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SAMPLE AND HOLD CIRCUIT
BACKGROUND

This invention relates to sample and hold circuits and more
particularly to a sample and hold circuit which is switched
from a sample mode to a hold mode and back to a sample
mode by turning ON and OFF the current sources to an am-
plification stage coupled to a signal storage stage, such that
the amplification stage performs a switching function nor-
mally accomplished by reed relays, symmetrical transistors
and diode bridges of the prior art.

Current state of the art switches are unavailable to achieve
analog to digital conversion in times less than one
microsecond. Those switching circuits which do exist either
inject an intolerable noise factor or have characteristic aper-
ture times inconsistent with microsecond analog to digital
conversion. Prior art devices include reed relays which are
several orders of magnitude slower than the subject circuit. In
the past symmetrical transistors have been used in sample and
hold circuits. These circuits, however, result in intolerable
switching noise levels resulting from lack of knowledge of the
exact input and output potentials of the transistors. This lack
of knowledge makes it impossible to know how to drive the
base of these transistors and thus distortion or noise results.
Diode bridges have also been used to perform the switching
function in sample and hold circuits but they are not generally
used because of the noise levels involved.

Another noise problem results from the discharge of the
capacitor used in the signal storage stage back through the
sample and hold circuit. While field effect transistors (FET’s)
have been used recently to alleviate capacitor leakage
problems they are relatively slow-switching devices. The aper-
tures for current FET’s are on the order of hundreds of
nanoseconds. This aperture time must be added to the charg-
ing and discharging time of the capacitor in order to obtain the
total cycle time for the sample and hold circuit. The use of
FET’s thus results in total cycle time of tens of microseconds
which affects the overall speed of analog to digital conversion.

The subject sample and hold circuit not only eliminates the
above-mentioned noise but decreases the aperture time of the
circuit significantly. Switching is accomplished by current
steering in which current sources are selectively applied to an
amplification stage which functions as a buffer, a switch and as
an isolation stage. When the current sources are not applied to
the amplification stage they are applied to a current sink,
thereby eliminating current transients which would slow up
the circuit. For the purposes of this invention a current source
is a circuit element having two terminals in which the current
at the terminals is independent of the voltage between the ter-
minals. It will be appreciated that current sources, sometimes
called current generators, are well known in the art.

Switching by controlling the operation of a conventional
transistor amplification stage decreases the aperture time as-
sociated with field effect transistors by as much as an order of
magnitude. Since the amplifiers employed in the subject cir-
cuit utilize silicon junctions, very little storage capacitor cur-
rent is leaked through the subject circuit during the holding
operation since the only discharge current is the base current
of the transistors. This base current can be made quite small
with the use of *Super 8" transistors.

It will be appreciated that the actual charging time for
capacitors utilized in the subject circuit is no greater than 50
nanoseconds. The aperture time of the subject device is on the
order of 1.nanosecond such that the actual holding time of the
circuit can be designed to be less than 1 microsecond. With
the subject sample and hold circuit it is possible to do an eight-
bit analog to digital conversion including a synchronization bit
in less than a microsecond. This is a twentyfold improvement
over state of the art-analog to digital converters which can per-
form the above conversion in no less than 18 to 20
microseconds.
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SUMMARY OF THE INVENTION

It is therefore an object of this invention to provide an im-
proved sample and hold circuit in which the switching func-
tion of the circuit is accomplished by amplifiers which are ac-
tivated and placed on standby by the switching of current
sources thereto.

It is another object of this invention to provide a sample and
hold circuit having improved noise characteristics and im-
proved aperture times which enable analog to digital conver-
sion in less than 1 microsecond in an eight-bit system.

It is a further object of this invention to provide an im-
proved sample and hold circuit in which storage capacitor
leakage through the sample and hold circuit is minimized.

1t is a still further object of this invention to provide an im-
proved sample and hold circuit including transistor amplifica-
tion stages in which saturation is prevented during extreme
analog voltage input swings.

It is a still further object of this invention to increase the
ratio of the holding time with respect to the aperture time such
that the effects of switching from a sampling mode to a hold-
ing mode and vice versa, are substantially eliminated and such
that the sample and hold circuit can be provided with an ar-
bitrarily long or short holding time commensurate with the
analog to digital conversion system utilized.

It is yet another object of this invention to provide a sample
and hold circuit having a current-switched amplification stage
with a current sink from which the current is drawn when it is
not drawn from the amplification stage.

It is yet another object of this invention to provide a method
for preventing the capacitor used in a sample and hold circuit
from leaking back through this circuit during a holding period.

These and other objects and features of this invention will
become more fully apparent from the following description of
the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a circuit diagram of the basic sample and hold cir-
cuit which comprises the subject invention.

FIG. 2 is a schematic diagram of that portion of the circuit
of FIG. 1 operating in the sampling mode.

FIG. 3 is a block diagram of the circuit shown in FIG. 2.

FIG. 4 is a schematic diagram of that portion of the circuit
shown in FIG. 1 which is operative during the holding mode.

FIG. 5 is a schematic diagram of a modification of the cir-
cuit shown in FIG. 1, in which saturation of the amplification
section is prevented by the addition of an additional current
source.

FIG. 6 is that portion of the circuit shown in FIG. § which is
operative during the sampling mode.

FIG. 7 is that portion of the circuit shown in FIG. § which is
operative during the holding mode.

FIG. 8 is a schematic diagram of the operative portion of the
circuit shown in FIG. 5 showing a sampling mode in which the
output voltage is very much greater than the input voltage, a
condition which would result in saturation of the input circuit
shown in FIG. 1.

FIG. 9 is a schematic diagram of the final embodiment of
the sample and hold circuit incorporating a low leakage circuit
and the saturation compensation circuit shown in the preced-
ing figures.

BRIEF DESCRIPTION OF THE INVENTION

A sample and hold circuit is provided with an amplification
stage which is rendered active or placed in a standby condition
by current steering circuitry. The current steering circuit is
provided with a current sink to eliminate current transients.
The transistors in the amplification stage have silicon junc-
tions and are connected such that the only leakage current
through the switching circuit is the base current of a “Super
B transistor. The base current of this transistor can be made
quite small by making the gain of this transistor large. Current
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steering provides the sample and hold circuit with nanosecond
aperture times such that the holding time of the circuit may be
reduced to less than 50 nanoseconds. A compensation circuit
is also provided to prevent saturation of the amplification
stage when the sample and hold circuit is overdriven by a
change in the analog signal from one extreme to another.
Elimination of saturation eliminates the long recovery time as-
sociated therewith.

DETAILED DESCRIPTION OF THE INVENTION

The basic sample and hold circuit is shown in FIG. 1. From
a functional point of view the circuit is comprised of an am-
plification section, a signal storage section and a current-steer-
ing section. Analog information is fed to the input of the am-
plification section, which, during the sampling period trans-
mits the analog information unaltered to the signal storage
section. During the sampling period the current-steering sec-
tion supplies current to the amplification section rendering it
operative. During the holding period the current-steering sec-
tion shifts the current which would normally be flowing in the
amplification section to a current sink during the time that the
amplification section is shut down. This prevents the forma-
tion of current transients which would degrade the signal to
the signal storage section. The current steering section utilizes
several current sources and shifts these sources between the
amplification section and the current sink.

In FIG. 1 the amplification section is composed of an opera-
tional amplifier which includes a differential pair of transistors
T, and T, and a feedback circuit 15. The output of the opera-
tional amplifier is coupled to an isolation stage which is com-
posed of a switching transistor T, which serves to interrupt
signals to the signal storage stage and to interrupt the feed-
back circuit to the operational amplifier during the holding
period. For purposes of this invention the isolation stage is
considered to be part of the amplification stage, since it con-
tains a transistor amplifier. Current source 10 is also part of
the amplification stage and is connected between the output
transistor of the aforementioned differential pair and a
reference potential V.. The purpose of this current source is
to provide a reference current at all times to the operational
amplifier. This reference current provides for a constant high
feedback loop gain and confines current-steering to the
emitter side of the amplifier. Current switching could be ac-
complished at the collector side but integrated PNP-switches
are not yet available which can adequately handle the
switching speeds required. The current-steering section is
composed of two differential emitter coupled pairs of
transistors Ts—Tg and T;—T;, a current sink composed of diode
D and transistor T, and current sources 11 and 12 which are
shifted to the amplification section only during the sampling
period. As mentioned hereinbefore there are several current
sources. There is a current source between the collector of
transistor T, and collector supply +V,,. This is labeled as cur-
rent source 10 and provides a current equal to *‘1”” as shown. A
second current source is shown providing current for dif-
ferential pair Ty and Te. This current source is shown at 11 and
provides for current *2I” through either T;, Tz and T, or Tg, D
and T,. The third current source shown at 12 provides a cur-
rent “I,” through the differential pair T,—Ts. The differential
pairs Ts~T; and T,~T, have one side connected to a bias volt-
age which is fixed and shown as V. These differential pairs
have their emitters interconnected and the base of T is cou-
pled to the base of T,. It is to these bases that a clock pulse is
applied as shown at 13. The input to this sample and hold cir-
cuit is shown at 14 to be coupled to the base of transistor Tj.
The output of transistor Ty is tapped from the collector and
supplied to isolation transistor T at the base thereof. The
feedback loop is established from the emitter of T, to the
bases of T, and T, as shown by line 15. Isolation transistor, T,
develops an output at its emitter which is supplied to capacitor
20 which stores the analog information during the holding
portion of the sample and hold cycle and which is charged
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during the sampling period. The output is obtained from the
ungrounded end of capacitor 20 and is labeled 25. A point, B,
is shown connected to one end of current source 10. This
point will be referred to in connection with the holding period.
since in the holding mode, transistor T, is turned OFF.

Considering now the sampling mode of the circuit shown in
FIG. 1, initially the clock shown at 13, will be at a low value
such that this value is significantly lower than bias voltage V.
This insures that transistor Ty and transistor Ty are conductive
and that transistors Ty and T, are nonconducting or OFF. In
this case transistor T; carries a current equal to 21 and T, car-
ries a current equal to I, such that the current from the emitter
of isolation transistor T to the collector of transistor Ty is [,
which in this case is equal to l,. Since transistor T, is OFF, the
current sink composed of the diode labeled D in FIG. 1 and
transistor T, has no current diverted to it. For the purposes of
explanation, these two components can be said to be OFF and
may be ignored. The circuit shown in FIG. 1 thus reduces to
the circuit shown in FIG. 2 in which line 26 represents a unity
feedback circuit to transistor Ty. Current sources 11 and 12
are shown but transistors T; and Tg are omitted. In the interest
of simplicity, in the sampling mode the input is directly cou-
pled to the output and across capacitor 20. As such, the sub-
ject circuit may be recognized as an amplifier with a unity
feedback such that V,,/Vi=1. This amplifier, shown as opera-
tional amplifier 30 in FIG. 3, has a positive input and a feed-
back circuit, 31, connected to a negative input at the amplifi-
er. Since V.=V, capacitor 20 is correspondingly charged by
the analog signal delivered to the input. The current-carrying
capacity of transistor T, and the value of current I, are chosen
such that ample current is always available to drive capacitor
20. As mentioned hereinbefore, the subject circuit has aper-
ture times on the order of a nanosecond such that there is no
significant lag between V,,, and V;, with the clock pulse low.
Therefore in the sampling mode the amplifier operates to
supply Vi, directly to the capacitor.

Considering now that clock 13 is high and significantly
higher than bias voltage, Vy, it will be appreciated that
transistors T and T, are conductive and transistors Ty and Ty
are rendered nonconductive or turned OFF. In this case
transistor T carries a current equal to 2I and transistor T car-
ries a current equal to lo. Since transistor Ts is turned OFF,
transistors T3 and T, have no current so they are both in an
OFF condition for purposes of this analysis and may be
ignored.

In the high clock mode or the holding mode the equivalent
circuit is shown in out—4. In this case transistor T, is turned
OFF and point B is supplied with a voltage equal to V.. Cur-
rent source 12 is shown in this diagram because in the clock
high mode I, current will flow between V. and —V,,. By virtue
of current sources 10 and 11 equal to I and 2I, diode D and
transistor T; must both be in conductive states. It will be ap-
preciated that the emitter of transistor T, is at a potential of
Vou—od is the emitter-base voltage drop of transistor
T,. Thus point B on the base of transistor T, must be at a
potential of V. Since the base and emitter of transistor T,
are at the same potential, transistor T, is turned OFF. Thus
Vo contained on capacitor 20 just prior to the clock going
high is stored and held in the capacitor with the only discharge
current being the base current of transistor T,. This base cur-
rent is shown as i,. As will be seen hereinafter, this base cur-
rent can be made insignificant such that the current sink cir-
cuit has no significant effect on the information stored in
capacitor 20. When the clock pulse is high therefore the
capacitor 20 stores a potential which was developed during
the sampling. Thus, when the clock pulse is high the device is
said to be in its holding mode. :

It should be noted that the above circuit functions as a con-
ventional sample and hold circuit but it is not limited by the
slow speeds of mechanical switches and field effect transistors
used in prior art devices. The operation of the circuit is
characterized by current steering such that point B is the only
node that moves significantly. It will be appreciated that the
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node moves from V,+¢ to V,,,, and that this movement has a
net value of ¢ which is quite small. Thus switching to the hold-
ing mode can be accomplished in nanosecond times.

It will be further appreciated that if the analog signal ap-
plied to input 14 of FIG. 1 is shifted from one extreme value to
another it is possible that transistor T, will saturate. This is un-
desirable since a saturated device has a long recovery time in
order to get back into the active region once overdrive is
removed. Saturation of transistor T, would destroy the speed
of the circuit for sample and hold use and must be compen-
sated for in some fashion.

Saturation comes about under the following condition. Con-
sider that a-sample of V,, was taken and is being held on the
capacitor. Assume further that its value, V,,~+3v. Suppose
that during the time that V,, equals +3v. (i.e., during the
holding period), V;, has moved to some new value as for in-
stance Vy=—3v. If the clock now moves from a high value to a
low value initiating sampling, the output V,,, would have to
shift from +3v. to —3v. This cannot be done instantaneously
because it takes a finite time to charge or discharge the
capacitor. With the conditions such that V,=-3v. and V,,=+
3v., T; would be OFF, and T, would be conductive. T would
also be conductive, conducting a current 21 by virtue of the
clock low. Since the collector load current of transistor T, is I,
established by current source 10, and the emitter current of
transistor T, is 21 since transistor T, is OFF, there is a current
imbalance through transistor T, and transistor T, must satu-
rate.

In order to prevent saturation, the basic circuit shown in
FIG. 1 is modified by changing current source 10 from I to 31
and adding an additional current source 40 having a value of
21. The collector of transistor Ty is now tied to point B instead
of to the emitter of transistor T, and diode D, as shown in FIG.
5.

The normal sampling mode of the circuit shown in FIG. 5, is
shown in FIG. 6. “*Normal” sampling means that V,, is not so
different from V,, that transistor T; is turned OFF and
transistor Ty is saturated. With the clock pulse low, current
source 11 is at a value of 2I, current source 12 is at a value of
I, and. current source 40 maintains its 21 current. Current
source 1€, which is now at a 31 level is shared such that cur-
rent | is passing through transistor T, and 21 of this current is
flowing through the diode D. In the normal sampling mode, it
will be appreciated that transistor T, is OFF; but diode D now
conducts in this mode. The collector current of transistor T, is
stilt 1 as in the original sampling mode schematic since
transistor T is conducting current I, and has not been turned
OFF by an abnormally low analog voltage at the input. Thus
Voue is still equal to V. It will be appreciated that the voltage
at point B is still equal to V,,+¢ and that the voltage drop
across the diode is ¢ such that V,,, appears both at the emitter
of transistor T, and at its base since the voltage drop across
transistor T, is ¢. Transistor T, is thus turned OFF during a
normal sampling period.

FIG. 7 indicates the operation of the circuit in FIG. 5 during
the holding mode. It will be appreciated, from this diagram,
that transistor T, and transistor T, are OFF because transistor
T is conducting and transistor Tj is turned OFF with the high
clock pulse. It will further be appreciated that transistor T, has
voltage V,,; applied to both its base and emitter turning it
OFF. At this time, however, transistor T, is turned ON since
the voltage at the base of transistor T, is V,, (from capacitor
20) and the emitter of transistor T, is V,,—¢. This occurs
because the voltage drop across diode D is ¢. It will be ap-
preciated that the 31 current is shared between diode D and
transistor T, such that 21 flows through T, and I flows through
diode D. Since transistor T, is turned ON, I also flows through
this transistor to satisfy the 21 of current source 40.

Referring to FIG. 8 a situation is shown in which the sample
and hold circuitis in its sampling mode and in which the signal
at the input to the sample and hold circuit is very much less
than the signal already stored in the output circuit on capaci-
tor 20. This occurs when a high value of the analog signal was
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supplied at the input to the circuit during the previous sam-
pling and holding cycle. This high value is consequently held
in capacitor 20. If, at the beginning of the next sampling
period the analog signal delivered to the base of transistor T, is
very much lower than the signal stored in capacitor 20, then
the base of transistor T; will be very much lower than the volt-
age applied to the base of transistor T, by capacitor 20. This
results in Ty being rendered nonconductive and T, being
rendered conductive.

Referring for the moment to FIG. 2, which shows a circuit
not having the saturation compensation circuit shown in FIG.
8, this V,,—V,, difference would result in T, carrying all the
current. However, current source 11 demands that 2] be
drawn through transistor T, and current source 10 can only
deliver the current. 1. There exists therefore a current im-
balance across transistor Ty driving it negative and into the
saturation region.

Saturation of the differential pair, due to the condition in
which the input voltage is very much less than the voltage
stored in capacitor 20, is alleviated by the circuit shown in
FIG. 8 in the following manner. Here, also, transistor T, will
be rendered nonconductive when the differential voltage
between the bases of tramsistor T, and T, exceeds the
predetermined value. T, will be turned ON and wili be con-
ducting a current 2I with current source 10 now equal to 31.
The other I portion is conducted through diode D to current
source 2I. However, in the normal sampling mode transistor
T, is turned OFF. It is therefore necessary to turn transistor T,
ON to supply an additional I current to satisfy current scurce
40. Transistor T, is turned on because V, is very much less
than V.

Reviewing, for a moment, the normal sampling mode, the
voltage at collector T,, which is delivered to the base of
transistor Ty, is Vo, t+¢. Since transistor T, drops this V,+¢
voltage by an amount ¢, V,, is applied to the base of
transistor T,. It will be appreciated that the voltage drop
across diode D is also ¢ such that the voltage at the emitter of
transistor T during normal sampling is V,,—; but the voltage
at the top of diode D is V¢ so the voltage at the emitter of
transistor T, during normal sampling is V. Since the voltage
at the emitter and base of transistor T, are equal in the normal
sampling mode, transistor T, is turned OFF.

However, if Vy, is very much less than V,, the base of
transistor T, will be at a V,, level while the emitter of
transistor T, will be at some value less than V,,,. This occurs as
follows. Assuming that the analog voltage available at
transistor T is very much less than V,,, the voltage at the
emitter of transistor T, will equal V,, +¢—A, where A is
greater than ¢. (A corresponds to the decrease in V,). Since
the emitter voltage is then derived from that available to diode
D, the emitter voitage is less than the base voltage on T}, by an
amount ($—A), T, is thus turned ON and can supply the addi-
tional I current to satisfy current source 40.

It will be appreciated that the voltage at the top of diode D,
as it decreases from a point Vgt to Vi, +d—A, partially cuts
out the current-carrying capability of diode D. Thus, the diode
cannot, in actuality, carry I current. The additional current is
drawn through T, which drives the voltage at the collector of
T, positive. This positive swing is the result of the current
delivered to this node being 31 and the current being drawn
from it being something less than 31. The voltage at the collec-
tor of transistor T, thus rises until it is equal to V,,+¢ and the
circuit is restored to its normal sampling operation without
saturation of transistor T,. It will be appreciated that during
the time that diode D cannot transmit the full I current, T,
picks up and passes this additional current thus driving the
voltage at the collector of T, upwardly until the —A com-
ponent is removed.

It will thus be appreciated that T, is turned ON in the sam-
pling mode only when V,,, is very much greater than V. It is
not turned ON when V,,, and V;, do not differ by the operat-
ing extremes of the circuit. Thus, when saturation is about to
occur T, is turned ON to satisfy current source 40, leaving 21
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