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RC Snubber for Class-D Audio Amplifiers
INTRODUCTION
High speed switching of power MOSFETs in the power stage of Class-D amplifiers results in output
voltage over/undershoot and high frequency ringing on the output waveform, as shown in Figure 1.

Figure 1 Class-D output over/undershoot and ringing

The over/undershoot places additional stress on the power MOSFETs, potentially reducing MOSFET
lifetime or, in extreme cases, causing avalanche breakdown.
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The high frequency ringing can couple to nearby PCB planes and cables and is therefore a source of
radiated emissions (see Reference 1). Radiated emissions can be particularly problematic in portable
electronics where the Class-D amplifier may be some distance from the micro speaker and connected
by a relatively long unshielded twisted pair or flex cable.
An LC filter on the output of the Class-D amplifier can be used to attenuate the ringing, reducing
radiated emissions. However, this does not reduce the voltage stress on the power MOSFETs.
This application note describes the cause of the over/undershoot and high frequency ringing and details
the design of an RC network to damp the ringing at source, to reduce voltage stress and radiated
emissions.

CAUSE OF OVER/UNDERSHOOT AND HIGH FREQUENCY RINGING
Class-D amplifiers for portable electronics are invariably full-bridge architectures to maximize signal
swing and therefore output power. For simplicity Figure 2 shows one half of the full bridge power stage.
The diagram shows n/p-channel power MOSFETs, pre-drivers, and supply rail decoupling capacitor.

Figure 2 Class-D power stage with parasitic components

Figure 2 also shows parasitic components, including supply rail decoupling capacitor ESL (LCVSPK), PCB
trace inductance (LPCB), IC package/routing inductance in the source and drain of power MOSFETs
(LPS, LPD, LND, LNS), and power MOSFET output capacitance in parallel with stray package and PCB
capacitance (COSS). These parasitic components are the cause of over/undershoot and high frequency
ringing (see Reference 2).
When the n-channel power MOSFET switches off, there is a short dead time where the n-channel
power MOSFET body diode conducts. The rising-edge ringing occurs when the p-channel power
MOSFET turns on and the n-channel body diode turns off. The n-channel power MOSFET total parallel
parasitic capacitance is charged through the parasitic inductances. This LC tank is the cause of
overshoot and high frequency ringing.
The frequency of ringing at turn on of p-channel power MOSFET is determined by the n-channel power
MOSFET output capacitance (COSS) and the total inductance of the current loop (LCVSPK + LPCB + LPS +
LPD + LND + LNS). The energy dissipates in the on-resistance of the p-channel power MOSFET and so
the ringing decays over several cycles.
Similarly, when the p-channel power MOSFET turns off, the n-channel power MOSFET body diode
turns on due to flyback of the speaker inductance. The p-channel power MOSFET output capacitance
is charged through the total loop inductance causing under-shoot and high frequency ringing.
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RC SNUBBER DESIGN
Ringing can be almost eliminated (snubbed) by an RC network on the output of the Class-D amplifier
as shown in Figure 3. RSN and CSN damp the voltage over/undershoot and ringing.

Figure 3 Class-D power stage with RC snubber

Adding an RC snubber damps out ringing, at the expense of increased switching losses.
The snubber should be connected directly across the drain and source of the n-channel power
MOSFET.
The values for the power MOSFET output capacitance and IC package inductance are not always
available from IC vendors. Similarly, capacitor package ESL is not readily available. Measuring the
parasitic inductance and capacitance directly is difficult due to the small non-linear values and PCB
parasitic effects change from application to application.
So, snubber design is typically based on empirical measurements. Snubber component placements
are included on the PCB layout and bench measurements are used to extract the value of parasitic
capacitance and inductance. Snubber resistor and capacitor values can then be calculated, and the
RC snubber populated.
The procedure below (see Reference 3) uses bench measurements to design the RC snubber circuit,
while a more rigorous discussion of snubber design is outlined in Reference 4.

DETERMINING PARASITIC CAPACITANCE AND INDUCTANCE
The resonant frequency, f0, of the parasitic LC circuit is given by Equation 1:
𝑓0 =

1

(1)

2𝜋√𝐿𝑃 𝐶𝑂𝑆𝑆

Where Lp is the equivalent parasitic inductance and COSS is the n-channel power MOSFET total parallel
parasitic capacitance.
If an external capacitor, CEXT, is placed between OUT and ground, a different resonant frequency, f1,
can be observed, and COSS can be calculated as follows:
𝐶𝑂𝑆𝑆 =
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Where:
𝜒=

𝑓0
𝑓1

(3)

Once COSS is known Lp can be calculated from Equation 1:
𝐿𝑝 =

1
(2𝜋𝑓0 )2 𝐶𝑂𝑆𝑆

(4)

CALCULATING SNUBBER RESISTOR VALUE
Once the parasitic capacitance and inductance are known, the snubber damping resistor value can be
calculated.
The damping factor of a parallel RLC circuit is given by:
𝜁=

𝐿𝑝
1
√
2𝑅𝑆𝑁 𝐶𝑂𝑆𝑆

(5)

A damping factor of 1 (critically damped) is chosen for fastest possible rise time with no overshoot (see
Reference 5). So, rearranging Equation 5 for RSN:
1 𝐿𝑝
𝑅𝑆𝑁 = √
2 𝐶𝑂𝑆𝑆

(6)

SNUBBER CAPACITOR VALUE
A good choice of snubber capacitor, CSN, for effective damping and to minimize resistor power loss is
3 x COSS (see Reference 4).
The average power dissipated in the snubber resistor is calculated as shown in Equation 7 (see
Reference 6).
𝑃𝑅𝑆𝑁 = 𝐶𝑆𝑁 𝑉𝑆𝑃𝐾 2 𝑓𝑆𝑊

(7)

The snubber resistor must have a suitable power rating and is chosen based on corporate derating
guidelines.

EXAMPLE SNUBBER DESIGN
Figure 4 shows CS35L41 boosted Class-D amplifier output voltage overshoot and ringing.
waveform shows the unsnubbed ringing frequency is 111.11 MHz

The

Figure 4 CS35L41 output voltage overshoot and ringing

An external 1 nF capacitor is added to the output and a new ringing frequency of 45.87 MHz is
observed, as shown in Figure 5.
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Figure 5 CS35L41 output voltage overshoot and ringing with 1 nF external capacitor

The n-channel power MOSFET output capacitance is calculated as shown in Equation 2:
𝐶𝑂𝑆𝑆 =

1𝑛𝐹
111.11𝑀𝐻𝑧 2
(
) −1
45.87𝑀𝐻𝑧

= 205.45 𝑝𝐹

Total parasitic inductance is then calculated using Equation 4:
𝐿𝑝 =

1
= 9.99 𝑛𝐻
(2𝜋111.11𝑀𝐻𝑧)2 205.45𝑝𝐹

Snubber resistor is calculated using Equation 6:
1 9.99𝑛𝐻
𝑅𝑆𝑁 = √
= 3.45 Ω
2 205.45𝑝𝐹

Preferred component value 3Ω3 is chosen for snubber resistor and 560 pF for snubber capacitor
(approximately 3 x COSS). For best performance, a C0G/NP0 ceramic capacitor is recommended.
Average power consumption of the snubber resistor is calculated using Equation 7:
𝑃𝑅𝑆𝑁 = 560𝑝𝐹 × 112 × 430𝐾𝐻𝑧 = 29 𝑚𝑊

Figure 6 shows the high frequency ringing has been significantly damped by the snubber. The
overshoot amplitude is approximately 3 times smaller, and the ringing dies out after only a few
oscillations.

Figure 6 CS35L41 output voltage with RC snubber
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The common-mode spectrum of the PCB traces connecting Class-D amplifier CS35L41 to an 8 Ω,
33 µH load is measured in accordance with IEC 61967-4 (see Reference 7) using Rohde & Schwarz
ESRP7 EMI test receiver. Figure 7 shows that with the RC snubber there is approximately 12 dBm
attenuation at the ringing frequency.

Figure 7 CS35L41 common-mode spectrum

CONCLUSIONS
Voltage over/undershoot and ringing on the outputs of Class-D amplifiers can cause additional stress
to the power MOSFETs and lead to unacceptable radiated emissions.
An LC filter on the outputs attenuates radiated emissions but does not reduce voltage stress.
Over/undershoot and high frequency ringing is caused by resonances in parasitic inductance and
capacitance.
An RC snubber across the low-side Class-D power MOSFET can effectively damp the parasitic LC
tank.
Empirical measurements and straightforward calculations can be used to design the snubber circuit.
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