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(57) Acircuit for preventing analog-to-digital conversion

errors due to MOS threshold shifts produced in a comparator
(36) during successive approximation testing of MSB and LSB
groups of binarily weighted bit capacitors (20) includes a first
amplifier (32) that amplifies voltage changes produced on a
charge distribution conductor (12) during successive
approximation testing of the bit capacitors of the MSB group.
The output of the first amplifier (32) subjects a MOSFET in an
input stage of the comparator (36) to sufficiently large gate-to-
source voltages to produce an MOS threshold shift in the
MOSFET. During successive approximation testing of bit
capacitors of the LSB group, a second ampilifier (30) amplifies
signals representative of voltage changes produced on the
charge distribution conductor (12) and applies the amplified
signals to the same MOSFET. The second amplifier (30) has
a sufficiently large gain that the earlier induced MOS
threshold shift, when referred back to an input of the second
amplifier (30) by dividing the MOS threshold shift by the gain,
is small enough compared to the voltage changes produced
on the charge distribution conductor (12) during the
successive approximation testing of the bit capacitors of the
LSB group to avoid conversion errors.
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At least one drawing originally filed was informal and the print reproduced here is taken from a later filed formal copy.
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2264831

HYSTERESIS—INSENSITIVE SINGLE-COMPARATOR

SUCCESSIVE APPROXIMATION ANALOG-TO-DIGITAL CONVERTER

BACKGROUND OF THE INVENTION

The invention relates a single-comparator technique for
avoiding errors caused by MOS threshold voltage hysteresis
produced in the comparator during successive approximation
testing of a most significant group of bit capacitors of a CDAC
capacitor array, and preventing such hysteresis from producing
errors in subsequent successive approximation teséing of a least

significant group of pit capacitors of the CDAC capacitor array.

Tt is well known that successive approximation analog-to-
digital converters of the type including a CDAC (capacitor -
digital-to-analog converter) using switched capacitor arrays of
binarily weighted capacitors can be economically implemented
using CMOS technology. Commonly assigned Patents 4,940,981
(Naylor et al.) and 4,947,169 (Smith et al.) are indicative of
the state-of-the-art. It also is known that during successive
approximation testing of the most significant bits the output
voltage changes produced by the CDAC capacitor array are
sufficiently large (typically as large as one or two volts) to
cause a momentary shift (sometimes referred to as "hysteresis")

in the MOS threshold voltage of the input differential MOSFET



stage of the comparator. Once the differential input voltage to
the gate electrodes of the differential MOSFET input étage
returns to a balance condition (i.e., zero volts),-the shifted
threshold voltage 6f the MOSFETs wili require from a few
microseconds to tens of milliseconds to "relax". The léngthy
duration of this MOS threshold voltage shift gféatly exceeds the
conversion time of the énélog—to—digital converter, and
consequently can produce errors in therconversidn process,
especially when mékihg critical bit decisions Qithin a few
microvolts of a balaﬁced condition at the gate electrodes of the

MOSFETs of the differential input stage.

Pateﬁt 5,006,853, entitled "HYSTERESIS-INSENSITIVE ANALOG-
TO—DIGITALVCONVERTER SYSTEM USING A COARSE COMPARATOR AND A FINE
'COMPARATOR", hereinafter reférred to as the Kiriaki reference,
discloses a system in which a "coarse comparator" and a "fine
comparator" are utilized. The coarse compafator is used to test
the most'significant bit capacitors of a CDAC capacitor array,
and the fine comparator is used to test a group of least
significant bit capacitors thereof. Fig. 1 of the present
application discloses thé Kiriaki et al. technique. The Kiriaki
referencerdescribes the MOS threshold voltage hysteresis that is
produced in a "coarse'" MOSFET comparator 362 (with capacitor
input isolation switch 7ArclOSéd) during successive approximation
testing of the most significant group of "bit capacitors". The

Kiriaki reference solves this problem by isolating "fine
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comparator" 36B in Fig. 1 hereof from conductor 12 by opening
switch 7B during testing of the n most significant bit capacitors
of the CDAC capacitor array 13A. When the m least significant
bit group of CDAC capacitor bits are tested, switch 7A is open
and switch 7B is closed. For the m least significant bit
capacitors, the voltage on conductor 12 does not éﬁing through a
large enough range to produce a shift in the MOS threshold
voltééé of the input MOSFETs of fine comparator 36. EIXrors in
the conversion of the least significant bits due to MOS threshold
voltage shift therefore are avoided. Conventional digital error
correction techniques are used to correct any erroneous bit
decisions that may have been made while testing the ﬂ most

significant bits.

The technique disclosed in the Kiriaki reference requires
two comparators. This results in excessive power dissipation,
excessive circuit complexity and excessive consumption of
semiconductor chip surface area. The resistances of the series
switches 7A and 7B increase the thermal noise of the circuit.

The large MOSFETs required to implement switches 7A and 7B also
may result in charge injection problems. The requirement of
providing two separate comparators results in substantially
increased semiconductor chip area and increased power consumption
over prior comparators used in successive approximation analog-

to-digital converters.



SUMMARY OF THE INVENTION

It is an object of the invention to provide a single-
comparator circuit that avoids conversionrerrors due to a shift
produced ih the MOS threshold voltage of a comparator during
testing of a most significant group of bit capacitérs in a CDAC
capacitor array of a successive approximationranalog—to—digital

converter. -

it is another,object'of the invention to avoid thermal noise
caused by the series switches used to isolate the coarse and fine

comparators in the Kiriaki et al. reference.

It is another object of the invention to avoeid charge
injection problems that may be caused by the series switches used
to isolate the coarse and fine comparators in the Kiriaki et al.

reference.

It is another object of the invention to reduce the
semiconductor chip area required in implementing the coarse and

fine comparators of the Kiriaki et al. reference.

It is another object of the invention to reduce the power
consumption required in implementing the coarse and fine

comparators of the Kiriakil et al. reference.
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Briefly described, and in accordance with one embodiment
thereof, the invention provides, in an MOS analog-to-digital
converter, successive approximation circuitry that includes an
array of binarily weighted capacitors, including a most
significant group and a least significant group each coupled to a
charge distribution conductor (12). At least one of the binarily
weighted capacitors is coupled by a sampling switch to receive an
analog input voltage, the other binarily weighted capacitors
being switchable between first and second reference voltages in
response to test bit signals produced by a successive
approximation circuit. A first amplifier circuit (32) includes a
first differential MOSFET input circuit and first§and second
inputs coupled thereto and to the charge distribution conductor
(12) and a reference signal conductor (23){ respectively. A
first current source (61) is selectively coupled by a first
switch (62) to a common source conductor of the first
differential MOSFET input circuit during the testing of
capacitors of the most significant group in response to a first
test bit signal. A second amplifier circuit (30) includes a
second differential MOSFET input circuit and first and second
inputs coupled thereto and to the charge distribution conductor
(12) and a reference signal conductor (23), respectively. A
second current source (48) is selectively coupled by a second
switch (43) to a common source conductor of the second
differential MOSFET input circuit during the testing of

capacitors of the least significant group in response to a seconc



test bit signal. A multiplexed input differential amplifier (35)
includes a third differential MOSFET input_circuit and first and
second inputs coupled thereto and to first and second outputs of
the first amplifier circuit, respectively. The multiplexed input
differential amplifier also includes a fourth differential MOSFET
input circuit and third and fourth inputs coupiéd thereto and to
first and second outputs of the second amplifier circuit,
reSpectively. A third current source (72) and a third switch
(71) selectively couples the third curfént source to a common
source conductor of the third differential input circuit during

- the testing of capacitors of the most significantrgroup. A
fourth switch selectively couples the third curréﬁ; source to a
common sdurcerconductor of the fourth differential MOSFET input
circuit during the testing of capacitors of the least significant
group. A comparator (36) includes a fifth differential MOSFET
input circuit having inputs coupled by the multiplexed input®
differential amplifier to first and second outputs, respectively,
of each of the first and éecond amplifierrcircuits. The |
comparator includes an output circuit coupled to the successive

approximation circuit to control the logic levels of the test bit

signals.



BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a block diagram of the prior art.

Fig. 2 is a schematic diagram of the present invention.

Fig. 3 is a block diagram of the comparator and amplifier

circuitry of Fig. 2.

Figs. 4 is a detailed circuit schematic diagram of the

circuitry of Fig. 3.



DETAILED ﬁESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring to Fig. 2, an analog input voltage'VIN is applied
by conductor 8 to bne terminal of each.of single pole, triple
throw switches 2441, 24-2, and 24-3 (which can be easily
implemented by MOS transistors). Single pole,ftriple throw
switches 24-1...24-3 and single pole, double throw switches
24—-4.,..24—-6 each have a polé terminal connected to a first
terminal of a corresponding one of binarily weighted capacitors
20-1...20-6, which are included in CDAC subarray 13. The
opposite terminal of each of capacitors 20-1...20-6 is connected
to charge distribﬁtion conductorrlz. Each of swiéches 24-1...
24-6 also has a terminal connected to reference Qoltage Ve and
anbther terminal connected to ground; During sampling of V;,
switchés 24-1...24-3, which are the three most significant bit
capdcitors of analog-to-digital converter 1, are connected to. -
conductor 8. During successive approximation testing of the
binarily weighted bit capacitors, switches 24-1...24-6 and
similar switches in CDAC subarrays 16 and 19 are variously

~connected to V, or ground, as subsequently explained.

Charge distribution conductor 12 also is connected to one
terminal of a sééling capacitor 14, the opposite terminal of
which is connected to a second charge distribution conductor 15
that extends through second CDAC capacitor subarray 16. The

portion of charge distribution cbnductor 15 passing beyond CDAC



subarray 16 is connected to one terminal of a second scaling
capacitor 17, the opposite conductor of which is connected to
charge distribution conductor 18. Charge distribution conductor
18 extends through a third CDAC subarray 19. CDAC subarray 16
contains bit capacitors for the four next most significant bits
of analog-to-digital converter 1, and CDAC subérray 19 contains
bit capacitors corresponding ﬁo the six least significant bits of
analog-to-digital converter 1. The most significant bit
capacitor in each of CDAC capacitor subarrays 13, 16, and 19 has
a capacitance C, the next most significant bit capacitor has a
value C/2, etc. The use of scaling capacitors 14 and 17 avoids

the need to manufacture extremely small capacitors for the least

significant bits of analog-to-digital converter 1.

In each of CDAC subarrays 13, 16, and 19, one terminal of
each capacitor is connected to the appropriate charge A
distribution conductor 12, 15, or 18. The opposite terminal of
each capacitor is connected by a "capacitor switch" that can be
selectively converted to either ground or Vg. All of the

capacitor switches are controlled by signals on a bus 26 produce:

by SAR (successive approximation register) circuit 38.

Charge distribution conductor 12 is connected to one
terminal of a switch 28A, another terminal of which is connected
to the reference voltage Vi ,,- Charge distribution conductor 12

also is connected to the inputs of two amplifier circuits 30 and



32. The output of amplifier circuit 30 is connected by a pair of
conductors 33 to one pair of inputs of a multiplexed input
amplifier 35. The output of amplifier circuit 32 is connected by
a pair of conductors 34 to another pair of inputs of multiplexed
~input amplifiér 35. Multiplexed input amplifier 35 is of a type
such as the 0OPA675 wide band switched-input opefational amplifier
mafketed by the preéent assignee. The outputs of amplifier 35
are connected to the inputs of comparator 36, the output of which
_is connected by conductor 37 to an input of control logic and SAR
circuit 38. The control loéic of SAR circuit 38 produces signals
on bus 40 which is'conneétedrto control the inputs of amplifiers
30 and 32 and amplifier 35 and a latch control inp;t of

comparator 36.

Fig. 3 more accurately indicates the differential structure
of the various amplifying circuits of Fig. 2. Amplifier circuit
30 of Fig. 2 ihcludes differential amplifiers 30-1, 30-2 and 30-3
of Fig. 3, and amplifier circuit 32 includes differential
amplifiers 32-1, 32-2 and 32-3. The Signal on charge
distribution conductor 12 is applied to the non-inverting inputr
of amplifier 30-1. Thé inverting input of amplifier 30-1 is
connected by'conductor 23 to the output of a trim CDAC 29. (Trim
CDACs are well known, and are disclosed in commonly assigned
Patent Nos. 4,940,981 and 4,947,169.) Charge distribution
conductor 12 and reference conductor 23 are selectively coupled

to Ve PY switches 28A and 28B, respectively. The inverting

10



output of amplifier 30-1 is connected to the non-inverting input
of amplifier stage 30-2. (BAs used herein, the term "inverting"
output means inverting with respect to the non-inverting input of
the differential amplifier, and "non-inverting" output means non-
inverting with respect to the non—invértinq input of the
differential amplifier.) The non-inverting outbut of amplifier
30-1 is connected to the jnverting input of amplifier 30-2. The
inverting output of amplifier 30-2 is connected to one terminal
of autozeroing capacitor 53A, the other terminal of which is
selectively coupled by autozeroing switch 54A to a reference
voltage and to the non—-inverting input of amplifier 30-3. The
non-inverting output of amplifier 30-2 is connecteé to one
terminal of autozeroing capacitor 53B, the other terminal of
which is connected to the inverting input of amplifier 30-3 and
which is selectively coupled by autozeroing switch 54B to that

~

reference voltage.

The inverting output of amplifier 30-3 is connected to one
terminal of autozeroing capacitor 58A, the other terminal of
which is connected to autozeroing switch 59A and one of the non-
inverting inputs of multiplexed input amplifier 35. The non-
inverting output of amplifier 30-3 is connected to one terminal
of autozeroing capacitor 58B, the other terminal of which is
connected to autozeroing switch 59B and to one of the inverting
inputs of multiplexed input amplifier 35. The inverting and non-

inverting outputs of multiplexed input amplifier 35 are coupled

11



- to the non-inverting and inverting inputs, respectively, of
comparator 36 through autozeroing capacitors 39A and 39B.
Autozeroing switches 4OA,and 40B are connected to the right hand

terminals of autozeroiﬁg capacitors 39A and 39B, respectively.

Charge distribution conductor 12 and the output of trim CDAC
29 are connected to the non—-inverting and in&erting inputs,
respectively, of amplifier 32-1. Its non-inverting and inverting
outputs are connected to the inverting and non-inverting inputs,
respectively, of amplifier 32-2. The inverting and non-inverting
outputs of differential amplifier 32-2 are'éoupled by autozeroing
capacitors 63A and 63B to the non-inverting ané i;Verting inputs
of amplifier 32-3, respectively, and also ﬁo suitable autozeroing
switches 68A and 68B, respectively. The inverting and non-
inverting outputs of aﬁplifier 32-3 are coupled by autozeroing
capacitors 64A and 64B to the rémaining non-inverting and
invertiné inputs, respectively, of multiplexed input amplifier 35

and also to autozeroing switches 70A and 70B, respectively.

In accordahce with therpresent invention, switch 43
selectively connects a constant current source 48 to either the
common source electrodes of MOSFETs 78A and 78B (Fig. 4) of the
differential input stage of amplifier 30-1 or a pair of cbmmon
source MOSFETs 77A and 77B connected as shown in Fig. 4 to bias
the inputs of amplifier 30-2. Similarly, switch 62 either

connects constant current source 61 to common source electrodes

12



of a MOSFET differential input stage of amplifier 32-1 to or to a
pair of common source MOSFETs connected to bias the inputs of
amplifier 32-2. Switch 71 selectively connects the common source
¢lectrodes of one of the two MOSFET differential input stages of
multiplexed input amplifier 35 to constant current source 72.
switch control bus 40, which is driven by control logic and SAR
circuit 38, controls switches 43, 62, and 71 and the latch inputs

to comparator 36, as subsequently explained.

While a most significant group of bits (e.g., bits 1-10) of
analog-to-digital converter 1 are successively tested according
to well known successive approximation techniques,.khe voltage
difference between conductors 12 and 23 may undergo changes of
from several volts to less than a millivolt. Such changes in the
voltage difference between conductors 12 and 23, if larger than
about® a few hundred millivolts, produce MOS threshold shifts in
the differential input MOSFETs of the input stage of either of
amplifiers 30-1 or 32-1 if its current source (48 or 61) is
connected to the common source conductor of the differential

input MOSFETs.

During testing of the ten most significant bits, switch 62
connects the source electrodes of the input MOSFETS of amplifier
32-1 to current source 61. Switch 43 disconnects the source
electrodes of the input MOSFETs (78A and 78B) of amplifier 30-1

from current source 48. Switch 71 connects current source 72 to

13



the'common source conductor of the MOSFET differential input

stage 81A,81B of multiplexed input amplifier 35.-

Since émplifier 30-1 has norchannel currents flowing through
its input MOSFETs 78A and 78B (Fig. 4), they experience no MOS
ﬁhreshold shift dﬁring testingrof the ten mqst.;ignificant bits,
because the charge trapping that causeé the MOS threshold shift
cannot occur withoutrchannel currents therein despite the large

voltage difference between conductors 12 and 23.

However, amplifier 32-i, which has a gain G equal to 8,
produces a maximum-swing differential voltage as l;rge as about 2
volts between the inverting and non-inverting inputs of amplifier
32-2 assuming the positive power supply to be +5 volts.

Amplifier 32-2, which has a gain G equal to 4, then produces a
maxihum-swing differential outputrvoltage changé éé large as’
about 2 volts.. The iater signal is coupled by autozeroing
capacitors 63A and 63B between the inverting and non-inverting
inputs of amplifier 32-3, which has a gain G equal to 5. 1In
response, amplifier 32-3 produces a maximum-swing differential
output voltage as large as about 2 volts which is coupled by
capacitors 64A and 64B between the lower pair of non—inverting
and inverting inputs of multiplexed input amplifier 35, which has
a gain equal to 4. The voltage applied between the inVerting and

- non-inverting inputs of comparator 36 also can be a maximum-swing

voltage change as large as about 2 volts during testing of the

14



most significant bits.

Thus, sufficiently large differential voltages are likely to
be applied to the inputs of each of amplifiers 32-1, 32-2, 32-2,
amplifier 35, and comparator 36 to cause MOS threshold voltage
shifts in each, since channel currents are prééent in the input

MOSFET of each stage.

Tt can be seen that if the apove-mentioned voltage changes
likely to be applied petween conductors 12 and 23 during testing
of the ten most significant bits were to be applied between the
inputs of the amplifier 30-1 with the current Bf.;urrent source
48 flowing in its input MOSFETs, MOS threshold shifts would be
produced in all of amplifiers 30-1, 30-2, 30-3, MOSFETs 80A and
80B of multiplexed input amplifier 35. But this is avoided by
opehing current source cwitch 43. Thus, while bits 1-10 are
peing tested, the input stage of amplifier 30-1 is "turned off",
and current source 48 is routed around differential input stage
MOSFETs 78A and 78B. Since MOSFETs 78A and 78B are turned off
and there is no channel current therein during the testing of
bits 1-10, so the threshold voltage of MOSFETs 78A and 78B is no

shifted even though the gate electrodes of MOSFETs 78Aa and 78B

experience large differential excursions.

As indicated above, the differential input stage MOSFETs of

amplifier 32-1 and also amplifiers 32-2, 32-3, and 35 do

15



experience MOS threshold shifts, so erroneous successive
approximation test decisions may be made on bits-1-10. The
above-mentioned digital error correction techniques are used to
correct such errors by means of circuitry contained in the
control logic of-bldck 38. In the preferred embodiment of the
invention, an additional bit capacitor, which we refer to as the
"bit 10A capacitdr", having the same or nearly the same
capacitance as bit capaditor C10 in capacitor subarray 16 of Fig.
2, is inclﬁded in capacitor subarray 16. The bit 10A capacitor
is tested in the samermahner as the LSB capacitofs for bits
11-16, with switch 43 connecting current source 48 to the source
electrodes of the input MOSFETs of amplifier 30-1 ;o that
amplifiers 30-1, 36-2; etc. amplify the voltage change on

conductor 12 before applying it to the inputs of comparator 36.

fAn offset voltage equal torone—half the contribution of "the
bit 10 capacitor is applied to charge distribution conductor 12
" (by switching the bit 1i capacitor from ground to reference
voltage V) during the testing of MSB bits 1-10 and then that
offset voltage is removed by switching the bit 11 capacitor back
to ground during the testing of the LSB bits 10A and 11-16. The
‘bit 10A capacitor is tested first. If the result is a "1" or
“écceptance", this indicates that an error was made during
testing of MSB bits 1-10, and the error is appropriately
COrrectéd. If the result is a "0", then no error has been made

during testing of MSB bits 1-10, and the values therefore already

16



obtained are correct.

Tmmediately prior to testing of the least significant group
of bits including, for example, bits 11-16, the states of
switches 43 and 61 are changed, and switch 71 couples current
source 72 to the common source conductor of the MOS differential
input stage of amplifier 35 that is connected to autozeroing
capacitors 58A and 58B. Amplifiers 30-1, 30-2, 30-2, and 35 then
successively amplify the voltage differences between charge
distribution conductors 12 and 23 in the manner previously
described. As an example, for the least significant bit (bit
16), the voltage difference between conductors lzI;nd 23 might be
33 microvolts, which then would be amplified by amplifiers 30-1,
30-2, and 30-3 and multiplexed input amplifier 35 to apply a
voltage difference of approximately 33 millivolts between the

N

inveirting and non-inverting inputs of comparator 36.

More specifically, and referring to both Figs. 2 and 3, the
first step in the analog-to-digital conversion process is to
sample V,, which is accomplished by operating switches 24-1, 24-
2, and 24-3 to connect to conductor 8, with switches 28A and 28B
being closed so that charge distribution conductor 12 and trim

CDAC conductor 23 are held at VuMP'

Switches 24-4, 24-5, and 24-6 all connect the corresponding

bit capacitors 20-4, 20-5, and 20-6 to ground, and similarly, all

17



of the bit capacitors C-7...C-16 in CDAC subarrays 16 and 19 also
are connected to ground by their cofresponding switches. For the
purpose of the following discussion, it can be assumed that V. ,.
is equal to ground or zero volts. Then, V,, 1is stored on bit
capacitors 20-1, 20—2; and 20-3. The remaininé bit capacitors
have zero volts across them. (Note that VvV could be sampledron
only the most significant bit capacitor 20-1, or the first two
bits, or even all of the bit capacitors.) Next, switches 28A and
28B are opeﬁed, so that charge distribution conductor 12 is
electrically floating. Then the single poles of switches 24-1,
24-2, and 24-3 are coﬁnected to grouhd. It can be easily shown
for the configuration df Fig. 2 that this causes £he voltage on
conductor 12 to fall to -7/8V,. (Note that if v,, had been
sampled on all of the bit capacitors, then conductor 12 would
fall to ;Vm because there would be no capacitive voltage

division due to the grounded bit capacitors for bits 4-16.) °

The sﬁccessive appfoximation testing of the 16 bit
capacitors 20-1, 20-2, eté;jnow can be sequentially perfofmed
during 16 consecutive test intervals. During the first interyal,
switch 24-1 is connected to V,. This increases the voltage on
charge distribution conductor 12 by one-half of Vk.r If V,, has a
value less than its mid—écale value, charge distribution
conductor 12 increases to a value below Ve Which is zero volts
in this example, indicating that the "test value" of a wyw

produced by SAR 38 fpr bit 1 (which is the MSB) should be

18



"rejected" and the final value of bit 1 set to a "o". If V,, is
greater than its mid-scale value, then charge distribution
conductor 12 would increase to a value above the V,, voltage of

sero on conductor 12, indicating that bit 1 should be "accepted"

and that bit 1 should be a wyn,

puring each of the 15 subsequent test intervals, the various
bit capacitors C2-Cl6é are tested one at a time, switching them to
V., and testing charge distribution conductor 12 relative to the
reference voltage V. -/ setting the bit corresponding to the bit
capacitor being tested to a no" and also connecting the pole of
its switch 24-1, 24-2, etc. back to ground if charée distribution
conductor 12 is above V.- That bit is set equal to a "1" and

the pole of its switch 24-1, 24-2, etc. is left at V, if charge

distribution conductor 12 is below Vi -

At the end of each successive approximation test sequence,
i.e., after bit 16 has been tested, the various autozeroing
switches and switches 28A and 28B are closed so that conductors
12 and 23 are at V - Therefore, prior to each amplifying
operation any offsets of the differential amplifiers, including
any residual offsets due to MOS threshold voltage shift, are

stored on the various autozeroing capacitors.

Unlike the above-described Kiriaki et al. system, comparator

36 of the present invention is not protected from MOS threshold
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voltage shifts during any of the successive approximation bit
capacitor testing. Even whén testing the least significant bit
.of the 16 bit analog—to—digital converter described herein, the
MOS threshold voltagershift inrcomparator 36 is effectively
divided by the combined gain of amplifiers 30-1, 30-2, 30-3, and
amplifier 35 and thereby is “referred back" to the conductors 12

and 23.

More specifically, the MOS threshold shift in comparator 36
is effectively divided by the product ofrthe gains of amplifiers
30-1, 30-2, 30-3, and amplifier 35 because the voltage change on
- conductor 12, when amplified by those gains, ié Véry large (e.g.,
+1 volt at the diffefential output of mqltiplexed_input amplifier
35) compared to the MOS threshold shift in the differential input
MOSFET stage of comparator 36, which may be only one millivolt.
Whep‘this onermiilivolt of MOS threshold shift is "referfed back™"
to charge distribution conductor 12, the one millivolt must be
divided by the gain of amplifiers 30-1, 30-2, 30-3, and 35, which

is approximately 1000.

‘This gives an MOS threshold shift "referred béck" to the
input of amplifier 30-1 of only one microvolt, which is very
small compafed to the LSB quantizing value of 33 microvolts on
- charge disttibution conductof 12. (The  voltage changes on charge
distribution conductor 12 for bits 10A and 11-16 are

approximately 2 millivolts, 1.068 millivolts, 534 microvolts, 264
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microvolts, 132 microvolts, 66 microvolts, and 33 microvolts,

respectively.)

The input MOSFETs of amplifier 32-1, which "see' one to two
volt swings on charge distribution conductor 12 during the
testing of the MSB capacitors (C1-C10) for bits 1-10, experience
an MOS threshold shift of up to one millivolt, causing errors
(which are corrected as explained above) to be made while testing

the most significant bits.

Thus, the MOS threshold shift caused errors that previously
1imited the accuracy of a successive approximation\CMOS analog-
to-digital converter to approximately 11-12 bits now avoid this
1imitation in the present invention, even though only one
comparator 36 is used and its MOSFET differential stage is not

even protected from the MOS threshold voltage caused by testing

of the most significant bits.

Fig. 4 shows precisely how the amplifier circuitry 30-1,
30-2, and 30-3, multiplexed input differential amplifier 35, and
comparator 36 of Fig. 3 are implemented. The implementation of
amplifier circuits 32-1, 32-2, and 32-3 is essentially similar
put with slightly higher gainé. Amplifier stage 30-1 includes
source-coupled N channel MOSFETs 78A and 78B, the gate electrodes
of which receive the voltage on charge distribution conductor 12

and reference voltage conductor 23. The drains of MOSFETs 78A
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and 78B are connected by a pair of "cascode" MOSFETé to a pair of
load resistors across which the output voltage of stage 30-1 is
developed. The cascode MOSFETs are biased by a reference voltage
Vg The drain electrodes of input MOSFETs 78A and 78B are
connected to the drains of another pair of source-coupled N
channel MOSFETs 77A and 77B, the gate electrodes of which are
biased by V. SAR circuit 38 of Fig. 1 produces the signals Vg
and Ez% on bus 40, turning on MOSFET 43A and turning off MOSFET
43B during successive approximation testing of the six least most
significant bits of analog-to-digital converter 1. In this case,
the current of current source 48 flows through input MOSFETs 78A
and/or 78B, producing an output voltage across’the load
resistors. (During the previous testing of the most significant
bits 1-10, MOSFET 43A is off, MOSFET 43B is on and the current

~ supplied by current eource 48 then flows equally through MOSFETS
77A -and 77B, providing a suitable gate electrode bias voltage
across the load resistors for the input MOSFETs of amplifier

stage 30-2.)

The implementation of amplifier stage 30—2 is
straightforward, as shown. The bias voltage Vg, applied to the
drain electrodes of thervarious'P channel autozeroing transistors
such as 54A and 54B, 59A,and 59B, etc. is selected to provide
- suitable DC bias'voltagesrfor the input MOSFETs of amplifier

stage 30-3, multiplexediinput amplifier 35, and comparator 36.
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The four input MOSFETs of multiplexed input amplifier 35
include N channel MOSFETs 80A and 80B, the gate electrodes of
which are coupled by autozerolng capacitors 58A and 58B,
respectively, to the outputs of amplifier 30-3. N channel
MOSFETs 81A and 81B have their drains connected to the drains of
MOSFETs 80A and 80B. The gate electrodes of input MOSFETs 812
and 81B are coupled by autozeroing capacitors 64A and 64B to the
non-inverting and inverting outputs of amplifier 32-3. The
source electrodes of input MOSFETs 80A and 80B are switched by

MOSFET 71A to current source MOSFET 72, and the source electrodes

of input MOSFETs 81A and 81B are connected by switching MOSFET

~
«

71B to current source 72.

pDuring successive approximation testing of the ten most
significant bits, the current supplied by current source 72 fiows
through input MOSFETs 81A and 81B, so the charge distribution
conductor signal amplified by amplifiers 32-1, 32-2, and 32-3
(Fig. 3) 1is further amplified by multiplexed input amplifier 35.
During successive approximation testing of least significant bits
10A and 11-16, the current supplied by current source 72 instead
flows through input MOSFETs 80A and 80B, so that the voltages
amplified by amplifier circuitry 30-1, 30-2, and 30-3 are
amplified by multiplexed input amplifier 35. The output of
multiplexed input amplifier 35 is jatched into differential latch
36 when V ,, undergoes & transition from a "O" to a "1%, producing

a differential output signal that is converted to a single ended
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output level on conductor 37 by voltage translator circuit 36A.

It should be appreciéted that current source 61 and
associated switch 62 could be pro&ided for amplifier 32-2 instead
of amplifier 32-1, as indicated by dotted lines and associated
numerals 61A and 62A in Fig. 2. Amplifierr32—i‘wouldrhave no
switch associated with its current source. This configuration
has the effect of reducing the total gate electrode capacitance
of the input MOSFETs of amplifier 32-1, since the input MOSFETs
are in their saturated region, and their gate capacitances under
_these conditions are about a third lessrthan if there is no
channel current therein. It also shouid be appreclated that
multiplexed input amélifier 35 could be replaced by four switches
coupled to multiplex the output of amplifiers 30-3 and 32-3 into
comparator 36, if the loss of gain and the switching transients

could be accepted. : » ' BN
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WHAT IS CLAIMED IS:

1. A method of preventing analog-to-digital conversion
errors due to MOS threshold shifts produced in a comparator (36)
during successive approximation testing of MSB and LSB groups of

binarily weighted bit capacitors (20), comprising the steps of:

(a) subjecting a MOSFET in an input stage of the
comparator (36) to sufficiently large input voltages
representative of voltage changes produced on a charge
distribution conductor (12) connected to the bit capacitors (20)
during successive approximation testing of the big capacitors of
the MSB group to cause an MOS threshold shift to occur in the

MOSFET; and

(b) amplifying signals representative of voltage °
changes produced on the charge distribution conductor (12) during
successive approximation testing of bit capacitors of the LSB
group by means of an amplifier (30) and applying the signals to
the MOSFET, the amplified signals being amplified by a
sufficiently large gain that the MOS threshold shift, when
referred back to an input of the amplifier (30) by dividing the
MOS threshold shift by the gain, is small enough compared to the
voltage changes produced on the charge distribution conductor
(12) during the successive approximation testing of the bit

capacitors of the LSB group to avoid conversion errors.
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2. A circuit for preventing analog-to-digital conversion
errors due to MOS threshold shifts produced in a- comparator (36)
during successive approximation testing of MSB and LSB groups of

binarily weighted bit capacitors (20), comprising in combination:

(a) a first amplifier (32) that ampiifies voltage

changes produced on a cherge distribution conductor (12)
connectedrto fhe bit capecitors (20) during successive
approximation testing of the bit capacitors of the MSB group, the
first amplifier (32) subjecting a first MOSFET in an inputrstage
of the eomparator (36) to sufficiently large input voltages to
- cause an MOS threehold shift to occur in the first‘MOSFET during
such succeesive'approximation testing of the bit capacitors of
the MSB group:

,(b) a second_amplifier (30) amplifying signalé h
representative of voltage changes produced on the charge

distribution conductor (12) during successive approximation'

,r,testing of bit capacitors of the LSB group:

. {c) first means (35) for selectively applying the
aemplified signals to the first MOSFET during the successive
approximation testing of bit capacitors of the ILSB group, the
second emplifier (30) having a sufficiently large gain that the
MOS threshold shift, when referred back to an input of the second

amplifier (30) by dividing the MOS threshold shift by the gain,
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is small enough compared to the voltage changes produced on the
charge distribution conductor (12) during the successive

approximation testing of the bit capacitors (20) of the LSB group

to avoid conversion errors.

3. The circuit of Claim 2 including second means (35) for
selectively applying signals amplified by the first amplifier
(32) to the first MOSFET during the successive approximation

-

testing of the bit capacitors of the MSB group.

4. The circuit of Claim 3 wherein the input stage of the
comparator (36) is a differential input stage that includes the
first MOSFET and a second MOSFET having its source electrode
connected to the source electrode of the first MOSFET, the gate
electrodes of the first and second MOSFETS being coupled to first
and second outputs of the first anplifier by the second means and

to first and second outputs of the second amplifier by the first

means.
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5. The circuit of Claim 4 wherein the first amplifier (32)
includes an input stage including source—coupled third and fourth
MOSFETs having gate eléctrodes coupled to the charge distribution
conductor (12) and a reference conductor (23), respectively, and
first switching means (62) for selectively coupling a first
current source (61) to the source electrodes of the third and
fourth MOSFETs'during the successive approximation testing of the

bit capacitors of the MSB group, and

wherein the second amplifier (30) includes an input
stage including fifth (78B) and sixth (78A) source-coupled
MOSFETs having gate electrodes coupled to theQCthge distribution
conductor (12), and a reference conductor (23), respectively, and
second switching means (43A,B) for selectively coupling a second
rcurrent source (48) to the source electrodes of the fifth and
.sixth MOSFETs during the successive approximatioﬁ testing of the

- bit capacitors of the LSB group.

6. The circuit of Claim 5 whereiﬁ the first and second

" means are included in a multiplexed input amplifier (35) coupling
the first and second outputs of both the first and second
amplifiers to the gate electrodes of the first and second

MOSFETS, respectiveiy.
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7. 1In an analog-to-digital converter including an MSB group
of binarily weighted capacitors and an 1.SB group of binarily
weighted capacitors each coupled to a charge distribution

conductor (12), circuitry comprising in combination:

(a) a first amplifier circuit (30) including a first
MOSFET input circuit coupled to the charge distribution

conductor;

(b) first means for selectively coupling a first

current source to the first MOSFET input circuit during testing

(Y
~

of capacitors of the MSB group:’

(c) a second amplifier circuit (32) including a second

MOSFET input circuit coupled to the charge distribution conductor

(12y: :

(d) third means for selectively coupling a second
current source to the second MOSFET input circuit during the

testing of capacitors of the LSB group:

(e) a comparator (36) including a third MOSFET input

circuit;

(f) third means for selectively coupling an output of

the first amplifier to the third MOSFET input circuit during the
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testing of the capacitors of the MSB group, producing an MOS
threshold shift in the third MOSFET input circuit, and
selectively coupling an output of the second amplifier to the
third MOSfET input'circuit during the testing of the capacitors
of the LSB group, the third MOSFET input circuit storing the MOS
threshold shift dufing the testing of the capacitors of the LSB

group; and

(g) means responsive to the comparator for controlling

the testing of the capacitors.
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8. A method of preventing analog-to-digital conversion
errors due to MOS threshold shifts produced in a comparator (36)
during successive approximation testing of MSB and LSB groups of

pinarily weighted bit capacitors, comprising the steps of:

(a) causing a first bias current (61) to flow through
an input MOSFET of a first amplifier (32) and preventing a second
bias current (48) from flowing through an input MOSFET (78A or

78B) of a second amplifier (30);

(b) applying voltage changes produced on a charge
distribution conductor (12) coupled to the bit‘caéacitors during
successive approximation testing of bit capacitors of the MSB
group to the input MOSFET of the first amplifier, producing an
MOS threshold shift therein, and to the input MOSFET (78A or 78B)
of the second amplifier (30), producing no MOS threshold shift

therein;

(c) coupling a first output signal (67A,B) produced by
the first amplifier (32) to an input MOSFET of the comparator
(36), causing an MOS threshold shift therein and causing the
comparator to produce a first comparator output signal (39) to

control a successive approximation circuit (38):

(d) causing the second bias current (48) to flow

through the input MOSFET (78A or 78B) of the second amplifier
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(30);

(e) applying voltage changes produced on the charge
distribution conductor during successive approximation testing of
bit capacitors of the LSB group to the ihput MOSFET of the first

amplifier (32), and to the input MOSFET of the second amplifier

(30); and

(£) éoupliﬁg a—secénd output signal (41A,B) produced
by the second amplifier (30) to the input MOSFET of the
comparator, causing an MOS threshold shift therein and causing
the comparator to produce a second comparator output signal (39)

to control the successive approximation circuit.

9. A method of preventing analog-to-digital conversion errors
substantially as herein described with reference to Figures 2 to 4 of the

accompanying drawings.
10. A circuit for preventing analog-to-digital conversion errors

substantially as herein described with reference to and ag illustrated in

the accompanying drawings.
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