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Abstract 

Signal generators are essential instruments for testing, measurement, and embedded system validation. Commercial function 

generators, however, are often expensive and non-customizable for educational or prototyping environments. This study presents 

the design and realization of a low-cost, microcontroller-based multi-waveform generator capable of producing sine, triangular, 

sawtooth, and square waveforms with adjustable frequency, phase, and duty cycle. The system integrates an Arduino Mega 2560 

controller with an AD9833 Direct Digital Synthesis (DDS) module for high-precision sine and triangular outputs, while 

hardware-timed PWM channels generate sawtooth and square waveforms. Three potentiometers provide real-time user control 

of frequency (50 Hz-1 kHz), phase (0°-360°), and duty ratio (0-100%), and a 16×2 I²C LCD displays the selected waveform 

parameters. Experimental characterization demonstrates frequency accuracy of ±0.05% and phase error within ±2° for 

AD9833-based signals, and total harmonic distortion (THD) below 0.8% for sine output up to 1 kHz. PWM-derived waveforms 

exhibit amplitude linearity of 96-98% and negligible drift across 8 h continuous operation. Compared with conventional analog 

Wien-bridge or XR2206-based function generators, the proposed system offers higher frequency stability, lower power 

consumption (≈310 mW), and greater flexibility for digital control at less than 15 USD total cost. The developed prototype 

successfully reproduces clean, noise-free waveforms observable on an oscilloscope and matches reference laboratory generators 

with an RMS amplitude deviation under 0.03 V (5 V scale). The compact and modular design enables rapid educational 

deployment and portable instrumentation. Future enhancements may include amplitude modulation through DAC expansion, 

frequency sweep automation, and PC-linked waveform visualization. The proposed design thus bridges the gap between 

low-cost educational tools and professional waveform generation, demonstrating the potential of open-source microcontroller 

architectures for accurate, user-interactive signal synthesis. 
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1. Introduction 

Waveform or function generators are indispensable in-

struments in laboratories, enabling the synthesis of standard 

signals such as sine, triangular, sawtooth, and square waves 

for circuit testing, calibration, and measurement applications. 

Commercial function generators, while precise and stable, are 

often expensive and less adaptable for educational or proto-

typing environments. Consequently, researchers and educa-

tors have increasingly turned to microcontroller-based and 

direct digital synthesis (DDS) approaches to create low-cost, 

flexible alternatives for signal generation [1]. 

DDS technology, particularly through the Analog Devices 

AD9833 chip, offers a compact and cost-effective solution for 

generating multiple waveforms with fine frequency and phase 

control. The AD9833 employs a 10-bit digital-to-analog 

converter (DAC) and 28-bit phase accumulator, allowing 

frequency resolutions down to 0.1 Hz when clocked at 25 

MHz [1]. Numerous implementations have demonstrated that 

pairing an Arduino microcontroller with the AD9833 enables 

user-programmable frequency and waveform selection 

through simple serial or graphical interfaces [2, 3]. 

However, generating sawtooth waveforms digitally re-

mains challenging since the AD9833 lacks a direct ramp 

output. Conventional analog solutions using operational am-

plifiers or DACs tend to increase circuit complexity and cost. 

To address this, pulse-width-modulated (PWM) signals fil-

tered through resistor-capacitor (RC) networks have been 

adopted to approximate sawtooth profiles efficiently [4]. This 

hybrid technique, when combined with microcontroller timer 

peripherals, allows real-time control of ramp slope and fre-

quency while maintaining low harmonic distortion. Similarly, 

square wave generation with adjustable duty cycle can be 

easily implemented using the same PWM hardware, enabling 

full multi-waveform functionality within a single embedded 

system. 

Recent works have advanced such low-cost generators by 

integrating Bluetooth, touchscreen, or mobile interfaces, of-

fering remote programmability and improved user experience 

[5]. One of the researcher [6] designed a DDS-based wave 

generator using a C8051F microcontroller, achieving output 

frequencies from 0.1 Hz to 12.5 MHz and a frequency reso-

lution of 0.05 Hz, but with total harmonic distortion (THD) 

ranging between 1-3% depending on the waveform Similarly, 

[5] demonstrated an Android-controlled AD9833 generator 

that extended the usability of DDS modules for portable ed-

ucational applications 

In this context, the present study proposes a modular, hy-

brid waveform generator combining DDS and PWM tech-

niques, implemented on an Arduino Mega 2560 platform. The 

design integrates an AD9833 module for sine and triangular 

outputs, a PWM-based ramp generator for sawtooth wave-

forms, and a hardware-timed PWM channel for square waves 

with variable duty cycle. Three potentiometers allow re-

al-time control of frequency (50 Hz-1 kHz), phase (0°-360°), 

and duty cycle (0-100%), while a 16×2 I²C LCD provides live 

feedback of waveform parameters. 

Experimental evaluation reveals that the proposed system 

achieves frequency accuracy within ±0.05%, phase error 

below ±2°, and THD under 0.8% for sine outputs up to 1 kHz. 

PWM-generated waveforms demonstrate amplitude linearity 

exceeding 96% with negligible drift during extended opera-

tion. Compared with conventional analog (e.g., Wien-bridge 

or XR2206) and earlier DDS-based designs, the developed 

prototype offers superior stability, flexibility, and scalability 

at a total component cost below 15 USD. This work thus 

highlights the potential of open-source microcontroller plat-

forms for developing accurate, interactive, and pedagogically 

valuable signal generators suitable for academic and proto-

typing laboratories. 

2. Related Work 

Waveform generation remains a cornerstone of modern 

electronic testing, measurement, and signal conditioning. 

Over the past two decades, the emergence of Direct Digital 

Synthesis (DDS) and powerful microcontroller platforms 

such as Arduino, STM32, and ESP32 has enabled compact, 

cost-effective, and programmable waveform generators suit-

able for both laboratory and educational use. Researchers 

continue to explore hybrid architectures combining digital 

synthesis, pulse-width modulation (PWM), and analog fil-

tering to balance fidelity, flexibility, and cost. 

Early microcontroller-based function generators relied on 

analog ramp circuits, Wien-bridge oscillators, or ICs such as 

XR2206 and ICL8038, which required trimming and suffered 

from drift, limited linearity, and temperature dependence. The 

introduction of DDS ICs, such as the AD9833, AD9850, and 

AD9959, marked a shift toward purely digital synthesis. DDS 

technology provides fine frequency resolution, stable phase 

control, and precise waveform selection, which are essential 

for calibration and signal analysis applications [7]. 

The work of Das and Saha proposed an AT-

mega328P-based DDS generator capable of producing sine, 

triangle, and square waves by controlling the AD9833 via the 

SPI interface and displaying parameters on an LCD. Their 

prototype achieved frequency error below 0.1% in the 1 

Hz-100 kHz range and served as an accessible educational 

tool [8]. Similarly, [9] developed a microcontroller-driven 

DDS generator using the AD9850 chip, achieving wide-band 

output from 1 Hz to 40 MHz with ±0.05% frequency accuracy 

and THD under 1%. 

In contrast to high-cost arbitrary waveform generators 

(AWGs), low-cost DDS-based systems demonstrate excellent 

phase stability and low distortion when paired with minimal 

post-filtering. [10] integrated an AD9834 with an ARM Cor-

tex-M3 microcontroller and introduced a lookup-table-based 

amplitude correction to reduce DAC quantization effects, 
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achieving THD below 0.7% Similarly, [11] implemented a 

field-programmable DDS using an FPGA, achieving 0.01 Hz 

frequency step resolution and phase noise reduction through 

phase truncation optimization. 

To extend functionality beyond sine or triangle outputs, 

hybrid methods employing PWM-based analog reconstruc-

tion have been studied. [12] introduced a microcontroller 

system generating ramp and sawtooth waveforms using var-

iable-duty PWM filtered through an RC network, demon-

strating low-frequency distortion of less than 2% for sawtooth 

waveforms up to 500 Hz [13] proposed a digitally controlled 

PWM arbitrary waveform generator achieving dynamic duty 

modulation for non-sinusoidal patterns with a resolution of 12 

bits 

Arduino-based designs have further enhanced accessibility. 

In 2025, [14] demonstrated an Arduino-controlled AD9833 

waveform generator with serial user interface and low-pass 

output filter, suitable for educational laboratories, with linear 

frequency-control voltage response and 98% amplitude sta-

bility [14]. Other works focused on touchscreen or Bluetooth 

interfaces. For example, [14, 15] designed an An-

droid-controlled DDS generator based on the AD9833 and 

ESP32, allowing wireless waveform selection and frequency 

control through a mobile app. Their implementation achieved 

frequency steps of 0.05 Hz with negligible drift over 10 hours, 

demonstrating potential for portable laboratory use. 

A complementary line of research focuses on DDS-PWM 

integration, where different waveforms are generated using 

both digital synthesis and microcontroller timers. [15] Pro-

posed a multi-channel pulse generator using delay-loop tim-

ing on an STM32 microcontroller, achieving 10 ns timing 

precision and pulse jitter below 50 ps. While their focus was 

digital pulse sequencing, their methods of precise timer con-

trol directly apply to PWM-based waveform synthesis. 

Further, Wang and Chen presented an embedded arbitrary 

waveform generator combining PWM and lookup-table syn-

thesis, using a microcontroller to reconstruct analog signals 

via RC filtering and DAC calibration. Their system achieved 

0.01% frequency accuracy and THD below 1%, validating 

PWM approaches for low-cost analog generation [16, 17]. 

In the context of educational instrumentation, a group of 

researchers developed a low-cost multifunction signal gen-

erator for student laboratories, integrating DDS with micro-

controller-based duty modulation and PC control. Their pro-

totype achieved comparable stability to mid-range commer-

cial function generators, with a total cost under 20 USD [16, 

18]. Similar low-budget laboratory tools have been proposed 

by [19], who employed the AD9851 module and STM32 

microcontroller for digitally controlled amplitude and offset 

tuning, achieving a 1 Hz-60 MHz range and 0.01% accuracy. 

More recent studies have leveraged FPGA and ARM plat-

forms for enhanced performance. Researchers designed a 

dual-DDS architecture for cold-atom trap excitation with 

phase noise of -113 dBrad²/Hz at 1 Hz offset [19]. Though 

aimed at high-precision RF applications, the methodology 

highlights the scalability of DDS principles. Likewise, a 

group of engineers presented an FPGA-based 14-bit wave-

form synthesizer using pipelined DDS cores achieving spu-

rious-free dynamic range (SFDR) better than 90 dB [21]. 

Machine learning has also found application in adaptive 

waveform correction. In a 2024 study, Singh et al. proposed a 

neural-calibrated DDS generator that automatically corrected 

amplitude and phase non-linearities using trained regression 

models, achieving 25% THD improvement over uncorrected 

output [19]. Although computationally demanding, such 

techniques may benefit future adaptive calibration in em-

bedded waveform systems. 

Additionally, low-power and portable designs continue to 

gain attention. Xu et al. reported an ultra-low-power 

DDS-based generator consuming under 10 mW, optimized for 

battery-operated IoT instrumentation [20]. Their work un-

derscores the relevance of efficient digital waveform synthe-

sis in emerging edge-measurement platforms. 

Finally, comparative studies show that while analog gen-

erators such as the XR2206 are inexpensive, they exhibit large 

frequency drift (~1.5%) and THD above 3%. In contrast, 

microcontroller-DDS systems like AD9833 or AD9850 offer 

higher stability (< 0.05% drift) and repeatability at a similar 

cost. Therefore, integrating DDS modules with PWM expan-

sion and digital control achieves the optimal balance of pre-

cision, flexibility, and affordability [21, 22]. 

In summary, the literature reveals a clear evolution from 

analog oscillators to fully digital, microcontroller-based ar-

chitectures emphasizing cost reduction, programmability, and 

precision. Recent works combine DDS, PWM, and hybrid 

filtering to cover wide frequency ranges with acceptable dis-

tortion levels for both educational and industrial testing con-

texts. The proposed Arduino Mega-AD9833 hybrid system 

builds upon these advances by integrating user-interactive 

controls (potentiometers, pushbuttons, LCD) and delivering 

accurate, stable, and real-time tunable multi-waveform out-

puts at a fraction of the cost of traditional laboratory genera-

tors. 

Function generators based on DDS, analog oscillator ICs, 

or hybrid PWM techniques have been extensively developed 

in both commercial and academic domains. Table 1 compares 

several representative systems in terms of waveform capabil-

ity, frequency range, phase control, harmonic distortion, 

power consumption, programmability, and cost. 

Commercial devices such as the Keysight 33500B and 

Rigol DG1022Z provide exceptional accuracy and wide 

bandwidths but are costly and less suited to educational or 

embedded environments. In contrast, low-cost academic de-

signs based on AD9833 or AD9850 offer excellent precision 

in a compact form factor but often lack phase or duty control. 

Analog oscillator ICs (e.g., XR2206, ICL8038) are inexpen-

sive but suffer from drift and component sensitivity. 

The proposed Arduino Mega + AD9833 Hybrid Waveform 

Generator combines the strengths of DDS (for sine/triangle), 

PWM (for ramp), and timer-based square wave generation with 
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live control through potentiometers and a 16×2 LCD. This ar-

chitecture yields laboratory-grade accuracy at a fraction of the 

cost, bridging the gap between professional and educational 

instruments. The comparative analysis of existing waveform 

generator systems reveals that while commercial-grade instru-

ments such as the Keysight 33500B and Rigol DG1022Z deliv-

er exceptional precision, wide bandwidth, and ultra-low har-

monic distortion, their prohibitive cost and large form factor 

restrict their suitability for educational or embedded applications. 

Analog IC-based function generators like the XR2206 and 

ICL8038 offer affordability but exhibit high total harmonic dis-

tortion (2-3%), frequency drift, and limited control over wave-

form parameters. Microcontroller-integrated DDS modules such 

as the AD9850, AD9833, and AD9851 provide a balance of cost 

and accuracy, achieving frequency errors within ±0.1% and 

THD below 1%, yet most lack comprehensive user interactivi-

ty—particularly simultaneous phase and duty control or intui-

tive real-time tuning. Advanced designs using STM32 or ESP32 

microcontrollers introduce extended frequency ranges and 

wireless programmability, though they often increase firmware 

complexity and cost. PWM-only designs, while simple and 

low-cost, are constrained by limited frequency range and spec-

tral distortion. In contrast, the proposed Arduino Mega + 

AD9833 hybrid waveform generator bridges this gap by inte-

grating the precision of DDS-based sine and triangular wave 

generation with PWM-based sawtooth and timer-driven square 

wave outputs. It uniquely provides independent frequency (50 

Hz-1 kHz), phase (0°-360°), and duty cycle (0-100%) control 

through three potentiometers, with waveform selection via 

pushbuttons and real-time LCD feedback. Experimental charac-

terization indicates THD below 0.8%, frequency accuracy 

within ±0.05%, and amplitude linearity exceeding 96%, all 

within a compact, 5 V-powered, open-source system costing 

under 15 USD. Thus, the proposed design achieves an optimal 

balance between precision, programmability, portability, and 

affordability, outperforming most low-cost academic and hob-

byist generators while offering a pedagogically rich platform for 

electronics education and applied research. 

Table 1. Comparison of Existing Waveform Generators with Proposed System. 

System / Ref-

erence 

Core Technol-

ogy 

Waveforms 

Generated 

Frequency 

Range 

Phase / Duty 

Control 

THD / Ac-

curacy 

User Inter-

face 

Remarks / 

Limitations 

Keysight 

33500B 

(Commercial) 

Arbitrary DDS 

+ DAC (16 bit) 

Sine, Square, 

Ramp, Pulse, 

Noise 

1 µHz-20 

MHz 
Yes / Yes 

< 0.04% 

THD 

Touchscreen 

/ USB 

Excellent 

precision but 

very high cost 

Rigol 

DG1022Z 

(Commercial) 

Dual-channel 

DDS (14 bit) 

Sine, Square, 

Ramp, Pulse 

1 µHz-25 

MHz 
Yes / Yes 

< 0.05% 

THD 

Keypad + 

Display 

Professional 

unit; large and 

expensive 

XR2206-based 

Analog Gener-

ator [23] 

Analog Func-

tion Generator 

IC 

Sine, Triangle, 

Square 
1 Hz-1 MHz 

No / Fixed 

50% 
2-3% THD 

Manual 

Knob 

High distortion, 

thermal drift, 

poor stability 

ICL8038 Lab 

Trainer [24] 

Analog IC Os-

cillator 

Sine, Triangle, 

Square 

0.1 Hz-300 

kHz 
No / No ≈ 3% THD 

Rotary Con-

trol 

Low cost but 

limited accura-

cy 

AD9850 DDS 

Module [9] 

125 MHz DDS 

Chip + MCU 
Sine, Square 0-40 MHz 

Yes (phase) / 

No 
< 1% THD Serial / LCD 

Good accuracy; 

lacks trian-

gle/saw 

AD9833 Ar-

duino Uno 

Design [8] 

25 MHz DDS + 

AVR MCU 

Sine, Triangle, 

Square 

1 Hz-100 

kHz 
Limited / No 

±0.1% Freq. 

Err 
LCD (16×2) 

Stable; no user 

phase or duty 

control 

STM32 + 

AD9851 De-

sign [17] 

ARM MCU + 

DDS 

Sine, Square, 

Ramp 

1 Hz-60 

MHz 
Yes / Partial ±0.01% Acc. PC Interface 

High precision; 

complex firm-

ware 

ESP32 + 

AD9833 Blue-

tooth [15] 

DDS + Wireless 

MCU 

Sine, Triangle, 

Square 
0-12.5 MHz 

Yes (phase) / 

No 
±0.05% Acc. Mobile App 

Portable; lim-

ited analog 

ramp 

PWM-Only 

Arduino Design 

[12] 

PWM + RC 

Filter 
Ramp, Square 0-1 kHz No / Yes 

< 2% Distor-

tion 
LCD 

Low-frequency 

only; audible 

ripple 

Proposed Ar- DDS (AD9833) Sine, Triangle, 50 Hz-1 kHz Yes ±0.05% Freq 16×2 LCD + Low cost, 
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System / Ref-

erence 

Core Technol-

ogy 

Waveforms 

Generated 

Frequency 

Range 

Phase / Duty 

Control 

THD / Ac-

curacy 

User Inter-

face 

Remarks / 

Limitations 

duino Mega + 

AD9833 Hy-

brid System 

+ PWM + Timer Sawtooth, 

Square 

(user range) (0°-360°) / 

Yes 

(0-100%) 

Err; THD < 

0.8% 

POT + But-

tons 

compact, accu-

rate, interactive, 

open-source 

 

3. Aim, Objectives and Methodology 

The primary aim of this research is to design, develop, and 

experimentally validate a low-cost, microcontroller-based 

multi-waveform generator capable of producing sine, trian-

gular, sawtooth, and square waveforms with independently 

adjustable frequency, phase, and duty cycle. The system is 

intended to serve as a compact educational instrument and a 

flexible test signal source for electronics laboratories, offering 

a cost-effective alternative to commercial function generators 

while maintaining high accuracy and stability through the 

integration of DDS and PWM techniques. 

3.1. Objectives 

1) To design and prototype a modular waveform genera-

tion system utilizing an Arduino Mega 2560 microcon-

troller integrated with an AD9833 Direct Digital Syn-

thesizer (DDS) for generating precision sine and trian-

gular waveforms. 

2) To implement hybrid PWM-based and timer-driven 

circuits for generating sawtooth and square waveforms 

respectively, ensuring low distortion and stable duty 

cycle control. 

3) To develop an interactive user interface employing four 

pushbuttons for waveform selection and three potenti-

ometers for frequency, phase, and duty adjustment, with 

live feedback via a 16×2 I²C LCD display. 

4) To evaluate performance metrics such as frequency 

accuracy, phase stability, total harmonic distortion 

(THD), amplitude linearity, and power efficiency, and to 

compare them with conventional DDS- and ana-

log-based function generators. 

5) To validate the prototype experimentally using oscillo-

scope and spectrum analyzer measurements for wave-

form fidelity, and demonstrate its suitability for aca-

demic, research, and embedded system applications. 

6) To document the design as an open-source educational 

platform, encouraging future extensions such as ampli-

tude modulation, frequency sweeping, and PC-based 

waveform control. 

3.2. Methodology 

The research follows a systematic de-

sign-build-test-evaluate methodology structured into hard-

ware, software, and performance validation phases (as illus-

trated in the subsequent system block diagram). 

1) System Design Phase: The core architecture was de-

veloped around the Arduino Mega 2560 microcontroller, 

chosen for its ample I/O availability, multiple timers, 

and SPI/I²C compatibility. The AD9833 DDS module 

was interfaced via the SPI protocol for precision wave-

form generation, while additional PWM pins and Tim-

er1 were configured for sawtooth and square wave 

generation. A 16×2 I²C LCD was integrated to display 

the waveform type, frequency, phase, and duty cycle in 

real time. 

2) Hardware Implementation Phase: The circuit comprised 

three potentiometers connected to analog inputs for re-

al-time parameter control, four pushbuttons connected 

to digital inputs for waveform selection, and RC filtering 

for PWM-based sawtooth waveform reconstruction. The 

complete prototype was powered through the Arduino’s 

5 V supply, ensuring portability and low power con-

sumption (<350 mW). 

3) Software Development Phase: The firmware was written 

in C/C++ using the Arduino IDE, employing the Rob 

Tillaart AD9833 library for SPI communication and 

waveform control. Separate routines handled waveform 

selection, frequency mapping, phase adjustment, and 

duty cycle tuning. The LCD interface provided dynamic 

display updates, while interrupt-driven timing ensured 

stable signal generation across all modes. 

4) Testing and Evaluation Phase: The generated waveforms 

were examined using a digital storage oscilloscope 

(DSO) and a spectrum analyser to measure amplitude 

linearity, phase accuracy, and THD. Comparative ex-

periments were conducted against commercial function 

generators (Rigol DG1022Z, XR2206-based analog 

generator) to benchmark performance. Data acquisition 

was performed over multiple trials (n = 10 per waveform) 

to compute mean error and standard deviation. 

5) Result Interpretation and Validation: Measured values of 

frequency, THD, and amplitude consistency were ana-

lyzed statistically to evaluate accuracy and reliability. 

The outcomes confirmed that the DDS-driven sine and 

triangle outputs achieved sub-1% distortion and stable 

phase characteristics, while PWM-derived ramp and 

square signals maintained high repeatability and con-

trollability. 
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4. System Architecture and Block 

Diagram 

The proposed system architecture integrates Direct Digital 

Synthesis (DDS), Pulse Width Modulation (PWM), and 

hardware-timed control within a single, modular framework 

to generate multiple standard waveforms—sine, triangular, 

sawtooth, and square. 

The architecture is divided into five major subsystems 

(Figure 1): 

1) Microcontroller Unit (MCU) - Arduino Mega 2560 

2) DDS Module (AD9833) - precision waveform synthesis 

3) PWM and Timer Section - sawtooth and square genera-

tion 

4) User Interface Module - potentiometers and pushbuttons 

5) Display and Output Interface - 16×2 LCD and signal 

output terminals 

This hybrid design combines the precision of digital syn-

thesis with the flexibility of real-time analog control, making 

it a compact, cost-effective alternative to commercial function 

generators. 

 
Figure 1. Block Diagram of the System. 

The Arduino Mega 2560 serves as the system’s central 

processing unit, coordinating waveform generation and user 

interface logic. Its multiple timers (Timer1, Timer2, Timer3) 

and SPI/I²C interfaces make it ideal for multi-signal control. 

The SPI bus drives the AD9833 DDS module for 

high-precision waveform generation, while Timer1 and Tim-

er2 generate PWM-based analog waveforms. The AD9833 is 

a programmable waveform generator IC capable of producing 

sine, triangular, and square waves via internal phase accu-

mulation and 10-bit DAC conversion. It operates on a 25 MHz 

reference clock, allowing fine frequency resolution (~0.1 Hz). 

The Arduino communicates with the AD9833 using SPI 

commands via the Rob Tillaart AD9833 library, setting 

waveform type, output frequency, and phase. The DDS output 

is fed to the system’s SINE/TRIANGLE output terminal, 

optionally through a passive low-pass filter for noise reduc-

tion. For sawtooth waveform generation, Timer2 outputs a 

high-frequency PWM signal on digital pin D10. A resis-

tor-capacitor (RC) filter (typically 3.3 kΩ and 0.1 µF) con-

verts the PWM into a smooth linear ramp voltage. The saw-

tooth frequency is dynamically controlled by varying the 

PWM duty cycle over time, based on the user’s frequency 

potentiometer (A0) input. For square waveform generation, 

Timer1 produces a symmetric or asymmetric pulse train on 

digital pin D11. The duty cycle is directly mapped from po-

tentiometer A2, allowing user-defined pulse widths from 

0-100%. The frequency is simultaneously derived from the 

same control logic as other waveforms. The user interface 

provides manual, real-time control of signal parameters: 

1) Potentiometer 1 (A0) - Adjusts waveform frequency (50 

Hz-1 kHz range). 

2) Potentiometer 2 (A1) - Adjusts phase shift (0°-360°) for 

sine waveform only. 

3) Potentiometer 3 (A2) - Controls duty cycle (0-100%) for 

square waveform. 

4) Four Pushbuttons (D2-D5) - Select between Sine, Tri-
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angle, Sawtooth, and square modes. 

Each input is debounced in software to prevent false trig-

gering, ensuring smooth control transitions. The 16×2 I²C 

LCD display provides real-time visualization of waveform 

type, frequency, phase, and duty cycle. The I²C interface 

minimizes pin usage while maintaining fast update rates. The 

display updates every 200 ms to balance responsiveness and 

noise immunity. All waveform outputs are accessible through 

3.5 mm female jack terminals, allowing direct connection to 

oscilloscopes or measurement equipment. The entire system 

operates on 5 V DC, consuming approximately 310 mW, 

making it suitable for battery-powered or USB-supplied op-

eration. 

1) The user powers the device and selects a waveform us-

ing the designated pushbutton. 

2) The Arduino reads analog input values from the poten-

tiometers to determine desired frequency, phase, and 

duty cycle. 

3) Depending on waveform selection: 

1) For Sine/Triangle: Arduino configures the AD9833 

registers via SPI. 

2) For Sawtooth: Arduino updates PWM ramp timing on 

Timer2. 

3) For Square: Arduino modifies Timer1’s prescaler and 

compare registers. 

4) The selected waveform is displayed on the LCD, up-

dating in real time. 

5) The output waveform can be directly visualized using an 

oscilloscope or used as a test input for other circuits. 

5. Entire Research Setup 

The entire research setup (Figure 2) was systematically 

developed to design, construct, and validate a low-cost hybrid 

waveform generator integrating both digital and analog sig-

nal synthesis techniques. The prototype was implemented 

using an Arduino Mega 2560 microcontroller as the central 

control unit, interfaced with an AD9833 Direct Digital Syn-

thesizer (DDS) module for generating high-precision sine and 

triangular waveforms through the SPI communication pro-

tocol. Additional waveforms, namely sawtooth and square, 

were realized using the Arduino’s internal Timer2 and Timer1 

PWM modules, respectively—where the sawtooth signal was 

shaped through an RC smoothing filter (3.3 kΩ and 0.1 µF) 

and the square wave achieved through hardware-timed duty 

modulation. User interaction was facilitated through three 

potentiometers controlling frequency, phase, and duty cycle, 

and four pushbuttons for waveform selection, while a 16×2 

I²C LCD display provided real-time feedback on waveform 

parameters. The circuit was powered through the Arduino’s 5 

V USB supply, consuming approximately 310 mW, ensuring 

portability and low power usage. All outputs were routed 

through 3.5 mm terminals for direct connection to an oscil-

loscope or external test circuits. The hardware was mounted 

on a precision breadboard and later transferred to a custom 

PCB for stability and shielding from electromagnetic inter-

ference. Software development was performed in Arduino 

IDE using the Rob Tillaart AD9833 library, employing in-

terrupt-driven control to maintain signal accuracy and prevent 

timing drift. Experimental validation was carried out using a 

Rigol DS1102E Digital Storage Oscilloscope and a Keysight 

34460A Multimeter to measure output amplitude, frequency 

stability, and total harmonic distortion (THD). Comparative 

analysis with commercial function generators demonstrated 

that the developed system achieved frequency accuracy 

within ±0.05%, THD below 0.8%, and amplitude linearity 

exceeding 96%, confirming its effectiveness as a reliable, 

cost-efficient, and pedagogically valuable waveform genera-

tion platform for academic and prototyping environments. 

 
Figure 2. Entire Research Setup. 

6. Waveform Generation 

6.1. Sinewave Generation 

The sinewave generation in the proposed system is ac-

complished using the AD9833 Direct Digital Synthesizer 

(DDS), interfaced with the Arduino Mega 2560 via the Serial 

Peripheral Interface (SPI) bus for real-time control of fre-

quency and phase parameters. The AD9833 employs a 28-bit 

phase accumulator and a 10-bit digital-to-analog converter 

(DAC) to produce a high-fidelity sinusoidal waveform derived 

from a 25 MHz reference clock. The output frequency of the 

DDS is determined by the fundamental equation (1) 

𝑓𝑂𝑈𝑇 =
𝐹𝑀𝐿𝐶𝐾𝑋 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑅𝑒𝑔𝑖𝑠𝑡𝑒𝑟

228
         (1) 
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where 𝑓𝑂𝑈𝑇  is the output frequency,       is the master 

clock frequency (25 MHz in this setup), and the frequency 

register is a 28-bit digital tuning word. By varying this register 

value under Arduino control, the generator achieves a fre-

quency range of 50 Hz to 1 kHz, optimized for educational and 

signal visualization purposes. The phase output of the DDS is 

further adjustable via the phase register according to equation 

(2), 

∅𝑂𝑈𝑇 =
2𝜋 𝑋 𝑃𝑕𝑎𝑠𝑒 𝑅𝑒𝑔𝑖𝑠𝑡𝑒𝑟

212
             (2) 

 
Figure 3. Generated Sinewave at 50 Hz with phases 0, 90, 180. 

 
Figure 4. Generated Sinewave at 100 Hz with phases 0, 90, 180. 

 
Figure 5. Generated Sinewave at 250 Hz with phases 0, 90, 180. 

Providing phase shifts programmable from 0° to 360°, 

controlled by Potentiometer A1. The Arduino firmware, uti-

lizing the Rob Tillaart AD9833 library, translates analog 

voltage readings from the potentiometer into corresponding 

phase register values, enabling smooth and precise phase 

modulation. The generated sinewave is routed to the output 

terminal through a passive low-pass RC filter to attenuate 

digital switching noise, ensuring a clean analog signal with a 

measured total harmonic distortion (THD) below 0.8% and 

frequency accuracy within ±0.05%. The amplitude remains 
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stable at approximately 0.65 Vpp, demonstrating high linear-

ity and spectral purity, making this DDS-based sinewave 

generation ideal for laboratory experimentation, calibration, 

and embedded signal processing applications. Figs. 3-5 de-

picts the generated sinewave at different frequencies and 

phase angles. 

6.2. Triangular Wave Generation 

The triangular waveform in the proposed hybrid signal 

generator is produced using the AD9833 Direct Digital Syn-

thesizer (DDS) when configured in triangle mode, or alterna-

tively through PWM-RC filtering when using the Arduino’s 

internal timer peripherals. In the DDS configuration, the tri-

angular signal is digitally synthesized by a phase accumulator 

followed by a sawtooth-to-triangle conversion algorithm 

within the AD9833. The internal DAC reconstructs the analog 

output from a quantized digital representation, ensuring high 

linearity and repeatability. The output frequency of the tri-

angular wave is given by the same DDS governing equation as 

the sinewave: 

The mathematical form of an ideal triangular waveform can 

be expressed as: 

𝑥(𝑡) =
2𝐴

𝜋
arcsin (sin(2𝜋𝑓𝑡 + ∅))        (3) 

where A is the amplitude, f is the waveform frequency, and ∅ 

is the phase offset. The triangular wave consists of odd har-

monics with amplitude decreasing proportionally to 
 

𝑛2
, re-

sulting in a smoother spectrum than that of a square wave. In 

the Arduino-based PWM implementation, the timer generates 

a high-frequency pulse train that is passed through a resis-

tor-capacitor (RC) integrator network to approximate the 

rising and falling linear segments of the triangle waveform. 

The duty cycle and PWM frequency are modulated by the 

microcontroller to maintain a stable triangular profile over the 

desired frequency range. Experimental results confirm that 

the generated triangular waves exhibit excellent linearity and 

symmetry, with frequency accuracy better than ±0.05% and 

total harmonic distortion (THD) below 1.2%. The amplitude 

was measured at approximately 0.65 Vpp, and phase shifts 

from 0° to 360° can be introduced by modifying the DDS 

phase register. These characteristics make the triangular 

waveform generation subsystem ideal for applications in 

waveform synthesis, modulation experiments, and control 

system testing. Figs. 6-8 depicts the generated Triangular 

Wave at different frequencies and phase angles. 

 
Figure 6. Generated Triangular Wave at 50 Hz with phases 0, 90, 180. 

 
Figure 7. Generated Triangular Wave at 100 Hz with phases 0, 90, 180. 

http://www.sciencepg.com/journal/cssp


Science Journal of Circuits, Systems and Signal Processing http://www.sciencepg.com/journal/cssp 

 

39 

 
Figure 8. Generated Triangular Wave at 250 Hz with phases 0, 90, 180. 

6.3. Sawtooth Wave Generation 

The sawtooth waveform (Figure 9) in the proposed hybrid 

generator is realized using the Arduino Mega’s Timer2 PWM 

module combined with an RC integrator circuit to convert the 

high-frequency pulse-width modulated signal into a linearly 

varying voltage. Unlike the DDS-based sine and triangular 

waveforms, which are digitally synthesized by the AD9833, 

the sawtooth signal is generated through analog reconstruc-

tion of a variable-duty PWM stream. In this design, the Ar-

duino outputs a PWM signal on digital pin D10, which is then 

passed through a low-pass RC filter (R = 3.3 kΩ, C = 0.1 µF). 

The capacitor charges and discharges through the resistor at a 

controlled rate, producing a continuous rising and falling 

ramp voltage characteristic of a sawtooth wave. The 

time-domain representation of an ideal sawtooth waveform is 

given by equation (4): 

𝑥(𝑡) =
2𝐴

𝑇
(t −

𝑇

2
) , 0 ≤ 𝑡 < 𝑇          (4) 

where A is the peak amplitude and T=1/f is the period of the 

waveform. Its Fourier series expansion, emphasizing the 

presence of both even and odd harmonics, is represented as 

equation (5): 

𝑥(𝑡) =
𝐴

2
−
𝐴

𝜋
∑

sin (2𝜋𝑛𝑓𝑡)

𝑛

∞
𝑛=           (5) 

 
Figure 9. Generated Sawtooth waves at different frequencies. 

It demonstrates a strong harmonic content that decreases 

proportionally to 1/n. The output frequency is controlled by 

the frequency potentiometer (A0), mapped through the Ar-

duino’s analog-to-digital converter (ADC) to adjust the tim-

er’s prescaler and compare registers, enabling a frequency 

tuning range of 50 Hz-1 kHz. The amplitude of the ramp 

remains consistent at approximately 0.65 Vp-p, while the 

phase remains constant relative to the PWM carrier signal. 

Experimental results confirm that the generated sawtooth 

waveform maintains excellent linearity (>95%) with a total 

harmonic distortion (THD) of approximately 1.5%, sufficient 

for modulation and timing experiments. The simplicity of the 

PWM-RC method ensures compactness, low power con-

sumption, and stable analog reconstruction of the sawtooth 

waveform. 
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6.4. Square Wave Generation 

The square waveform (Figs 10-15) in the system is gener-

ated using the Timer1 hardware PWM functionality of the 

Arduino Mega 2560, which provides precise control of both 

frequency and duty cycle. The square wave is inherently dig-

ital, consisting of alternating high and low states, and there-

fore does not require analog filtering. The duty cycle—the 

ratio of the high time (tONt_{ON}tON) to the total period 

(TTT)—is varied through Potentiometer A2, while the fre-

quency is simultaneously adjusted using Potentiometer A0. 

The digital timer registers (OCR1A and ICR1) are continu-

ously updated by the Arduino firmware to produce the desired 

frequency-duty combination. 

Mathematically, the square waveform can be described as 

equation (6): 

𝑥(𝑡) = {
𝐴, 0 ≤ 𝑡 < 𝐷 ∙ 𝑇
−𝐴,  𝐷 ∙ 𝑇 ≤ 𝑡 < 𝑇

             (6) 

where A is the amplitude, D is the duty cycle (0 ≤ D ≤ 1), and 

T=1/f is the period. The Fourier series representation of an 

ideal square wave with 50% duty cycle is given by equation 

(7): 

𝑥(𝑡) =
4𝐴

𝜋
∑

sin (2𝜋𝑛𝑓𝑡)

𝑛

∞
𝑛= ,3,5…            (7) 

indicating that it contains only odd harmonics, with ampli-

tudes decreasing proportionally to 1/n1/n1/n. In the imple-

mented design, the frequency range was restricted between 50 

Hz and 1 kHz, and the duty cycle adjustable from 0% to 100%, 

enabling asymmetric pulse generation for advanced modula-

tion tests. 

 
Figure 10. Generated Square wave with f=750 Hz. 

 
Figure 11. Generated Square wave with f=500 Hz. 

 
Figure 12. Generated Square wave with f=250 Hz. 
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Figure 13. Generated Square wave with f=100 Hz. 

 
Figure 14. Generated Square wave with f=50 Hz. 

 
Figure 15. Generated Square wave with f=1000 Hz. 

The generated square wave demonstrated high stability 

with frequency error below ±0.05% and rise/fall times under 

5 µs, measured using a Rigol DS1102E digital oscilloscope. 

The waveform amplitude remained consistent with a log-

ic-level output of 0-5 V, and the power dissipation of the 

digital subsystem was negligible (<150 mW). This precise 

control over duty and frequency parameters makes the square 

wave output particularly suitable for use in pulse-width mod-

ulation (PWM), digital switching circuits, and timing-based 

experiments in control and communication systems. 

7. Results and Discussions 

The developed hybrid waveform generator (Figure 16) 

successfully produced stable and accurate sine, triangular, 

sawtooth, and square waveforms across the frequency range 

of 50 Hz to 1 kHz, with independent control over phase 

(0°-360°) and duty cycle (0-100%). The results were validated 

through both hardware testing and simulated waveform plots. 

Figure 10(a) shows the sinewave outputs at 50 Hz, 100 Hz, 

and 250 Hz for phase angles of 0°, 90°, and 180°, demon-
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strating perfect periodicity and smooth transitions with phase 

shifts corresponding precisely to one-quarter and half-cycle 

displacements. Figure 10(b) presents triangular waveforms 

generated over the same frequency range, exhibiting linear 

rise and fall slopes with negligible waveform distortion, con-

firming the effectiveness of both the DDS-based and 

PWM-RC filtering approaches. Figure 10(c) depicts sawtooth 

waves of 50-1000 Hz frequencies, clearly showing the de-

crease in ramp period with increasing frequency while main-

taining amplitude uniformity and high linearity. Figure 10(d) 

displays square waves generated at identical frequencies but 

with varying duty cycles (25%, 50%, 75%), where the pulse 

width is observed to vary proportionally with the duty ratio 

while the amplitude remains constant at logic-level 5 V. 

Quantitative evaluation using a digital oscilloscope and sim-

ulation data revealed that sine and triangle outputs achieved 

frequency accuracy within ±0.05%, phase error below ±2°, 

and total harmonic distortion (THD) values of 0.8% and 1.2%, 

respectively, whereas the sawtooth and square outputs main-

tained THD < 1.5% and rise/fall times < 5 µs. The simulated 

graphs further confirm waveform integrity and parameter 

responsiveness, as shown in Figures 10(a-d), validating the 

reliability of the proposed system. The results demonstrate 

that the Arduino Mega + AD9833 hybrid generator performs 

comparably to commercial function generators (e.g., Rigol 

DG1022Z, Keysight 33500B) within the tested frequency 

range, while reducing cost by over 95% and power con-

sumption by more than 80%, making it an excellent educa-

tional and prototyping instrument for laboratory use. 

 
Figure 16. Hybrid Waveform Generation at various phase angle, frequency and duty cycles. 

Table 2. Comparison with the Existing Hybrid Function Generators. 

System / 

Reference 

Core Tech-

nology 

Frequency 

Range 

Frequency 

Accuracy 

Phase Ac-

curacy / 

Control 

THD (%) 
Duty Con-

trol 

Remarks / Limita-

tions 

XR2206 

Analog 

Generator 

[23] 

Analog 

Function IC 

1 Hz - 1 

MHz 
±1.5% No control 2.80% Fixed 50% 

Low cost but poor 

stability and drift 

ICL8038 

Analog Gen-

erator [24] 

Analog Os-

cillator 

0.1 Hz - 300 

kHz 
±1.0% No control 3.00% Fixed 50% 

High distortion; 

nonlinear response 

AD9850 DDS 

Module [9] 

DDS (125 

MHz Clock) 

0.1 Hz - 40 

MHz 
±0.05% 

Limited (up 

to 180°) 
1.00% No 

High precision but 

lacks flexibility 

AD9833 DDS 

+ Arduino 

DDS (25 MHz 

Clock) 

1 Hz - 100 

kHz 
±0.1% 

Limited 

0°-180° 
0.90% No 

Compact; limited 

phase/duty control 
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System / 

Reference 

Core Tech-

nology 

Frequency 

Range 

Frequency 

Accuracy 

Phase Ac-

curacy / 

Control 

THD (%) 
Duty Con-

trol 

Remarks / Limita-

tions 

Uno [8] 

STM32 + 

AD9851 

Module [19] 

ARM MCU + 

DDS 

1 Hz - 60 

MHz 
±0.02% 

Full 

(0°-360°) 
0.70% Partial 

Excellent accuracy; 

complex coding 

ESP32 + 

AD9833 

Bluetooth 

[15] 

DDS + 

Wi-Fi/BLE 

Control 

1 Hz - 12.5 

MHz 
±0.05% 0°-360° 1.00% No 

Wireless control; 

higher noise floor 

PWM + RC 

Filter (Ar-

duino) [12] 

PWM + RC 

Analog Fil-

tering 

0-1 kHz ±0.5% No 2.00% Yes 
Simple design; 

higher ripple 

Proposed 

Arduino 

Mega + 

AD9833 Hy-

brid System 

DDS + PWM 

+ Timer Inte-

gration 

50 Hz - 1 

kHz 
±0.05% 

0°-360° (Full 

Control) 

0.8% (Sine) / 

1.2% (Tri) / 

1.5% (Saw) 

0-100% 

(Adjustable) 

Low cost (<15 

USD), stable, accu-

rate, education-

al-grade design 

 

The comparative analysis presented in Table 2 provides a 

detailed evaluation of the proposed Arduino Mega + AD9833 

hybrid waveform generator against a range of existing analog, 

digital, and mixed-signal function generator modules in terms 

of frequency accuracy, harmonic distortion, and control ca-

pabilities. The results clearly establish that while traditional 

analog function generator ICs such as the XR2206 and 

ICL8038 remain popular for educational demonstrations due 

to their simplicity and low cost, their performance is limited 

by inherent analog drift, poor linearity, and restricted control 

features. Both these devices offer fixed duty cycles (typically 

50%), no phase control, and exhibit significant frequency drift 

(~±1-1.5%) and total harmonic distortion (THD) above 2.5%, 

making them unsuitable for precision or calibration tasks. On 

the other hand, digital direct synthesis (DDS)-based modules 

such as the AD9850 and AD9833, operating with high-speed 

master clocks (125 MHz and 25 MHz, respectively), offer 

considerably higher accuracy (±0.05-0.1%) and lower distor-

tion (<1%). These modules leverage phase accumulator and 

digital-to-analog conversion principles to generate clean and 

stable waveforms with excellent repeatability. However, their 

standalone operation lacks interactive user control and 

adaptability, as they generally do not provide independent 

duty cycle modulation or full phase programmability unless 

combined with a microcontroller. Microcontroller-integrated 

systems such as STM32 + AD9851 and ESP32 + AD9833 

offer notable improvements, achieving ±0.02-0.05% accu-

racy, THD below 1%, and phase adjustability from 0° to 360°. 

These systems, though precise, demand advanced program-

ming and configuration complexity, making them less acces-

sible for beginner-level educational use. Conversely, 

PWM-RC-based Arduino implementations represent the 

simplest architecture for generating analog-like waveforms 

through low-pass filtering of digital PWM signals. While 

effective for low-frequency applications, these suffer from 

limited linearity, high ripple content, and THD around 2%, 

restricting their usability to non-critical signal generation 

tasks. The proposed Arduino Mega + AD9833 hybrid system 

effectively bridges this performance gap by integrating DDS 

precision for sine and triangular waveforms with PWM and 

timer-driven generation for sawtooth and square outputs. The 

system achieves ±0.05% frequency accuracy, phase resolu-

tion of 0°-360°, and duty control between 0-100%, surpassing 

other low-cost solutions in both stability and versatility. The 

THD values were experimentally verified as 0.8% for sine, 1.2% 

for triangular, and 1.5% for sawtooth waveforms, represent-

ing an excellent balance between spectral purity and hardware 

simplicity. The modular design allows real-time tuning via 

three potentiometers and four pushbuttons, with a 16×2 LCD 

for dynamic display of waveform type, frequency, and phase. 

Unlike high-end DDS modules or commercial instruments 

such as the Rigol DG1022Z and Keysight 33500B, which cost 

hundreds of dollars, the proposed system delivers comparable 

accuracy and functionality for less than 15 USD, while oper-

ating on a 5 V USB supply with total power consumption 

under 350 mW. This makes the system particularly attractive 

for academic laboratories, embedded design education, and 

prototyping environments. It not only demonstrates the ap-

plication of hybrid digital-analog signal generation principles 

but also offers hands-on insight into concepts like frequency 

synthesis, PWM modulation, RC filtering, and phase manip-

ulation. Therefore, the proposed system stands as a peda-

gogically powerful and technically sound alternative to ex-

pensive commercial function generators, providing an excel-
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lent trade-off between precision, programmability, portability, 

and cost-effectiveness. 

8. Conclusions 

The research successfully demonstrated the design, de-

velopment, and validation of a low-cost hybrid waveform 

generator based on an Arduino Mega 2560 microcontroller 

integrated with an AD9833 Direct Digital Synthesizer (DDS). 

The proposed system effectively generates four fundamental 

waveforms—sine, triangular, sawtooth, and square—with 

user-controlled frequency, phase, and duty cycle through three 

potentiometers and four pushbuttons. The hybrid configura-

tion combines the precision of DDS for sine and triangular 

signals with the flexibility of PWM-RC filtering and tim-

er-based digital switching for sawtooth and square wave-

forms, resulting in a compact, power-efficient, and versatile 

waveform source. Experimental and simulated results con-

firmed that the developed system achieves frequency accu-

racy within ±0.05%, phase accuracy within ±2°, and total 

harmonic distortion (THD) as low as 0.8% for sinewave 

output, outperforming most existing low-cost function gen-

erator modules. Compared to traditional analog function 

generator ICs such as XR2206 or ICL8038, and even 

standalone DDS modules like AD9850 and AD9833, the 

proposed design provides simultaneous real-time control of 

waveform parameters and improved output stability at a 

fraction of the cost. The system operates reliably within the 50 

Hz-1 kHz range, making it particularly suitable for academic 

laboratories, electronics training setups, and embedded signal 

applications. Its open-source architecture and user-friendly 

interface facilitate easy customization, extension to higher 

frequencies, or integration with communication and control 

modules such as Bluetooth or PC-based monitoring. Overall, 

the project demonstrates how a judicious blend of hardware 

simplicity and digital synthesis can yield laboratory-grade 

performance in a portable, affordable, and educationally 

meaningful instrument. The outcomes position the Arduino 

Mega + AD9833 hybrid generator as an excellent teaching 

and prototyping platform that bridges the gap between costly 

commercial function generators and simple educational 

waveform kits, fostering deeper understanding of waveform 

synthesis, signal analysis, and embedded system design. 

Abbreviations 

ADC Analog-to-Digital Converter 

AD9833 Analog Devices 9833 Direct Digital 

Synthesizer Module 

AM Amplitude Modulation 

API Application Programming Interface 

AVR Alf and Vegard’s RISC Processor 

(Microcontroller Architecture used in Arduino 

Mega) 

CPU Central Processing Unit 

DAC Digital-to-Analog Converter 

DDS Direct Digital Synthesis 

DC Direct Current 

DMM Digital Multimeter 

DSP Digital Signal Processing 

EEPROM Electrically Erasable Programmable 

Read-Only Memory 

EMI Electromagnetic Interference 

FFT Fast Fourier Transform 

FSYNC Frame Synchronization (Slave Select Pin of 

AD9833) 

GND Ground 

GPIO General Purpose Input/Output 

Hz Hertz (cycles per second) 

I²C Inter-Integrated Circuit (Two-wire Serial 

Communication Protocol) 

IC Integrated Circuit 

IDE Integrated Development Environment 

(Arduino IDE) 

LCD Liquid Crystal Display 

LED Light Emitting Diode 

MCU Microcontroller Unit 

MHz Megahertz 

MOSI Master Out Slave In (SPI Communication 

Line) 

MISO Master In Slave Out (SPI Communication 

Line) 

MSB Most Significant Bit 

OC Output Compare (Timer Pin for PWM) 

PCB Printed Circuit Board 

POT Potentiometer 

PWM Pulse Width Modulation 

RC Resistor-Capacitor Network (used for signal 

smoothing) 

RMS Root Mean Square 

ROM Read-Only Memory 

SCLK Serial Clock (SPI Communication Line) 

SDATA Serial Data (SPI Communication Line) 

SPI Serial Peripheral Interface 

SS Slave Select (used for Chip Enable on SPI 

devices) 

THD Total Harmonic Distortion 

TTL Transistor-Transistor Logic 

UART Universal Asynchronous Receiver-Transmitter 

USB Universal Serial Bus 
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