

















VERT A=5V/DIV
B=5V/DIV
HORIZ =1 pSEC/DIV

Fig 7—Loop oscillation in a booster stage produced this result.
Note the lower frequency of oscillation compared with the local oscil-
lation shown in Fig 6.

VERT =0.5V/DIV
HORIZ =200 nSEC/DIV

Fig 8—Excessive source impedance produced this serene—but un-
desired—result.

stages are fast enough to maintain stability when
placed in the amplifier’s feedback loop.

The serene rise and fall of the Fig 8 trace’s pulse is
a welcome relief from the oscillatory screaming of the
previous examples. Unfortunately, such tranquilized
behavior is simply too slow. This waveform is the result
of excessive source impedance. The high impedance
combines with the amplifier’s input capacitance to
band-limit the input, and the output reflects this action.
Reduce the source impedance to a level that maintains
the desired bandwidth, and minimize stray input
capacitance.
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Measuring amplifier settling time

High-resolution measurement of
an amplifier’s settling time is
often necessary. Frequently, a
DAC drives the amplifier. Of par-
ticular importance is the time re-
quired for the DAC-amplifier
combination to settle to its final
value after an input step. This
specification lets you set a cir-
cuit’s timing margins with confi-
dence that the data produced is
accurate. The settling time is the

total length of time from the in-
put-step application until the am-
plifier’s output remains within a
specified error-band around the
final value.

Fig A shows one way to meas-
ure DAC-amplifier settling time.
The circuit uses the false-sum-
node technique. The resistors and
amplifier form a summing net-
work. The amplifier output will
step positive when the DAC

moves. During amplifier slewing,
the diodes limit the voltage ex-
cursion at the oscilloscope probe.
The summing node is arranged so
that, when settling occurs, the os-
cilloscope probe voltage should be
zero. Note that the resistor di-
vider’s attenuation means the
probe’s output will be one-half
the actual settled voltage.

In theory, the Fig A circuit lets

Text continued on pg 142
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you observe settling to small am-
plitudes. In practice, you can’t
rely on this circuit to produce use-
ful measurements. Several flaws
exist, including the oscilloscope
connection. As probe capacitance
rises, ac loading of the resistor
junction will influence observed
settling waveforms. The 20-pF
probe alleviates this problem, but
its 10 X attenuation sacrifices os-
cilloscope gain. 1 X probes are
not suitable because of their ex-
cessive input capacitance. An ac-
tive 1x FET probe might work,
but another issue remains.

The clamp diodes at the probe
point are intended to reduce
swing during amplifier slewing,
preventing excessive oscilloscope
overdrive. Unfortunately, oscillo-
scope overdrive-recovery charac-

» INPUT STEP

TO SCOPE
SCOPE PROBE
20 pF OR LESS
TO SCOPE
500 <2 mV/DIV

PULSE = FALSE-SUM l

GENERATOR NODE. 9
L S
Vour =
SETTLED

Fig A—Using the false-sum-node technique, this circuit has limitations in its ability

to measure DAC-amplifier settling time.

teristics vary among different
types and are not usually speci-
fied. The 600-mV drop across the
diodes means the oscilloscope
may see an unacceptable over-
load, bringing displayed results
into question. With the oscillo-

scope set at 1-mV per division,
the diode voltage allows a 600:1
overdrive. Schottky diodes can
cut this in half, but this is still
much more than any real-time
vertical amplifier can accommo-
date (Ref 3). The oscilloscope’s
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Fig B—This settling-time test circuit uses a sampling bridge to eliminate the oscilloscope overdrive problem of the previous circuit.
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overload recovery will completely
dominate the observed wave-
form, and all measurements will
be meaningless.

One way to achieve reliable
settling-time measurements is to
clip the incoming waveform in
time, as well as amplitude. If you
prevent the oscilloscope from see-
ing the waveform until settling
is nearly complete, you can avoid
overload problems. Doing this re-
quires placing a switch at the set-
tle circuit’s output and controlling
it with an input-triggered, vari-
able delay. FET switches are not
suitable because of their gate-
source capacitance. This capaci-
tance lets gate-drive artifacts cor-
rupt the oscilloscope display, pro-
ducing confusing readings. In the
worst case, gate-drive transients

VERT A=5V/DIV
B= 4 mV/DIV
HORIZ =100 nSEC/DIV

Fig C—The 280-nsec settling time shown
here was measured using the Fig B cir-
cuit. The sampling switch closes just be-
fore the third vertical division, which lets
you observe the settling detail without
overdriving the oscilloscope.

VERT =4 mV/DIV
HORIZ =100 nSEC/DIV

Fig D—This 280-nsec settling-time
measurement was obtained using a sam-
pling scope at Fig B’s sampling-scope out-
put. The settling time and waveform is
identical to that of Fig C.

will be large enough to induce
overload, defeating the switch’s
purpose.

Fig B shows a way to imple-
ment a switch that largely elimi-
nates these problems. This circuit
lets you observe settling within
1 mV. The Schottky sampling
bridge is the actual switch. The
bridge’s inherent balance, com-
bined with matched diodes and
very high-speed complementary
bridge switching, yields a clean,
switched output. An output-
buffer stage unloads the settle
node and drives the diode bridge.

The operation of the DAC-
amplifier is as before. The addi-
tional circuitry provides the de-
layed switching function, elimi-
nating oscilloscope overdrive.
Buffering the settle node and
driving the Schottky bridge is the
EL2004, a unity-gain broadband
FET-input buffer that has a 3-pF
input capacitance and a 350-MHz
bandwidth. The pulse generator’s
output fires the 74123 1-shot cir-
cuit. The arrangement of the
74123 produces a delayed pulse
whose width sets the on-time of
the diode bridge. The 20-kQ po-
tentiometer controls the pulse de-
lay; the 5-k{) potentiometer con-
trols the pulse width. If you set
the delay appropriately, the
scope will not see any input until
settling is nearly complete, elimi-
nating overdrive. You adjust the
width of the sample window so
that all remaining settling activ-
ity is observable. In this way, the
oscilloscope’s output is reliable,
and you can take meaningful
data. Q, through Q, shift the level
of the 1-shot’s output, providing
complementary switching drive
to the bridge. The actual switch-
ing transistors, Q, and Q,, are
UHF types, permitting true dif-
ferential bridge-switching with
less than 1 nsec of time skew (Ref 4).

Using an oscilloscope having
adequate sensitivity, you can ob-
serve the output of the bridge di-

rectly or you can look at the out-
put of the LT1222, which pro-
vides a 10 X amplified version. A
third output, taken directly from
the EL2004, is also available.
This output, which bypasses the
entire switching circuitry, pro-
vides a monitoring point for a
sampling oscilloscope. Because of
their operating nature, sampling
oscilloscopes are inherently im-
mune to overload (Refs 5, 6, and
7). A good test of this settling-
time test fixture (and the above
statement) is to compare the sig-
nals displayed by the sampling
scope and the Schottky-bridge-
aided real-time scope.

As an additional test, you can
employ a completely different (al-
beit considerably more complex)
method of measuring settling
time, described by Barry Harvey
(Ref 8). All three approaches rep-
resent good measurement tech-
niques, and if you use proper con-
struction, the results should be
identical. That is, the data pro-
duced by the three methods has
a high probability of being valid.

Figs C, D, and E illustrate set-
tling time details of an AD565A
DAC and an LT1220 op amp. The
photos represent the sampling
bridge, sampling scope, and
“Harvey” methods, respectively.
Photos Figs C and E display the
input step for &onvenience in as-
certaining the elapsed time.
Photo Fig D, taken with a single-
trace sampling oscilloscope
(Tektronix 1S1 with a P6032 cath-
ode-follower probe in a 556 main-
frame), uses the left-most vertical
graticule line as its zero-time ref-
erence. All methods agree on a
280-nsec settling time to 0.01%
(1 mV on a 10V step). Note that
Harvey’s method inherently adds
30 nsec, which you must subtract
from the displayed 310-nsec to
get the real number. Note also
that the shape of the settling
waveform—in every detail—is

Text continued on pg 144
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Measuring amplifier settling time (continued)

identical in all three photographs.
This kind of agreement provides
a high degree of credibility for
the measured results.

Some poorly designed amplifi-
ers exhibit a substantial “thermal
tail” after responding to an input
step. This phenomenon, caused
by die heating, can cause the out-
put to wander outside desired
limits long after settling has ap-
parently occurred. After check-
ing the settling at high speed, it
is always a good idea to slow
down the oscilloscope sweep and
look for thermal tails. Often, you
can accentuate the thermal tail’s
effect by loading the amplifier’s
output. Such a tail can make an
amplifier appear to have settled
in a much shorter time than it
actually has.

Select the feedback capacitor

To get the best possible set-
tling time from any amplifier, you
should choose the feedback ca-
pacitor, Cy, carefully. The pur-
pose of Cy is to roll off the ampli-
fier gain at the frequency that
permits the best dynamic re-
sponse. The optimum value for Cr
will depend on the feedback resis-
tor’s value and the characteristics
of the source. DACs are one of
the most common sources and
also one of the most difficult.
Usually, you must convert a

VERT A=5V/DIV
B=40 mV/DIV
HORIZ =100 nSEC/DIV

Fig E—Harvey’s method was used to ob-
tain this 280-nsec settling-time measure-
ment. After subtracting this method’s in-
herent 30-nsec delay, the settling time and
waveform are identical to that of Figs C
and D.

DAC'’s current output to a volt-
age. Although an op amp can eas-
ily do this, care is required to ob-
tain good dynamic performance.
A fast DAC can settle to 0.01%
in 200 nsec or less, but its output
also includes a parasitic capaci-
tance term, making the ampli-
fier’s job more difficult. Nor-
mally, the circuit unloads the
DAC'’s current output directly
into the amplifier’s summing
junction, placing the parasitic ca-
pacitance from ground to the am-
plifier’s input. The capacitance in-
troduces feedback phase-shift at
high frequencies, forcing the am-
plifier to hunt and ring about the
final value before settling.

Different DACs have different
values of output capacitance.
CMOS DACs have the highest
output capacitance, which varies
with code. Bipolar DACs typi-
cally have 20- to 30-pF of capaci-
tance, which is stable over all
codes. Because of their output ca-
pacitance, DACs furnish an in-
structive example in amplifier
compensation.

Fig Fa shows the response of
an industry-standard DAC-80
type and a relatively slow op
amp. Trace A is the input, and
traces B and C are the amplifier
and settle outputs, respectively.
In this example, there is no feed-
back capacitor (Cy), and the
amplifier rings badly before set-
tling. In Fig Fb, an 82-pF unit
stops the ringing and settling
time goes down to 4 psec. The
overdamped response means that
Cr dominates the capacitance at
the AUT’s input, assuring stabil-
ity. For the fastest response, you
must reduce the value of Cy. Fig
Fec shows the critically damped
behavior obtained with a 22-pF
unit. The settling time of 2 psec
is the best obtainable for this
DAC-amplifier combination.
Higher speed is possible with
faster amplifiers and DACs, but
the compensation issues remain
the same.

VERT A=5V/DIV

VERT A=5V/DIV

VERT A=5V/DIV

B=5V/DIV B=5V/DIV B=5V/DIV
C=0.01V/DIV C=0.01V/DIV C=0.01V/DIV
(a) HORIZ =1 pSEC/DIV (b) HORIZ=2 pnSEC/DIV (c) HORIZ=1 pSEC/DIV

Fig F—These three scope traces show the effects of different values of feedback capacitors on DAC-amplifier combinations. The
values for the three photos are no capacitance (a), 82 pF (b), and 22 pF (c).
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High-speed amplifiers

With low offset and drift

Amplifiers designed for wide bandwidth
or fast settling often exhibit inferior char-
acteristics at dc—that 1s, high voltage,
current offset, and drift. Used with care,
the techniques described here let you build
circuits that exhibit exemplary perform-
ance from dc to MHz.

Jim Williams, Linear Technology Corp

ften, you must produce an amplifier circuit that

has both the low offset of a de amplifier and the

wide bandwidth of a fast device. A number of
techniques let you achieve such a result. Which method
is best depends heavily on your application. Several
circuits follow that you can study, build, and compare
to determine what'’s best for you.

Fig 1 shows a composite amplifier that consists of
an LT1097 low-drift device (IC,) and an LT1191 high-
speed amplifier (IC,). The overall circuit is a unity-gain
inverter that has its summing node at the junction of
the two 1-kQ resistors. IC; monitors this summing
node, compares it to ground, and drives IC,’s positive
input to complete a de-stabilizing loop around IC,. The
100-k-0.01-w.F time constant at IC, limits the ampli-
fier’s response to low-frequency signals. IC, handles

EDN October 24, 1991

high-frequency inputs, whereas IC, stabilizes the de
operating point. The 4.7-k/220Q) divider at IC,’s input
prevents excessive overdrive during startup. This cir-
cuit combines IC,’s 35-nV offset and 1.5-wV/°C drift
with IC,’s 450V/usec slew rate and 90-MHz bandwidth.
Bias current, dominated by IC,, is about 500 nA.

Fig 2 is similar, except that the sensing is differen-
tial, preserving access to both of the fast amplifier’s
inputs. IC,; measures the dc error at IC,’s input termi-
nals and biases IC,’s offset pin to force the offset to
within 50 pV. IC,’s offset-pin biasing arrangement al-
ways lets IC, find the servo point. The 0.01-pF capaci-
tor rolls off IC,’s gain at low frequencies, and IC, han-

1k
VWA

IC>
LT1191

+

—O OUTPUT

220

Fig I—An integrator (IC,) reduces the drift of a wideband amplifier
(IC,) by applying a signal to the wideband amplifier's noninverting
input. That signal holds the wideband amplifier's summing junction
at ground.
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Fig 2—You can also stabilize the offset of a wideband amplifier
(ICs, in this case) by using a precision dc amplifier (IC;) to apply
correcting signals to the wideband amplifier’s offset-trim adjustment pin.

dles high-frequency signals. The combined characteris-
tics of these amplifiers yield an offset voltage of 50
nV, an offset drift of 1 pV/°C, a slew rate of 250
V/usec, and a gain bandwidth of 456 MHz.

Fig 3 shows wideband, highly stable gain-of-10 am-
plifier with high input impedance. The input capaci-
tance is about 3 pF. Because of its low input capaci-
tance and low (100 pA) bias current, the circuit is well

suited for use in probing IC wafers or as a pin amplifier
in automatic-test systems.

Q; and Q, constitute a simple, high-speed FET-input
buffer. Q; functions as a source follower, and the Q.
current-source load sets the drain-to-source channel
current. IC, provides a gain of 10 with 100-MHz band-
width. Normally, this open-loop configuration would
drift unacceptably because there is no de feedback.
IC,, by comparing the filtered circuit output to a simi-
larly filtered version of the input signal, provides the
feedback to stabilize the circuit. The amplified differ-
ence between these signals sets Q,’s bias—and hence
Q,’s channel current—thereby forcing Q,’s Vs to match
the circuit’s input and output potentials. The capacitor
around IC, provides stable loop compensation. The R-C
network in IC,’s output prevents that output from see-
ing high-speed edges coupled through Q,’s collector-
base junction.

Fig 4a shows a way to combine wide bandwidth
with true differential inputs and de stabilization. IC,
and IC, sense the input differentially at gains of 10.
Wideband amplifier IC; feeds high-frequency signals
to output amplifier IC; via a highpass network. Low-
frequency and de information get to IC; via the slower
IC,. The 2-kQ/200-pF lowpass networks remove the
input signal’s high-frequency components, so only
lower frequencies reach IC,. Because the gain and
bandwidth of the high- and low-frequency paths
complement each other, IC;’s output is an undistorted,
amplified version of the input (see Fig 4b, trace D.)

Fig 4b, trace A is one side of a differential input
signal applied to the circuit. Trace B is IC,’s output

INPUT 15V
o

<>——| Q,
2N5486

IC,
LT122

OUTPUT

900

100

Fig 3—An integrator (IC,) drives a current
source (Qs), which biases a FET (Q,) that
completes a dc feedback loop around IC, to
stabilize the amplifier’s operation at de.
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taken at the junction of the 500() potentiometer and
0.001-wF capacitor. Trace C is IC,’s output. With the
“ac-gain” and “de-gain-match” trims properly adjusted,
the two paths’ contributions match up and trace D is
clean, with no residual artifacts. You can optimize the
adjustments by trimming the ac gain for the squarest
corners and the de-gain match for a flat top. Bandwidth
for this circuit exceeds 35 MHz; slew rate is 450V/psec;
and de offset is about 200 pV.

Parallel paths yield the best of two worlds

Fig 5a shows a very powerful extension of the previ-
ous circuit. The circuits operate similarly, but this one
has a gain of 1000; its bandwidth is about 35 MHz; its
rise time is 7 nsec; and its delay is less than 7.5 nsec.
Full-power response is available to 10 MHz, and broad-
band input noise is about 15 wV. This kind of speed,
coupled with true differential inputs, a gain of 1000,
high dc stability, and low cost make the circuit broadly
applicable in wideband instrumentation.

As before, two differential amplifiers, IC, and IC,,
simultaneously sense the inputs. In this case, IC, is a
592-733 type operating at a gain of 100. Its differential
outputs feed output amplifier IC; via 1-pF/1-kQ high-
pass networks that strip out the de content of IC,’s
output. IC,, a precision dc differential amplifier, oper-
ates in similar fashion to its counterpart in the previous
circuit, supplying de and low-frequency information to
IC; at a trimmed gain of 100.

In this case, the output amplifier, IC;, is not a fol-
lower but a differential-input/single-ended-output gain
block whose nominal gain is 10. This change is neces-
sary because IC,’s differential output must become a
single-ended signal to provide the circuit’s final output.
Consequently, IC, does not directly apply its low-
frequency information to IC; as it did before. Instead,
IC, measures the difference between IC,’s output and
a fraction of IC,’s output. IC,’s output, biasing IC,’s
positive input via the 1-k{) resistor, closes a loop
around the circuit’s de¢ and low-frequency path. To
make the circuit’s de gain equal to its ac gain, you
adjust the divider that feeds IC,’s negative input.

Fig 5b shows the circuit’s response to a 60-nsec,
2.5-mV pulse, trace A. The x1000 output, trace B,
responds cleanly, with both delay and rise time in the
5- to T-nsec range. Some small amount of overshoot is
evident, but you can trim the overshoot with the peak-
ing adjustment at IC,. Fig 5c¢ plots the circuit’s gain
vs frequency. The gain is flat within 0.5 dB to 20
MHz, with the —3 dB point at 40 MHz. The overshoot
of Fig 5b shows up here as a very slight gain increase
starting around 1 MHz and continuing to about 15
MHz. The peaking adjustment eliminates this effect.

To use this circuit, apply a low-frequency or dc signal
of known amplitude and adjust the low-frequency gain
to x1000 after the output has settled. Next, adjust
the high-frequency gain so that the signal’s leading
and trailing corners have amplitudes identical to those

+O
INPUT
-Or

0.001 pF

9.09K"  /ac GAIN
< 500

—0O
y OUTPUT

(a)

A 0.1V/DIV

B 2V/IDIV

C 2v/IDIV

D 2V/DIV

HORIZ=1 xSEC/DIV

(b)

Fig 4—Parallel paths for ac and dc signals (a) provide low offset and good dynamic response—if you correctly adjust the trims (b, trace D).

EDN October 24, 1991

151



THE

JIM WILLIAMS

PAP

of the settled portion. Finally, trim the peaking adjust-
ment for the best settling of the output pulse’s corners.

Fig 5d shows the input (trace A) and output (trace
B) waveforms with all adjustments properly set. The
fidelity is excellent, with no aberrations or other arti-
facts of the parallel-path operation evident. Fig 5e
shows the effects of too much ac gain; excessive peak-
ing on the edges, with proper amplitude achieved only
after the de channel takes control of the output. Simi-
larly, excessive de gain produces Fig 5f's traces. The
ac-gain path provides proper initial response, but too

ERS

much de gain forces a long, tailing response that finally
settles at an incorrect amplitude.

The use of parallel-path schemes to simultaneously
achieve wide bandwidth and outstanding dc perform-
ance isn’t new. In fact, it predates the use of low-drift
bipolar differential gain stages. The first parallel-path
amplifiers achieved dc stability by using electrome-
chanical choppers to convert de to ac. Gain stages con-
sisting first of vacuum tubes and later of Germanium
transistors amplified the chopped de. Synchronous rec-
tifiers converted the ac back to de. AC-coupled amplifi-
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Fig 5—A differential-to-single-ended gain of 1000 with 38-MHz bandwidth and excellent dc characteristics results from extending the
parallel-path architecture, (a). The pulse response (b, trace B) shows a minimum of overshoot, which is reflected in the frequency response

152

EDN October 24, 1991



ers in parallel with the chopper amplifiers provided
good bandwidth. As Figs 5e and 5f illustrate, these
schemes have historically had a problem in many appli-
cations that demand the best at both de and high fre-
quencies: Unless you carefully match the dec and ac
gains, the amplifiers’ response to an input voltage step
exhibits a long “tail.” Keeping the response free of
such tails over wide temperature ranges and long peri-
ods of time has always presented a challenge. Modern
components make meeting that challenge easier, but
the challenge still exists. EDN

Author’s biography
For more information on this article’s author, turn to page
163 in the October 10, 1991, issue.

Article Interest Quotient (Circle One)
High 473 Medium 474 Low 475

A 500 uV/IDIV
B 0.5V/DIV
(b)
A2 mviDiv [ e e B
e g
B 2V/DIV
(e) HORIZ=100 ,SEC/DIV

A 2 mV/IDIV

B 2V/DIV

(U]

HORIZ=100 xSEC/DIV

(¢) as a slight peak near 6 MHz. In the other three photos, (d, e, and f), you see, respectively, the effects of correctly matching the ac and

dec gains, setting the ac gain too high, and setting the dc gain too high.
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