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In the realm of embedded systems engineering, few phenomena are as deceptively simple yet as practically
disruptive as switch bounce. To the end-user, a button press is a single, discrete event. To a microcontroller
operating at megahertz or gigahertz frequencies, that same button press is a chaotic sequence of dozens or even
hundreds of transition events occurring over several milliseconds. Without proper debouncing, a single mechanical
interaction can lead to erratic system behavior, multiple triggers, and compromised user interface integrity.

This technical guide draws upon the seminal research of Jack G. Ganssle, whose monographs and empirical
studies, such as "A Guide to Debouncing,"remain the industry standard for understanding the physics and
remediation of contact noise. We will explore the theoretical framework of switch physics, analyze hardware-based
RC filters and logic gates, and detail robust software algorithms for firmware-level implementation.

The Physics of Mechanical Contact Noise

To solve the problem of bouncing, one must first understand the mechanical reality of switch contacts. When two
metallic surfaces are brought together, they do not create a perfect electrical connection instantly. Instead, due to
the inherent elasticity of the materials and the spring-loaded mechanisms within the switch, the contacts literally
bounce off one another several times before settling into a stable state.

The Anatomy of a Bounce

Research conducted by Ganssle involving the oscilloscopic analysis of hundreds of switch types—ranging from
industrial toggles to cheap tactile buttons—reveals that bounce characteristics vary wildly based on age, material,
and actuation force. Key findings include:

e Duration: Most switches exhibit bouncing for 1 to 10 milliseconds, though some outliers can bounce for up to
50 milliseconds.

¢ Asymmetry: The bouncing behavior observed when a switch is pressed (making contact) often differs
significantly from when it is released (breaking contact).

¢ Signal Integrity: During the bounce period, the voltage levels are undefined and can swing between logic high
and logic low, potentially crossing the threshold of a digital input many times.

Without an engineered solution, a microprocessor will treat every high-to-low transition during this period as a
unigue command. In a volume control application, a single tap could result in the volume jumping five levels; in a
safety-critical system, it could lead to catastrophic state errors.

Hardware-Based Debouncing Solutions

Hardware debouncing aims to clean the signal before it ever reaches the processor's input pin. This is often
preferred in systems where CPU cycles are at a premium or where an immediate, interrupt-driven response is
required without the overhead of software filtering.

The RC (Resistor-Capacitor) Filter

The most common hardware approach is the RC network. By placing a resistor in series with the signal and a



capacitor in parallel with the switch, we create a low-pass filter that slows down the voltage transitions, effectively
"smearing" the bounces into a single smooth curve.

The time constant of an RC circuit is defined by the formula:
&tau; = R &times; C

Typically, a time constant of 10ms to 50ms is sufficient to mask the majority of mechanical noise. However, simply
using an RC filter is insufficient for digital inputs. As the voltage rises or falls slowly, it may linger near the
microprocessor’s switching threshold, causing the input buffer to oscillate. Therefore, an RC filter must always be
followed by a Schmitt Trigger. A Schmitt trigger provides hysteresis, meaning it has different threshold levels for
rising and falling signals, ensuring a clean, sharp digital transition.

Cross-Coupled SR Latches

For Single-Pole Double-Throw (SPDT) switches, the SR (Set-Reset) Latchis the gold standard of debouncing.
Because the switch physically moves between two distinct contacts, the latch can be set by the first touch of the
"normally open" contact and will not change state until the switch actually travels back to touch the "normally
closed" contact. This provides a mathematically perfect debounce, though it requires more expensive SPDT
switches and additional logic gates.

Comparison of Hardware Debouncing Techniques



Method Complexity Effectiveness Best Use Case

Simple RC Filter Low Moderate (Needs Schmitt Cost-sensitive consumer
Trigger) electronics
SR Latch High Perfect (Zero Bounce) Industrial controls, SPDT
switches
Dedicated Debouncer IC Moderate High High-reliability military or

medical hardware

Software Debouncing Algorithms

In modern embedded design, software debouncing is the dominant strategy due to its zero-component cost and
flexibility. The goal of a software debouncer is to sample the input pin and determine if a change in state is
legitimate or merely a transient bounce.

The Counter-Based Approach

A robust software debouncer does not simply look for a state change. Instead, it maintains a counter. If the input is
detected as "pressed," the counter increments. If the counter reaches a predefined threshold (equivalent to, say,
20ms of consistent state), only then is the press registered as valid.

Algorithm Execution:

1. Poll the switch state at a regular interval (e.g., every 1ms or 5ms).

2. If the state is the same as the previous sample, increment a stability counter.

3. If the state has changed, reset the counter to zero.

4. When the stability counter reaches the debounce period (e.g., 20 samples), update the official "debounced
state."

Vertical Counters and Bitwise Parallelism

For systems handling multiple buttons (such as a keypad), vertical countersare highly efficient. By using bitwise
operations, a programmer can debounce 8, 16, or 32 buttons simultaneously using only a few processor
instructions. This technique, championed by Ganssle and other embedded veterans, treats each bit in a register as
an independent counter, allowing for massive scalability in complex interfaces.

Interrupt-Driven Considerations

A common mistake among novice firmware engineers is attaching a Hardware Interrupt (ISR)directly to a noisy
switch pin. Because interrupts are triggered by edge transitions, a single bounce can trigger the ISR dozens of
times, potentially starving the main loop of CPU time (an effect known as "interrupt nesting" or "thrashing").

The professional approach to interrupt-based debouncing involves:

e Triggering an interrupt on the first edge.

 Disabling the interrupt immediately within the ISR.

 Starting a hardware timer for the duration of the debounce period.

« Re-enabling the interrupt only after the timer expires and the signal has stabilized.

Debouncing in High-Speed Logic: FPGA Implementations



As noted in technical documents regarding FPGA button debouncing, the challenges in programmable logic are
slightly different. FPGAs operate at much higher clock speeds and are inherently parallel. When a button signal
enters an FPGA, it must first be synchronized to the internal clock domain to prevent metastability.

The Verilog Implementation Strategy

A standard Verilog debouncer uses a shift register or a large counter to filter the signal. The input is clocked
through a series of flip-flops. A comparator checks if all bits in the shift register are identical; if they are, the signal
has been stable for N clock cycles and can be passed to the rest of the logic. Given the high clock speeds (e.g.,
50MHz), these counters must be significantly larger (20-bit or higher) to achieve the necessary millisecond-scale
delay.

Mathematical Modeling and Tolerance Analysis

Designing a debouncer requires balancing latency against reliability. If the debounce period is too short (e.g.,
1ms), noise will get through. If it is too long (e.g., 500ms), the device will feel sluggish and unresponsive to the user.

Calculating the Optimal Window

Empirical data suggests that a debounce window of 20ms to 50msis the "sweet spot." Human reaction time is
roughly 200ms, so a 50ms delay is imperceptible to the user but more than enough to filter out even the noisest
mechanical contacts.

When using an RC filter, we must account for the V_ih (Input High Voltage) and V_il (Input Low Voltage)
thresholds of the microcontroller. The time it takes for the capacitor to charge to the V_ih threshold is calculated by:

t = -R &times; C &times; In(1-V_ih /V_cc)

Engineering for the worst-case scenario involves selecting components with tolerances that ensure the minimum
possible charge time is still greater than the maximum measured bounce time of the switch.

Troubleshooting and Real-World Failure Modes

Even with a debouncing strategy in place, systems can fail due to environmental factors or component degradation.
Understanding these failure modes is critical for long-term reliability.

1. Contact Oxidation and Wetting Current

Over time, switch contacts develop a thin layer of oxidation, which increases resistance. If the current flowing
through the switch (the wetting current) is too low, it may not be able to "punch through" this oxidation, leading to
intermittent signal failures that look like extreme bouncing. Engineers should ensure that pull-up resistors are small
enough to allow sufficient current (typically 1-10mA) for contact cleaning.

2. EMI and Crosstalk

In industrial environments, long wires between a switch and a controller can act as antennas, picking up
Electromagnetic Interference (EMI). This noise can mimic switch bounce. In these cases, software debouncing
alone is often insufficient; shielded cables and hardware transient voltage suppressors (TVS) are required to
protect the integrity of the signal.

3.The "Sticky" Switch Phenomenon

As switches age, mechanical fatigue can cause the spring to weaken, leading to significantly longer bounce times
than were present during the initial design phase. A robust design incorporates a "safety margin" in the software



timing—if the switch is rated for 5ms of bounce, the software should be set to 20ms to accommodate aging.

Strategic Recommendations for Implementation

To achieve professional-grade results in embedded Ul design, the following workflow is recommended:

¢ Analyze the Hardware: Use an oscilloscope to capture the bounce profile of your specific switch under various
actuation speeds.

« Prefer Software: Use software debouncing via a periodic timer interrupt (5ms to 10ms) to maintain a
consistent polling rate regardless of main-loop jitter.

¢ Implement Hysteresis: If using hardware filters, always utilize a Schmitt-trigger input to prevent oscillation at
the logic threshold.

e Standardize: Create a reusable debouncing library or module (e.g., a C++ class or a Verilog module) that can
be tuned via parameters like DEBOUNCE_TIME_MS.

The legacy of researchers like Jack Ganssle serves as a reminder that in engineering, the bridge between the
analog world and the digital world is rarely a clean line. By treating switch bounce as a physical reality that requires
mathematical and algorithmic rigor, developers can ensure their systems remain stable, predictable, and user-
friendly over their entire operational lifespan. Whether through the elegance of a cross-coupled latch or the
efficiency of a bitwise vertical counter, effective debouncing is a hallmark of high-quality embedded systems
engineering.
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