM. What really makes the 
Arduino work is the depth, extent, and quality of its documentation and user support. 

Support and documentation 

Most microprocessors and DSP manufacturers have online documentation and support forums. For example, the 
DSP support forums for the TI’s C64x and C67x processors have around 3700 posts combined, while the forum for 
the family of OMAP-L13x, AM1x and C674x processors have around 4500 posts as of Jan 2013. However these 
numbers pale in comparison with the support available from the online Arduino community. The Arduino forum [3] 
has over 1.1 million posts in 135,000 categories with typically 1000 users on line at a given time, asking and 
answering questions. The posts cover a wide range of topics regarding hardware and software of the Arduino, 
displays, audio, sensors, power, interfacing to PCs, etc. On the topic of programming alone there are 130,000 posts.  

For students who are not expert C-programmers, and not experts with microprocessors or IDEs, having this level of 
support is a game changer. Students can type in virtually any question they have, asked in almost any way and find 
some existing post that addresses the issue. As a result, students can almost always find an immediate solution to 
syntax questions or troubleshooting questions related to hardware, software or IDE. This creates a situation where 
the students can work independently outside of class and feel fully supported. As a result, more class time is 
available to spend on DSP algorithm-specific issues.  

Opportunity for creativity and future projects outside of class 

The popularity of the Arduino platform has contributed to the growth of a sizable ecosystem around Arduino. 
Arduinos can be extended by stacking on peripheral boards called shields. The site (http://shieldlist.org/) lists the 
pinouts and links to over 288 add-on boards, with another 368 shields that have yet to be cataloged. 

 

Figure 3. An example of the ecosystem supporting Arduino (and other platforms). This figure shows the process 
flow for Seeed studio (http://www.seeedstudio.com/depot/about_us.html) assisting individual designers in 
manufacturing and bringing products to market. (illustration by Anton Maurovic) 

 

Individuals who want to produce and sell Arduino boards can work with companies such as Seeed studio [5] that 
provide a combination of contract manufacturing, on-line shop, and fulfillment services as shown in figure 3. 
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Kickstarter has also been used to crowdsource funding for Arduino projects. An interesting example is the Digispark 
board, which is a project to produce a low-cost, small-footprint version of the Arduino. The project set a fund raising 
goal of $5,000 but raised over $313,218 from nearly 6,000 different supporters [4].  

ARDUINO HARDWARE 

The hardware kit used in the DSP lab is shown in figure 4.  

 

    

Figure 4. Arduino hardware kit and assembled system illustrating the simple hardware used for the project. Power is 
provided by the USB cable and no external instrumentation (e.g. oscilloscope) or power supplies are required for the 

labs. A temperature sensor (LM61C, not shown) is held in front of the nose or mouth using a pair of sunglasses. 

 

NEW LAB FORMAT TO TAKE ADVANTAGE OF ARDUINO 

With the change in hardware to Arduino, the line up of labs was changed and the final project was introduced. Lab 
exercises were scaffolded so that each week introduced a new DSP concept and a new skill that would be needed for 
the final project. Students are reminded each week that the work they produce this week, both the report and the 
understanding, will be essential for them to succeed with the final project. Once the students recognize this pattern 
exists they slow down and spend more time to understand the lab, become more engaged, and ask clarifying 
questions. 

Weekly lab reports are replaced by short reports designed to add one or two figures, tables, or equations that are part 
of the final project report. Students are repeatedly encouraged to strive for understanding before submitting their 
reports.  

The final project requires the students to build a breathing-rate monitoring system for detecting pneumonia in young 
children. The hardware for the system is very simple, consisting of a temperature sensor IC, microcontroller, and 
warning buzzer.  

The challenge in the project lies in the fact that the performance specifications require careful consideration of the 
processor limitations and input signal limitations. A straightforward sampling of the A/D converter will result in 
nothing but quantization noise  as shown in figure 5. A straightforward FIR filter design will initially run out of 
memory or execution time. A straightforward IIR filter will be unstable due to finite precision effects. In each case, 
the students must use their understanding of the fundamental issues and debugging skills to determine what is going 
wrong. Because the Arduino platform is so simple, with few features and complexities, the students spend more time 
on the basics of DSP, as guided by the lab experiments, and less time administering Arduino. 
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Figure 5. Breathing rate monitor system overview. The signal from the temperature sensor is buried in quantization 
noise until dithering and oversampling is used. The signal processing filters are able to recover a breathing signal, 
which is evaluated for rate. While the hardware is simple, the signal processing issues are not, requiring a solid 
understanding of quantization noise, dithering, averaging, memory limitations, finite precision effects, and execution 
time limits to make the system work. 

 

RESULTS 

Given that students are constantly running into situations where their DSP filter’s actual outcomes are not the ideal 
outcomes, having more time for debug outside of lab hours is very helpful. When surveyed, 75% of the students 
(12/16) said that being able to access the DSP system outside of lab hours was important or very important as shown 
in figure 6. 

With the previous traditional DSP development kit, the revised lab and final project would not have been possible 
due to the time that would have been spent bring students up to speed on the IDE and hardware and due to the fact 
that students would have less access time for debugging their final project design.  

 

Figure 6. Student survey results on the importance of 24-hour access to DSP platform. 75% of students (12/16) rated 
24-hour access to hardware as either important or very important.  

 

Downside to Arduino versus a traditional industrial DSP development kit 

There are several downsides to the Arduino compared to a traditional DSP development kit. Students do not get to 
learn a DSP industry IDE as part of the class, nor can they say they have learned on an industry-standard DSP chip. 
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The low performance of the chip means that processing of video signals is not an option and high performance audio 
applications cannot be done with Arduino. However, Arduino just released a new ARM cortex M3 based 80 MHz 
32-bit processor version with 96 Kbytes SRAM that is compatible with the Arduino IDE. This board has greatly 
expanded the performance capabilities of Arduino. It widens the range of DSP applications that can be covered, but 
retains connection to the easy to use and well supported Arduino IDE. 

CONCLUSIONS 

This paper explored the pros and cons of using the Arduino microprocessor platform for teaching DSP. In a 10-week 
course, a tradeoff was made to use a simpler, lower-performance hardware platform (Arduino) to gain access to 
outstanding on-line support resources, a streamlined IDE and lower-cost hardware. This choice enabled the students 
to have better access to hardware and for the course to spend less time teaching processor-specific IDEs, enabling 
time for a final project. Success with the project required students to understand fundamental DSP principles utilize 
universal implementation skills. The downside to the Arduino platform is that students do not learn one of industry 
DSP IDE’s or industry DSP chips, however, there is a tradeoff between time spent learning the DSP IDE and 
learning universal DSP implementation skills.  
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