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Applying IC Sample-Hold Amplifiers
by Walt Jung

The sample-and-hold {S/H) function is one which is basic
to the data acquisition and A/D conversion processes. A
S/H amplifier circuit has two basic and distinct operational
states. In one state, an input signal is sampled and simul-
taneously transmitted to the output (SAMPLE). In the sec-
ond, the last value sampled is held (HOLD) until the input
is sampled again. In most applications, the S/H is used as
a “front end” to an A/D converter in data acquisition sys-
tems. Used as such, it is the purpose of the S/H to maintain
the analog input voltage at a constant level for the period
of time required to perform an A/D conversion.

More specifically, the S/H is a system functional block nec-
essary in data conversion systems, where the A/D conver-
ter in use requires a constant and accurate analog input
during the period of its conversion process. An example
of such a use is with a successive approximation type A/D.
Ideally, the S/H “freezes” the last instantaneous input
voltage prior to its HOLD command, and presents this
voltage unaltered to the A/D converter. The A/D then con-
verts the voltage to a corresponding digital word. In prac-
tice, there are many error factors which come into play in
the process of implementing a S/H. Thus this application
note will discuss these basic considerations, as well as
representative device topologies and some representa-
tive applications.

BASIC OPERATION OF S/H AMPLIFIERS

Some S/H basics are illustrated by Figure 1, with the most
basic form of S/H circuit operation diagrammed in 1a.
Here, an analog input signal to be digitized is applied di-
rectly to the electronic switch, S1. Depending on the state
of S1, the signal will be either transmitted to the holding
capacitor, Cy, or it will be blocked. The state of switch S1
is controlled by the S/H control line, which is a digital
input.

When S1 is closed, the input signal appearing across Cy

is buffered by A1. It also appears at the S/H output (possi- --

ble low-pass filter effects are disregarded for this discus-
sion). If S1 is connected for a period of time as the input
varies (as with an ac waveform), the operation may also
be said to be tracking; that is, any input changes are also
transmitted to the output.

SH

INPUT TO o———cﬂ/ —O oUTPUT
BE SAMPLED

CONTROL O

a. A Basic S/H Circuit, Consisting of Switch, Hb/d
Capacitor, and Buffer Amplifier

INPUT BEING

SAMPLED ~ /
SH SAMPLE —
CONTROL HOLD ——
SH

OUTPUT

b. S/H Waveforms Showing the Input Being Sampled
{Top), the S/H Control (Middle), and the S/H Output
{Bottom)

Figure 1. S/H Basics

. When S1isopened, the last inputvoltage value is retained n
. on Cy as a charge; that is, it is held. A1 continues to read

this voltage until the next SAMPLE period. This action is
illustrated by the input, output, and control waveforms in
Figure 1b. S/H circuits are used for a wide variety of signal-
processing functions; not only A/D interfaces, but also
more general analog memory functions such as auto-zero
amplifiers can be implemented.

The S/H operational waveforms of Figure 1b are nearly
ideal and assume perfect switching, perfect tracking, ideal
holding characteristics, and load/source immunity. In
practice, S/H errors are found to exist for each of the four
states of the device. These states are:

(1) HOLD-to-SAMPLE transition
(2) SAMPLE interval

(3) SAMPLE-to-HOLD transition
(4) HOLD interval
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These errors are obviously potentially important to many
applications, and for high accuracy applications (>10 bits,
or accuracies of 0.1% or less), all are important. They are
defined and illustrated below.

HOLD-TO-SAMPLE TRANSITION ERRORS
These errors are associated with the time interval when
the device is switched from the HOLD state to the SAMPLE

R

state. Since the input may have changed a large amount ~

since the last sampled voltage (i.e., by as much as full
scale), the S/H must reacquire the input signal and settle
once again to within its rated accuracy band. This is
shown in Figure 2.

Acquisition time is the time required for the S/H to acquire
and then track the input signal after the SAMPLE com-
mand. It is usually specified for a full scale level change
{—10V to + 10V and vice versa), since this represents the
worst case in terms of time necessary to acquire an arbi-
trary level signal. The output must assume the desired
level to within a rated error band consistent with the level
of accuracy required for the conversion or sample. For ex-
ample, this may be 0.01% or 0.1%. An illustration of a
HOLD-to-SAMPLE acquisition waveform is shown in
Figure 2a.

' OVERSHOOT

OUTPUT

l SAMPLE
S/H CONTROL
- e — = — HOLD

Figure 2a. HOLD-to-SAMPLE Node Acquisition Time
i Showing Acquisition of a New Signal (Top), and the
S/H Control (Bottom)

A major portion of acquisition time for large HOLD-to-
i SAMPLE changes will be taken up by an initial slewing in-
‘terval. After this high error interval, the output may over-
ishoot, whereupon it will settle to within a rated accuracy
band of +2mV, which would be +0.01% for a 20V scale
for example. Note that acquisition time ends when the
signal has settled and remains within the rated error
band.

Acquisition time is the major HOLD-to-SAMPLE error
component and is the primary determinant of how fast
the S/H portion of a conversion system can be operated.
Typical times are on the order of several microseconds to
accuracies of 0.1% or 0.01% or better. Acquisition time is
strongly dependent upon the value of the holding
capacitor used as this capacitance (usually) influences
slew rate.

lllustrated in Figure 2b is the HOLD-to-SAMPLE transient,
a switching transient produced at the time of the transfer
from HOLD into SAMPLE mode. Note that this transient
will be present even in the case where there is no large dif-
ference between the previously held voltage and the new
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Figure 2b. HOLD-to-SAMPLE Mode Transient, and
Settling Time
sample. Since the amplitude of this transient may be well
in excess of the rated S/H accuracy (as much as several
hundred millivolts), it must be allowed a sufficient time
period to die out before the output voltage sample can be
considered valid.

Since the settling time of this transient continues beyond
the initiation of the HOLD-to-SAMPLE command, system
timing must allow for this. However, in practice the set-
tling time associated with any HOLD-to-SAMPLE trans-
ients will typically be much less than that of acquisition
time. Thus, a time interval equal to the worst case (or ac-
quisition time) will usually take into account the HOLD-to-
SAMPLE transient error and its associated settling time
automatically.

SAMPLE ERRORS

During the SAMPLE interval, the S/H device is tracking the
input signal in a fashion which is very much like an op
amp. In fact, most S/H devices are either specialized op
amps or they are constructed using op amps with charac-
teristics which are particularly suited to S/H use. There-
fore, since most S/H amplifiers reduce to, or are equiva-
lent to either an op amp voltage foilower or an inverter,
their SAMPLE mode errors can be calculated in a similar
fashion.

Pure scaling errors within a S/H can generally be regarded
as a benign error as they by and large can be easily nulled
with a calibration adjustment. Usually, a convenient point
for this to be done is at the A/D reference as this can re-
move all of the system scaling errors at once. Of course,
this approach applies to the conventional usage, i.e., one
S/H per A/D. If a number of S/H's are used in front of an
A/D orif a S/H is just being used as part of another circuit,
it may need to be gain trimmed locally via gain scaling re-
sistors.

In any event, the worst case deviation from the ideal S/H
scale factor must be known for use in the error budget.
Typically, the scale factor will be 1 = an error of 0.001%
or less. That is, the type of gain error associated with a
voltage follower hookup.

In the case where gain resistors are used, such as when
the S/H is to be used for noninverting gains other than
unity, resistor tolerances will increase this error substan-
tially. For inverting mode operation S/H's, gain scaling re-
sistors must be used, regardless. In either case, it is highly
advantageous to have application resistors on the S/H
chip, since they will have higher pretrimmed accuracies
and a specification for their worst case drifts. The trend of



“recent devices is towards sets of pretrimmed resistorsto

| accommodate popular gains of — 1, +2, etc.

Note that while a true gain (scaling) error can be adjusted

by a system scale calibration, a gain nonlinearity is a non-
trimmable error.

Gain nonlinearity is a critical S/H error and it appears as
a deviation from the ideal transfer characteristic. This
component is the dynamic deviation from the ideal
numeric S/H gain (i.e., +1, +2, —1, —2, etc.) as the unit
is exercised over its rated signal output range, usually
+10 volts. Its largest component is usually input stage
common-mode error which will be typical of the case of
a follower type hookup (by and large the most prevalent).
In the case of an inverter type hookup, the common-mode
errors disappear, but resistor matching errors can be-
come an error source.

Typical S/H nonlinearity figures are 0.001% to 0.01% over
the =10V signal range. Obviously, the S/H nonlinearity
mustbe better than the overall nonlinearity as established
by the A/D in use to preserve system performance. A good
rule of thumb for S/H nonlinearity is a figure of an order
of magnitude better than the basic converter resolution.
For example, a S/H nonlinearity of 0.01% or better would
be used with a 10-bit converter. Note that the user may
need to calculate nonlinearity from the S/H’s CMRR, such
as an 80dB CMRR, equivalent to 0.01% nonlinearity.

Offset is the dc shift which occurs between the input and
the output with the S/H input grounded. It is usually ad-
justable to zero via an optional trimpot. A typical dc offset
specification will be on the order of +2mV or less. Pure
offset by itself is not usually a major problem with S/H ap-
plications, as it can always be trimmed to zero as part of
the overall system calibration. This can be part of the A/D
trim calibration, either done manually or via software.

Offset temperature drift is another story, since it cannot
readily be distinguished from real signal(s). Unless an
auto-zero calibration cycle is included, S/H offset drift will

be a nonreducible error component and will cause errors :

as temperature varies. Drifts for S/H's are typically on the
order of 1 to 10V/°C, so this error can be a serious one
either for the higher accuracies or for wide temperature
ranges.

S/H offset voltage will also vary with supply voltage to
some degree, and this should also be specified. Typically,
supply rejection is on the order of 80dB or 100uV/V. This
parameter is usually not of major importance with well
regulated supplies or with the use of auto-cal cycles.

Settling time is applicable to the SAMPLE mode for rapid
input voltage changes. When tracking an input signal, a
S/H is governed by dynamic limitations similar to other op
amp conf igurations.

Settlmg tlme is governed by slew rate and small slgnal o

bandwidth, with slew rate being dominant for large scale
step changes. Typical slew rates are 5 to 10V/us, and set-
tling times in the 5-10ps region. As noted under acquisi-
tion time, the exact specifications are strongly dependent
upon the holding capacitor.

SAMPLE-TO-HOLD TRANSITION ERRORS
Aporhure time or aperture delay is the time whlch elapses

- between the point when a HOLD command is issued and
~ the actual opening of the S/H switch. With a rapidly chang-

ing input voltage, this time will introduce an error by de-
termining the voltage which is actually held. The resulting
voltage error will be equal to the change in input voltage
which occurs during the effective aperture time interval.

Figure 3 generally illustrates aperture time related errors,
of which Figure 3a shows how aperture delay creates an
error in the voltage held. With a high rate-of-change input
voltage, the S/H voltage will be changing by an amount
which may be approaching 1/2LSB during the time the
switch is passing from on to off.

o

APERTURE I
TIME JITTER

S/H VOLTAGE
“"HELD (ACTUAL}

APERTURE
RELATED HELD
ERROR {NOMINAL}

L —
f HOLD VOLTAGE

_________ <— S/H VOLTAGE
HELD (IDEAL)

INPUT

| |=e—APERTURE TIME
| |

S/H SWITCH S/H SWITCH
OPEN OPENS
COMMAND

Figure 3a. Aperture Related Time/Voltage Errors. Analog‘

Input/Output at Top, SAMPLE/HOLD Drive at Bottom.

As a general example of the effect of aperture time, con-
sider an input signal with a rate of change (signal siope)
of 1V/us which is sampled with a 10ns aperture time. This
will result in a 10mV sampled error due to the aperture
timerelated dV/dterror.

This sort of error is usually significant. The effective aper-
ture delay can be compensated by advancing the in sys-
tem HOLD command timing the amount of nominal aper-
ture delay, but this is not the entire picture.

If the nominal aperture delay is subtracted, the remaining
‘error is known as the aperture jitter (or uncertainty) which
is the true limit to S/H sampling errors with high signal
slope inputs. Aperture jitter is defined as the net variation
in the actual S/H switch timing from sample to sample.
This jitter places the ultlmate limit on aperture timing re-

.lated error. For the 1V/us slew rate example, a 1ns aper-

turejitter would resultin a + 1mV voltage uncertainty.

A general relationship showing the limiting aperture time
and the resulting allowable full scale level sine-wave
input frequency can be drawn. This is shown in Figure 3b.
This graph is based upon the maximum (full scale) sine-
wave input frequency which will result in no more than
1/21.SB of error. This frequency, fmax is calculated as:

fmax= 1/[2(n+1)'“ta] (n
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Figure 3b. Maximum Input Sine Wave Freduency (Frnasx)
at Full Scale Level, for Various Aperture Times and
Resolution(s)

where m = 3.14, t, is the limiting aperture time, and “n”
is the resolution of the converterin bits.

Since the data is for a limiting aperture case, it can be used

. for an A/D with a $/H or for an A/D operating alone. In the
latter case, the A/D’s conversion time will define the effec-
tive aperture time.

The data clearly illustrates the value of a S/H for maximiz-
ing the allowable input frequency. A 10ps 8-bit A/D with-
out a S/H can only accept a maximum input frequency of
roughly 60Hz. On the other hand, with the use of only a
100ns aperture S/H, the same A/D can accept a 6kHz
maximum frequency. Note also a more general relation-
ship; as the conversion resolution is increased, fyax is
lowered for a given conversion time. Therefore, the need
for a S/H becomes more critical as either resolution or fre-
quency is increased.

Obviously, the lower the aperture time in a S/H, the better,
as it will place less of a limit on the A/D used with it. While
the times quoted for illustration are typical for medium
speed |.C. S/H circuits, they are not the final limit to system
timing since the maximum throughput frequency will
often occur before the aperture time limited frequency.

S/H offset (also called S/H “pedestal”, “jump’’ or “step”)
is the resulting analog error induced by a transient charge
on the HOLD capacitor when the S/H switches from SAM-
PLE-to-HOLD. It is caused by the finite capacitance of the
S/H switches used, and to a lesser extent, the layout and/
or package capacitances. These capacitances feed
through a portion of the digital control signal directly into
the HOLD capacitor. In general, this error can be reduced
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[ with larger value HOLD capacitors since the parasitic cou-

. pling capacitance is fixed within a given device and lay-
out. The effectis illustrated in Figure 4.

S/H OFFSET
INPUT/ —J___ ACTUAL HELD VOLTAGE
OUTPUT I--— nd ——‘— — IDEAL HELD VOLTAGE
|
S/H |

CONTROL —:-: SAMPLE
HOLD

Figure 4. SAMPLE-to-HOLD Offset (Top), and S/H Control
(Bottom)

This error, which may be on the order of several mV, can
in some cases be compensated for by feeding an anti-
phase control signal into the HOLD capacitance via a
small external coupling capacitor. Generally, this error is
reducible by reducing the p-p level of the digital control
signal to an absolute minimum as well as by screening/
guarding the coupling paths between this signal and the
Cunode.

Note that SAMPLE-to-HOLD offset may not always be di-
rectly specified as such, particularly in IC devices which
use external holding capacitors. In such cases, a specifica-
tion may be given in terms of charge, in units of pC. In
these cases, the S/H offset may be then calculated as:

S/H offsetyy, = Charge (pC)/Cy {pF) (2)

A 10pC charge transfer with a 1000pF C would for exam-
ple cause a S/H offset of 10mV. Obviously, the lower the
charge transferred, the lower this error will be. In better
units, charge transfer is as low as 1pC or less.

S/H offset can initially be considered as a trimmable error,
just as can pure dc offset. If, however, it should change
with time, input voltage, and/or temperature, these in-
stabilities must also be considered. In some S/H units
which use floating switches (see Figure 7b, type 2), the S/
H offset will change with the value of the input signal. This
is obviously not desirable, as itis difficultif notimpossible
to compensate. S/H type 3 (Figure 7¢) does not show this
problem, as the switch is maintained at a constant level
(avirtual ground).

Sample-to-hold settling time is time for the S/H output to
settle to within its rated accuracy following the HOLD
command. It includes the time required for any switching
transientto die out.

HOLD INTERVAL ERRORS

Droop, also called tilt, is the change in the HOLD voltage
(AV) during the HOLD interval (At). It is caused by the net
leakage current(s) into (or from) the HOLD capacitor.
Since the currents which cause droop may be of either
sign from one S/H to the next, droop current will cause the
voltage on the capacitor to ramp either up or down, as
shown in Figure 5. However, it is the magnitude of the
error over the HOLD interval and not the sign that is im-
portant. Droop is governed by the simple charge/voltage
relationship:

AV/At = |/Cq (3)







