
Art of Electronics – The x-Chapters

4x.25 Ripple Reduction in PWM

From the ever-inventive Stephen Woodward comes this
astonishingly effective (and remarkably simple!) trick
to reduce greatly the residual ripple in a pulse-width-
modulated DAC. Recall (from §§13.2.8 and 15.6) that you
can use PWM as a simple DAC, smoothing the rectangular-
wave output with anRC lowpass averager (or relying on
the load’s inherent averaging, as in a thermal regulator).
But in choosing the averaging time constant you’re caught
in an unfavorable trade-off: a short time constant responds
more quickly, but produces greater residual ripple at the
switching frequency. As summarized by Woodward,109 a
traditionalRC-filtered PWM produces a worst-case ripple
amplitude (at 50% switching, i.e., mid-scale) of

vpp−ripple ≈
TPWM

4RC
Vfs (4x.8)

whereVfs is the full-scale output range,TPWM is the switch-
ing period (1/ f ), and the ripple is assumed small compared
with Vfs (i.e.,RC≫TPWM).

Now here’s the rub: you’d probably chooseRC large
enough to keep the ripple down to an equivalent LSB of
your converter. But a long time constant means a slow re-
sponse. It’s not hard to show that the time for anRC-filtered
PWM to settle to within its ripple voltage of its final value
is

tsettle= RCloge
Vfs
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As Woodward helpfully points out, the settling time re-
ally gets long when you’re trying for more than a few bits
of resolution. He illustrates with a modest 8-bit example,
where you’d chooseRC so that the peak-to-peak ripple
equals an LSB (i.e.,vripple=Vfs/256), thus (via eq’n 4x.8)
RC=64Tpwm. The resulting settling time (to an LSB) is
then (via eq’n 4x.9)tsettle=64TPWM loge256=355TPWM.
This is along time: a PWM clocking at 10 kHz would take
all of 35 milliseconds to settle (you can think of that as a
meager 30 conversions/sec from a 10 kHz clock).

What can be done? Woodward to the rescue – kill the
ripple by ac-coupling an inverted PWM to the smoothing

109 S. Woodward, “Cancel PWM DAC ripple with analog subtraction,”
EDN, 28 Nov 2017.
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Figure 4x.154. PWM ripple canceler: adding an ac-coupled in-
verted pulse current to the traditional R1C1 greatly reduces the rip-
ple amplitude. The resistors R1 and R2 should be of equal value.

capacitor (Fig. 4x.154). This is easily done: if you’re us-
ing logic levels (the usual case), just use an inverting gate,
as indicated.110 With R1=R2 andC1=C2, this reduces the
worst-case ripple and settling time to111
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Revisiting the 8-bit example, we get to reduceRCto just
2.8TPWM for an LSB ripple, with a resultant settling time
tsettle=44TPWM=4.4 ms, or 8 times faster. In the general
case ofn-bit conversion, this trick reduces the settling time
by a factor of 2

n
2−1, assuming as above that theRC time

constant is chosen for an LSB worst-case ripple.
Can it really be this good? To find out, we rigged up the

circuit of Figure 4x.154 on the bench, and measured some
waveforms. Figure 4x.155 compares the steady-state ripple
with and without the canceler, for a half-scale output (i.e.,
a square wave, or 50% duty cycle). We choseRC values
(267 kΩ, 0.24µF) to produce a 1LSB ripple (80 mV for
5 V full-scale) for 6-bit conversion with the conventional
circuit, then added the canceling circuit with the sameRC
values; the comparison is stunning.

To illustrate better the benefits of the canceler circuit, we
ran the circuits with a shorter clock cycle (2 kHz) and an
RC time constant (13 kΩ and 0.24µF, thus∼3 ms) corre-
sponding to about 1/6 of a clock cycle. The measured traces
in Figure 4x.156 show the situation nicely: Compared with
the traditionalRCfilter (trace A), the canceler has far lower
ripple, but with slower response and settling time (trace B).

110 If, striving for greater precision, you’re using a precision voltage ref-
erence and an SPDT analog switch, just use a second switch, with the
inputs reversed, see Fig. 4x.158.

111 These differ by factors of 1/2 and 2, respectively, from the correspond-
ing equations in Woodward’s article; they have been validated with
SPICEsimulations.
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Figure 4x.155. Testing the PWM ripple canceler of Fig. 4x.154.
The 250 Hz PWM square wave has 5 Vpp amplitude. Full-scale of
the ac-coupled waveforms corresponds to 1LSB for 6-bit conver-
sion. Horizontal: 2 ms/div.
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Figure 4x.156. Ripple canceler versus traditional RC filter, with
2 kHz 6 Vpp square wave input: A. simple RC, time constant of
∼3 ms (6 PWM cycles). B. ripple canceler, same RCvalues. C. rip-
ple canceler, time constant shortened to match speed of simple RC
filter. D. ripple canceler, time constant shortened further to match
ripple of simple RCfilter. Vertical: 0.5 V/div; Horizontal: 2 ms/div.

By shortening the canceler’s time constant by a factor of 3
(R=4.4k) the response (trace C) approximately matches
that of trace A, but still with significantly reduced ripple.
If instead you want to match theripple of the traditional
RC filter, you can shorten further the time constant of the
canceler (trace D), to optimize settling time.

Finally, while happily seated at our favorite test bench,
we again compared slewing/settling performance of the
two circuits, this time selectingRC values that produced
ripple amplitudes equal to 1LSB at a realistically high res-
olution (8 bits this time) for each configuration separately.
This is what you would do, of course, to take full advan-
tage of the circuit. We used a 1 kHz logic-level square wave
(Vs=4.8 V), with R=267k andC=283 nF (traditionalRC
circuit) or 16 nF (canceler circuit). Figure 4x.157 shows
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Figure 4x.157. Comparing slewing and settling for the ripple can-
celer, with RCvalues chosen for equal ripple (1LSB/8-bit). The input
step is from zero to 50% full-scale. Vertical: 400 mV/div; Horizontal:
20 ms/div.

the measured waveforms, nicely displaying the∼8× faster
settling when the canceler circuit is deployed.

The Rules
In the spirit of an engineer’s rulebook, let’s simplify these
results for easy design of the Woodward circuit.
1. To match thedynamics(slew rate) of the traditionalRC
PWM filter, simply reduce theRC product by a factor of
three. The resulting ripple will be reduced by a factor of
TPWM/2RC.
2. To produce ripple equal to an LSB of an equivalentn-
bit DAC, chooseRC=0.7·2n

2−2TPWM. The settling time
to 1LSB will be approximatelytsettle=0.35n2

n
2 TPWM, a

reduction (relative to the traditionalRC filter) by a factor
of 2

n
2−1.

Some comments
(1) Logic power supplies are notoriously inaccurate, so if
you want to exploit the PWM’s potential accuracy (it’s dig-
itally timed, after all), use a stable reference and a pair of
SPDT analog switches,112 as in Figure 4x.158.
(2) How sensitive is the cancellation to mismatch of re-
sistorsR1 and R2? To find out, we ran aSPICE simu-
lation, an ideal tool for exploring this kind of question.
Figure 4x.159 shows a blowup of the waveform as it ap-
proaches the final voltage, for matched resistors and for
mismatches of±10%. The latter roughly double the ripple
amplitude, whereas a simulation with±2% mismatched
resistors showed negligible increase in ripple. The bottom
line: standard 1% resistors are adequate for this circuit.

112 Or you can use a single DPDT analog switch, for example the
TS5A23157.



R1
S1

S1, S2 : 74LVC1G3157, etc

S2

R2
C2

C1

Vout

Vref

PWM

+2.50

+3.3

Figure 4x.158. Use a stable reference and analog switches for
better precision and stability in a PWM DAC. With this scheme no
logic inverter is needed.

(3) How about capacitor mismatch? Further simulations
revealed that the performance is insensitive to capacitor
matching; the ripple was unchanged with a mismatch of
±5%. You can think ofC2 as an ac coupling capacitor,
with R2 providing the well-matched pulses of current. Al-
though the circuit works well enough with significantly
mismatched capacitors, it seems best to chooseC2=C1,
with 10% tolerance capacitors altogether adequate.
(4) But hey, why bother with all this when you can get in-
expensive and tiny DACs to do the same job? For example,
the Microchip MCP4921 is a 12-bit DAC with SPI input
that costs just $2 in unit quantities, and it comes in DIP,
SOIC, MSOP, and DFN packages. No need for anyR’s and
C’s, and in MSOP-8 it takes up less board space than the
inverter andRCpairs needed for Woodward’s circuit.
(5) We can answer that! Sometimes you’ve got a microcon-
troller with PWM andPWM outputs already available, so
by adding an extraR andC you get significantly improved
performance over the conventionalRCfilter.
(6) And, as long as we’re interested in PWM as a way
to generate clean analog outputs, we cannot resist send-
ing you to the remarkable LTC2645 family of quad PWM-
to-voltage-output DACs: they come in 8-, 10-, and 12-
bit versions, and they featurezero latency, because they
use the timing of successive edges to set the output volt-
age. To quote from the datasheet, “The DAC outputs
update and settle to 12-bit accuracy within 8µs typi-
cally, . . . eliminating voltage ripple and replacing slow ana-
log filters and buffer amplifiers.” What’s not to like about
these parts, which include a precision 10 ppm/◦C inter-
nal reference and rail-to-rail output buffers, are guaranteed
monotonic, and can source and sink 5 mA when operated
from 3 V (or 10 mA from a 5 V supply)?

For additional amusements on PWM, be sure to check
out §9x.5.
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PWM Cycles After Transient
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Figure 4x.159. This SPICE simulation shows the effect of a 10%
mismatch in R1 and R2; for adequate performance use 1% resistors.
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