
56  EDN  |  MAY 1, 2008

While working with a 10-bit 
DI-184 module from Dataq to 

monitor and display vibration-sensor 
data, I found that, although the chart 
displays a time index, this time refer-
ence is not visible in the saved file. 
You can add time ticks, representing 
seconds or minutes, to a chart graphic 

by using a simple and inexpensive crys-
tal-based microcontroller to generate a 
sequence of tags on a dedicated chart 
channel. Figure 1 shows a small, eight-
pin 12F508 microcontroller from Mi-
crochip Technology (www.microchip.
com) that provides multiple timing 
ticks. Listing 1, the microcontroller’s 

program is available in the Web version 
of this Design Idea at www.edn.com/
080501di3. It offers four timing sequenc-
es. You can select a timing sequence 
by strapping pins 4 and 6 (Table 1, 
also at www.edn.com/080501di3).

The 4-MHz crystal maintains a sol-
id instruction-timing reference, and 
equalized coded branches in the list-
ing maintain accurate timing ticks. 
You can also configure the 12F508 
with an internal, 4-MHz RC oscilla-
tor. You base the coded loops on a se-
quence of exactly 25 instructions, and 
they provide a fundamental, base-ref-
erence loop that is exactly 100 instruc-
tions. A 16-bit register counter serves 
as the multiplier to produce the base 
timing. For use with scopes, you can 
recode the listing with minor chang-
es to use 50 instructions or a 50-�sec 
base-timing-tick minimum. The 8-bit 
registers in the equalized loop provide 
multipliers to produce the additionally 
tiered output. The microcontroller uses 
two output pins, 5 and 7, as a pseudo 
2-bit DAC. This configuration gener-
ates one of four voltage levels for tim-
ing ticks that display continuously, and 
you can record them along with appli-
cation data.EDN
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Microcontroller displays multiple 
chart or oscilloscope timing ticks
William Grill, Honeywell, Lenexa, KS
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Figure 1 An 8-bit microcontroller with output pins 5 and 7 configured as a 2-bit 
DAC provides precise timing ticks to annotate captured data.

An inexpensive way to imple-
ment high-resolution digital-

to-analog conversion is to combine 
microcontroller-PWM (pulse-width-
modulated) outputs with precision 
analog-voltage references, CMOS 
switches, and analog filtering (Refer-
ence 1). However, PWM-DAC design 
presents a big design problem: How do 
you adequately suppress the large ac-
ripple component inevitably present in 
the switch’s outputs? The ripple prob-
lem becomes especially severe when 
you use typical 16-bit microcontroller-
PWM peripherals for DAC control; 
such high-resolution PWM functions 
usually have long cycles because of the 
large 216 countdown modulus of 16-bit 

Fast-settling synchronous-PWM-DAC filter has almost no ripple
W Stephen Woodward, 
Chapel Hill, NC
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Figure 1 This DAC ripple filter combines a differential integrator, A1, with a 
sample-and-hold amplifier, A2, in a feedback loop operating synchronously 
with the PWM.
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Some op amps, such as the 
AD8041 from Analog Devices 

(www.analog.com) and the EL5100 
from Intersil (www.intersil.com), pro-
vide a disable pin, which allows you 
to parallel the outputs of several op 
amps for video multiplexing. In addi-
tion to this multiplexing, you can also 
use the disable function to configure 
the op amp as a phase detector or a 
frequency mixer. Figure 1 shows how 
the disable function can implement a 
low-frequency phase detector. You can 
switch the gain of this circuit’s ampli-
fier on and off at the rate of the phase-
reference signal. Doing so produces a 
dc component at the output of the op 
amp. This component is proportional 
to the cosine of the phase difference 
between the phase of the input signal 

and the phase of the reference signal.
In the circuit, the output of the op 

amp is: VOUT(t)�VIN(t)�G(t), where 
VIN(t)�A cos(�REFt��), and G(t) is 
the time-varying gain of the op amp. 
G(t) is a 50%-duty-cycle square wave 
that switches from zero to G0 at the fre-
quency of the phase-reference signal. 
G0 is the gain of the op amp when the 
op amp is enabled. Because G(t) is a 
time-varying periodic function expand 
it in a Fourier series: G(t)�G0[1/2�2/
�{cos(�REFt)�1/3cos(3�REFt)�1/
5cos(5�REFt)�…}].

Multiplying VIN(t) by G(t) and re-
taining only the dc terms, the dc compo-
nent of the output is VOUT(dc)�(AG0/
�)cos(�).

The EL5100 op amp in Figure 1 has 
a 200-MHz unity-gain bandwidth, and 

you can turn its output on and off by 
applying a square wave of at least 0 
to 4V to the output-disable terminal, 
Pin 8. Using the feedback resistances 
shown and with G0�3, the peak out-
put voltage of the phase detector is ap-
proximately equal to the peak value 
of the input signal. The EL5100 has a 
disable time of 180 nsec and an enable 
time of 650 nsec, which allows you to 
gain-switch the device to approximate-
ly 250 kHz. At higher frequencies, the 
gain of the phase detector falls off be-
cause the gain-switching no longer has 
a 50% duty cycle.

The lowpass filter following the op 
amp extracts the dc component of 
VOUT(t) and has a 3-dB point at 800 
Hz. A 100� resistor in series with 
the 0.1-	F shunt capacitor limits the 
phase lag of the filter when the phase 
detector is inside a PLL (phase-locked 
loop). The values in Figure 1 provide 
a maximum phase lag of approximate-
ly 65
. Using 5 and �5V power sup-

designideas

timers and comparators. This 
situation results in ac-frequen-
cy components as inconve-
niently slow as 100 or 200 Hz. 
With such low ripple frequen-
cies, if you employ enough or-
dinary analog lowpass filtering 
to suppress ripple to 16-bit—
that is, �96-dB—noise levels, 
DAC settling can become a 
full second or more.

The circuit in Figure 1 
avoids most of the problems of 
lowpass filtering by combining 
a differential integrator, A1, 
with a sample-and-hold am-
plifier, A2, in a feedback loop 
operating synchronously with 
the PWM cycle, T2 in Figure 
2. If you make the integrator 
time constant equal to the PWM cycle 
time—that is, R1�C1�T2—and, if the 
sample capacitor, C2, is equal to the 
hold capacitor, C3, then the filter can 
acquire and settle to a new DAC value 
in exactly one PWM-cycle time. Al-
though this approach hardly makes the 

resulting DAC exactly “high speed,” 
0.01-sec settling is still 100 times bet-
ter than 1-second settling. Just as im-
portant as speed, this improvement 
in settling time comes without com-
promising ripple attenuation. Ripple 
suppression of the synchronous filter 

is, in theory, infinite, and the 
only limit in practice is non-
zero-charge injection from S2 
into C3. The choice of a low-
injected-charge switch for S2 
and an approximately 1-	F 
capacitance for C3 can easily 
result in ripple amplitudes of 
microvolts.

Optional feedback-voltage 
divider R2/R3 provides flex-
ibility in a DAC-output span 
with common voltage refer-
ences. For example, if R2�R3, 
then a 0 to 10V output span 
will result from a 5V refer-
ence. An additional advan-
tage of this method of span 
adjustment is that output rip-
ple remains independent of 

reference amplification.EDN
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 Woodward, Steve, “Combine two 
8-bit outputs to make one 16-bit 
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www.edn.com/article/CA454640.

Switched-gain op amp serves 
as phase detector or mixer
W Bruce Warren, Marietta, GA

Figure 2 The DAC output settles within one cycle.
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