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Build Precise S/H Amps for Fast 12-Bit ADCs

TODAY’S F'AST,

- PrecisioN IC Op
Amprs AND FET
SWITCHES BUILD

THE Low-COST

SAMPLE-
AND-HOLD
AMPLIFIERS
NEEDED BY
SUB-1 .S,
12-BITA-D
CONVERTERS.
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by John Syivan

iscrete sample-and-
hold amplifiers place
heavy demands on
operational amplifi-
ers. The op amps
must have excellent
ac performance and
promise good dc
specifications. While
sampling, they must track the input
signal without distortion—a demand
for wide, full-power bandwidth.
When switching from the hold to
sampling mode they should acquire
the signal quickly. Here, high slew
rates and fast settling times are vi-
tal. To ensure 12-bit precision over a
wide operating temperature range,
dc specifications such as offset volt-
age and offset voltage drift must be
low.

Low input-bias current is a manda-
tory requirement for an op amp to be
used in a s/h amplifier. High bias
current leads to excessive droop
rates. Therefore, s/h amplifier cir-
cuits require FET-input amplifiers.
Typical FET designs have delivered
settling times of 1 us to 0.01%.

processes now used to manufacture
FET op amps combine low picoam-
pere bias currents with 356 MHz uni-
ty-gain bandwidths and 12-bit accu-
rate settling times under 130 ns.
Moreover, they work from standard
+15-V supplies, easily accommodat-
ing wide dynamic-range signals.

S/h amplifier circuits will use one
of several standard architectures:
closed-loop or open-loop, and invert-
ing or noninverting configurations.
No matter what circuit type design-

and disconnect the input signal from
the hold capacitor. In addition, a
FET-input amplifier is needed to
buffer the voltage on the hold capaci-
tor and drive an a-d converter.

FAST, SIMPLE SAMPLING

Three low-cost CMOS switches,
two CB op amps, and a few resistors
and capacitors are all that’s needed

Newer complementary bipolar (CB)
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ers employ, they need to incorporate :
a high-speed amplifier to buffer the
input signal and a switch to connect .

to build a fast, simple, low-cost s/h -
amplifier from discrete IC op amps



(Fig. 1). The circuit’s full-power
bandwidth is in excess of 250 kHz,
acquiring a £5-V input signal in ap-
proximately 1 us—and it can be built
for about $15.

Operating as a unity-gain voltage

ower, opamp A, buffers the input
«ignal and supplies a minimum of 50
maA to charge the 100 pF hold capaci-
tor, Cy,. Most older, fast, IC opamps
don't have nearly this output current
capacity—it’s needed to charge a ca-
pacitor at high speed. In addition,
many fast op amps would be unsta-
ble driving even 100 pF. This buffer,
an AD841, is unity-gain stable and its
full power bandwidth is close to 5
MHz.

Op amp A, does the sampling. It
keeps the sampled charge on the
hold capacitor and drives the next
link in the system, for example the
input of a high-speed, high-resolu-
tion a-d converter. A, an AD845
FET-input op amp, has an input bias
current of just 500 pA, slews at 100
V/us, and settles to within 0.01% of
final value in under 250 ns for £5-V
output steps.

The circuit’s overall design em-
ploys a noninverting, closed-loop
configuration. Closed-loop designs
typically trade off better accuracy
~nd linearity for slower speed. In

st closed-loop designs, the input
-wmplifier usually saturates whenit’s
disconnected from the second stage.
This occurs because the feedback
loop is broken.

But this circuit overcomes that
limitation by having a separate feed-
back path around A, and a double-
pole, single-throw switch at the am-
plifier's input. When the circuit is in
the “hold” mode, the noninverting
input of A, switches to ground, driv-
ing the amplifier’s output to ground
as well. The drawback to the design,
however, is that the s/h amplifier
must return from zero potential af-
ter each hold time. This serves to
lengthen the acquisition time.

CMOS SWITCHES

To minimize acquisition time, the
circuit’s RC time constant, composed
of (R;, + the on-resistance of the
switch) X Cy,, should be minimal.
This requires switches with low on-

resistance. New generations of fast
CMOS switches, such as the DG417
and DG419 from Siliconix, Santa
Clara, Calif., offer on-resistances of
35 0 and turn off in just 200 ns. More-
over, these high-speed ICs operate
from +15-V op amp supplies readily
accommodating a wide-range of in-
put signals.

The choice of switch is a trade-off
between circuit complexity and per-
formance. Complete CMOS switches
operate over a wide voltage range,
but they typically have higher
charge injection than discrete FETs,
which leads to larger pedestal er-

LTHOUGH RE-

QUIRING MORE
DESIGN WORK, A DI§-
CRETE APPROACH MAY
BE A COST-EFFECTIVE
ALTERNATIVE
TO BUYING AN
EXPENSIVE HYBRID.

rors. They also turn off and turn on
slower than discrete FETs. Howev-
er, CMOS switches operate directly
from TTL or CMOS logic signals,
eliminating the need for extra level-
shifting circuitry.

Pedestal-error is a major error
source in high-speed s/h amplifier
circuits, especially as the value of the
hold capacitor is reduced to lower ac-
quisition time. When the hold-switch
opens, it injects the charge held onits
gate-to-source parasitic capacitance
onto the hold capacitor changing the
op amp's output voltage. The change
in output voltage, AV,,, seen by the
amplifier equals:

Equation 1: AV, = AQ/Cy

where Q is the charge in picocou-
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lombs and Cy is the value of the hold
capacitor, typically in picofarads.
The effects of charge injection are -
significant. For example, injecting
just 5 pC of charge into a hold capaci-
tance of 86 pF causes a change in out-
put voltage of 58 mV—a 24 LSB er-
ror for a 12-bit a-d converter with a
+5-V full-scale input range.

To reduce pedestal error,as/ham-
plifier can employ a differential
mode of operation (Fig. 1 again).
When the circuit switches from sam-
pling or tracking the input signal to
the hold mode, a second hold switch
(SW.,) injects an equal charge onto
Cyy balancing the effects of charge
injection on Cy,. As a result, the ped-
estal error will be zero if the switches
and capacitors exactly match and if
the amplifier has high common-mode
rejection. The pedestal error is seen
as a common-mode error by the op
amp and is rejected.

Driving a virtual ground with the
hold-switch (that is with the storage
capacitor Cy, in the feedback loop of
an op amp), also lowers the s/h am-
plifier’s pedestal errors. The charge
injected into the op amp’s summing
node—a virtual ground—becomes
constant regardless of the input volt-
age. The pedestal now also becomes
a constant that can be trimmed to
zero with a potentiometer. Alterna-
tively, in a system autozero mode,
the pedestal can be trimmed with a
d-a converter. When used in this
way, essentially as an integrator, the
fast op amp must be stable at a noise-
gain of unity.

FEEDTHROUGH ERRORS

Feedthrough of the input signal to
the output when in the “hold” mode
also haunts s/h amplifiers. Typical-
ly, feedthrough is a function of the
input signal frequency and its ampli-
tude. If the amplitude is less than 1/2
LSB, feedthrough effects won’t
show up in the spectrum of the digi-
tized signal because 1/2 LSB is be-
low the quantization noise floor.
Feedthrough errors above 1/2 LSB
cause erroneous codes, increased to-
tal harmonic distortion (THD), and
lower signal-to-noise ratios (SNR).

Feedthrough error is determined
by the equation:



Equation 2: AV() = C[)S/CH AVm

where C,) is the source-to-drain ca-
pacitance of the switch, and V,, is the
peak-to-peak input voltage.

An obvious method to cut feed-
through is by reducing the peak-to-
peak voltage seen by the hold switch.
“Turning off” the input buffer am-
plifier by disconnecting the ac signal
from the s/h amplifier’s input
achieves this with the help of SW,, a
single-pole, double-throw switch. It
connects the noninverting terminal
of op amp A, to ground during the
hold mode and to the input signal
during the sample mode. Therefore,
SW, no longer sees a high-frequency
+5-V signal during the hold mode,
but rather a “fixed” dc potential,
which in this case is ground. As a re-
sult, feedthrough is virtually re-
duced to zero.

Switching the noninverting termi-

nal to ground offers an added bene-
fit. It drops the droop rate. Since the
potential across the switch is zero
volts (both sides of the switch see a
virtual ground), there is virtually no
leakage current through the open
switch. The droop rate is dependent
only on the input offset current of
A, 20 nA maximum, and charge
leaking through the capacitor.

Low-CosT, 1-MHZ SAMPLER

Conversion rates of the latest gen-
eration of high-speed monolithic a-d
converters have reached 2 MHz.
Though hybrid s/h amplifiers can de-
liver the fast acquisition times de-
manded by these converters, they
usually cost more than the a-d con-
verter itself. Although requiring
more design work, a discrete ap-
proach may be a cost-effective alter-
native to buying an expensive hy-
brid.

Another discrete approach em-
ploys two high-speed CB op amps, a
DMOS quad switch, and a few pas-
sive components (Fig. 2a). The cir-
cuit works with a high-speed a-d con-
verter chip, such as the AD671, a
monolithic 12-bit, 500 ns converter,
and delivers a throughput rate of 1
Msample/s.

Even though a high input imped-
ance would simplify signal condition-
ing, the s/h amplifier’s circuit trades
off a 2000-Q input impedance for the
lower distortion of an inverting con-
figuration. Noninverting designs
are subject to common-mode errors,
pedestal errors thatare a direct func-
tion of input signal level, and nonlin-
earities created by the switch. All
three of these errors can lead to
greater total harmonic distortion
from the s/h amplifier.

High-speed acquisition is facilitat-
ed by the fast DMOS quad switch—
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the Siliconix SD5001 turns on in just
1 ns. Biasing its body one diode-drop
below ground with the 2N4148 diode
produces a lower switch on-resis-
tance for a given gate-to-source volt-
The switch also boasts a very
Al gate-to-drain capacitance of
1.6 pF, which further helps decrease
charge injected onto the hold capaci-
tor. The DMOS switches’ control in-
puts require at least CMOS logic-lev-
el complementary voitages to turn
them on. However, higher control
levels for the gates of the switches
will improve performance by lower-
ing the on-resistance of the switches.
Because the AD845 works in a dif-
ferential mode, droop rate is a func-
tion of input “offset” current rather
than input ‘‘bias’” current. The
ADB845 is specified to have a maxi-
mum 20 nA of input offset current.
Using the equation:

Equation 3: AV/At = ggreer/ Cui

where Cy, is the value of the hold ca-
pacitor, will designate the droop
rate.

The voltage droop will be a maxi-
mum 1 mV/pus and is typically 1.25
uV/us. Even if this calculation
doesn’t factor in the leakage current
through the switch; the gate, source,
and drain of the switch are all close
to 0 V, creating a low differential
voltage across it and negligible leak-
age current.

MINIMIZING FEEDTHROUGH

To minimize feedthrough, the fast
s/h amplifier uses a T-switch config-
uration. When the circuit is in the
hold mode, the input signal is shunt-
ed to ground through one of the
SD5001’s four switches. The switch
in series with the 250-Q input resis-

tor acts as a voltage divider. With a
typical on-resistance of 50 0 and a
+1.25-V input signal, the maximum
feedthrough voltage seen at the
source terminal of the “hold” switch
is 200 mVpk-pk. The high impedance
of the open switch further reduces
signal feedthrough more than 60 dB.

Because resistors Ry and R, de-
termine the gain of the s/h amplifier,
designers can base their value on the
maximum input signal and the full-
scale input range of the a-d converter
it's feeding. The values shown are
chosen for a gain of —4, which in-
creases the input amplitude from
+1.25 V to the +5-V range of the
AD671.

Even though the AD671 can per-
form a conversion in less than 1 us,
it's necessary to allow the s/h ampli-
fier time to acquire the signal and

then settle. However, the timing of
the AD671 is not con-

Ping-pong SHA
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ventional. Its multis-
tep conversion archi-
tecture doesn’t re-
quire the input signal
to settle to 12-bit aceu-
racy until 150 ns of its
conversion cycle has
passed (Fig. 2b).

A ping-pong s/ham-
plifier architecture im-
proves throughput by
employing two sam-
10 pling circuits. While

one is sampling or ac-
quiring a signal, the
other is in hold driving
the a-d converter or

some other load (Fig.

Ja). It takes just three

Vou

high-speed IC op amps

3V | and a high-speed IC

[ ] b

switch to build a ping-
pong configuration.
The AD841 op amp
A, follows the input
signal. The DG542
10 switch, a dual wide-

band “T” circuit, alter-
nately connects the in-
put buffer A, to one of

the two output op

3. MAXIMUM THROUGHPUT RATE is achieved with a ping-pong s/h amplifier, where one
channel samples the input while the other is in hold mode (2). Using the DG542 DMOS video switch, which
employs T-ype switches, minimises feedthrough and crosstalk (b).
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amps and its storage
capacitor. At the same
time, the switch also
connects the amplifi-



er's output in hold mode to the cir-
cuit’s output V,,. For example,
when pins 1 and 16 of the switch are
at logic high, A, is tracking the input
signal, and its output is disconnected
from V.. A; and its storage capaci-
tor hold an analog voltage and it’s
outputis connected to V. When the
sample and hold command on pins 1
and 16 of the switch goes to logic low,
the two output amplifiers switch
jobs.

The ping-pong technique offers
more than just greater throughput
rates to high-speed s/h amplifier ap-
plications. For example, the tech-
nique makes it possible for designers
to increase the value of the hold ca-
pacitors. Because the acquisition cy-
cle occurs in parallel with the hold cy-
cle, the RC time constant resulting
from the finite on-resistance of the
switch and the hold capacitance no
longer limits throughput rate. If the
acquisition time is less than the re-
quired hold-time for the conversion,
then the slew rate and settling time
of the output amplifier limit
throughput. The two AD843 FET in-
put op amps slew at 250 V/us and
settle to within .01% of final value
in 130 ns for £ 10-V steps.

The choice of the appropriate
switch is critical in this type of de-
sign. The DG542 utilizes “T” switch-
ing techniques on each channel for
exceptionally low crosstalk and high
isolation.

The device further improves these
specifications by locating ground
pins between the signal pins. Withan
input frequency of 5 MHz, crosstalk
and isolation are -85 dB and -75 dB,
respectively.

The switch is limited to a maxi-
mum of -5 V on its negative supply
input, making bipolar operation dif-
ficult. All three amplifiers should op-
erate from the same -5-V rail as the
switch to minimize potential latch-
up. This limited supply range will re-
strict the amplitude of the inputs to
video-level signals of 3 V. If a wid-
er range is needed to maximize the
full-scale range of an a-d converter,
gain can be taken at the two output
amplifiers by operating them as fol-
lowers with gain. However, they’ll
have to be run from +12-V supply

rails.

Because the input to the a-d con-
verter consists of the alternating
“held” values from the two amplifi-
ers, the mismatch between their off-
set voltages will show up as nonlin-
earities and, therefore, distortion in
the output signal. This demands that
the amplifiers offer excellent ac per-
formance and good de precision. The
ADB843's maximum offset voltage is
1 mV, offset voltage drift is 10 uv/
*C, and open-loop gain is 94 dB.

However, the AD843’s balance
pins accommodate offset trims. Us-
ers can ground the input and adjust
the difference between their outputs
through zero. The output is connect-
ed to a high gain oscilloscope and the
S/H control input is toggled. The
square wave created by the differ-
ence in offset voltages is adjusted to
zero.

If offset voltage drift over temper-
ature becomes a problem, especially
with FET-input amplifiers, design-
ers can employ an autocalibration
circuit using two d-a converters. A
“known’’ reference voltage, or
ground, can be connected to the in-
putop amp and the offset voltage ad-
justed to zero by manipulating the
digital codes of two 8-bit d-a convert-
ers connected to the wipers of the op
amps’ trim-pins.

CHoosE THE RicaT CAPS

When selecting the appropriate
types of capacitors for building a s/h
amplifier, designers should employ
devices with low dielectric absorp-
tion and low temperature coeffi-
cients (TCs). Silvered-mica capaci-
tors exhibit low (0 to 100 ppm/°C) TCs
and operate in excess of 200°C. Users
should test the capacitors to ensure
that their actual value matches their
marked value. Not all manufactur-
ers fully test all of their capacitors
for absolute tolerance.

Aperture delay and aperture un-
certainty, or jitter, represent two ad-
ditional vital s/h amplifier specifica-
tions. Aperture delay produces aner-
ror that's determined by the equa-
tion:

Equation4: E, =T, (dV/dt)

where E, is the aperture error in

volts, T, is the aperture delay and
dV/dt is the slew rate of the input
signal. This error is a result of the
finite time it takes a switch to open,
and the effect of “averaging” the in-
put signal over the closing-to-open- .
ing of the switch. However, as long
as the switch opens in a repeatable
fashion, the aperture time can be
viewed as a phase shift in the input |
signal, not as an error source in a sin- 1
gle-channel system. In fact, it can be ‘
calibrated out. [

Circuit designers must guard!
against variable aperture delays or
“aperture jitter.” The maximum
bandwidth of a s/h amplifier with a
given aperture jitter (t,) is deter-
mined by the equation:

Equation 5: fyax = 1/2 7t )" )

where nin the expression 2" * !'is the
resolution of the a-d converter fol-
lowing the s/h amplifier. For a 12-bit
converter and 10-ps aperture jitter,
the maximum bandwidth is approxi-
mately 2 MHz. This equation illus-
trates that the s/h amplifier must
maintain low jitter to be used with
high-speed, high-resolution a-d con-
verters.

Aperture jitter can arise from
phase modulation in the sampling
clock from either wideband random
noise, power-line frequency noise, or
digital noise due to poor grounding.
Careful board layout can reduce
these sources. The pc-board trace be-
tween the source of the s/h com-
mand and s/h amplifier’'s circuit
should be as short as possible to mini-
mize the effects of parasitic circuit
inductance, resistance, and capaci-
tance. Moreover, long runs of digital
designers should make sure that con-
trol lines are not run parallel to any
analog signal paths.O]
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