/098976 A2 |V 000 A0 0 O

o

e
=

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
21 September 2006 (21.09.2006)

‘ﬂm A 00 OO O

(10) International Publication Number

WO 2006/098976 A2

(51) International Patent Classification:
GO1P 15/125 (2006.01)

(21) International Application Number:
PCT/US2006/008214

(22) International Filing Date: 8 March 2006 (08.03.2006)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:

60/660,415 9 March 2005 (09.03.2005) US

(71) Applicant (for all designated States except US): ANA-
LOG DEVICES, INC [US/US]; Three Technology Way,
Norwood, Massachusetts 02062 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): O’DOWD, John
[IE/TE]; Ballyregan, Crecora, Limerick (IE). MCCART-
NEY, Damien [IE/IE]; 31 Meadowlawn Raheen, Limerick
(IE). BANARIE, Gabriel [IE/IE]; 6 ASHFIELD, Church
Road, Raheen (IE).

(74) Agents: COLEMAN, Roy, J. et al.; IANDIORIO &
TESKA, 260 Bear Hill Road, Waltham, Massachusetts
02451 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KM, KN, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV,
LY, MA, MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI,
NO, NZ, OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG,
SK, SL, SM, SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US,
UZ, VC, VN, YU, ZA, ZM, ZW.
(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
7ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, NL, PL, PT,
RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: ONE TERMINAL CAPACITOR INTERFACE CIRCUIT

Vx 40
57 Cint1
N 58 N 4o
Ph1 Pho |66 LN .
A
44
52 62
Lo o I T B
7£ Csensor \\8 -+ J\f Von
Ph3 e les |48 70
\Z—54 60 i
Cint2

Vy

(57) Abstract: A one terminal capacitor interface circuit for sensing the capacitance of a capacitor includes a differential integrating
amplifier having an input common mode voltage and two summing nodes whose voltage is substantially equal to the input common
mode voltage, a switching circuit for charging the capacitor to a first voltage level in a first phase, connecting, in a second phase, the
& capacitor to one of the summing nodes of the differential amplifier to provide a first output change substantially representative of
& the difference between the first voltage level and the input common mode voltage, and also representative of the capacitor; charging
the capacitor to a second voltage level in a third phase, and connecting, in a fourth phase, the capacitor to the other summing node of
the differential amplifier to provide a second output change substantially representative of the difference between the second voltage
level and the input common mode voltage, and also representative of the capacitor; the combined first and second output changes
representing the capacitance of the capacitor substantially independent of the input common mode voltage.



WO 2006/098976 PCT/US2006/008214

1

ONE TERMINAL CAPACITOR INTERFACE CIRCUIT

RELATED APPLICATIONS
This application claims the benefit of U.S. Provisional Application No.

60/660,415 filed March 9, 2005, incorporated by reference herein.

FIELD OF THE INVENTION

This invention relates to an interfac; circuit for sensing capacitance of a one
terminal capacitance, and more particularly to such an interface circuit useful in sigma
delta modulators and converters and charge amplifiers or capacitance to voltage
converters.

BACKGROUND OF THE INVENTION

A large number of sensors are capacitive — the physical effect being measured
1s translated iﬁto a change in capacitance which can then be measured’hélectﬁcally. In
many cases the two terminals of the sensor capacitor are floating, that is, neither are at
a fixed potential. This is very convenient when interfacing the sensor to a
measurement circuit, as there is no restriction on the circuit topology. A typical
interface circuit will apply an excitation to one terminal of the capacitor, and extract
the sensor signal from the other terminal.

However, in some cases one of the sensor capacitor terminals is at a fixed
potential, for example, ground. This then limits the circuit topologies that can be
used. The signal must now be recovered from the same terminal that is used for
applying the excitation. In one common method of interfacing to this type of circuit
the sensor terminal is connected to a fixed voltage Vy on a first clock phase, and is

then connected to a summing node of an integrator in a second phase. This has the
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effect of transferring a charge equal to (Vy-Vy)*Csensor to the integrator, where Vy is
the voltage at the input of the integrator.

The Vy term is a problem. The input of the integrator is nominally at the AC
ground point, which can be a fixed voltage but is more often at half the supply
voltage. In the latter case the voltage Vy will vary directly with variations on the
supply. In both cases the input of the integrator is at a voltage slightly different from
the AC ground point, and this voltage difference will depend on the amplifier offset
and gain. The gain in particular will vary with supply voltage and temperature. In all
cases the variation in Vy will corrupt the charge being transferred from the sensor to
the integrator, and will cause an error in the measurement of the sensor output. With
these single input integration circuits the integration amplifier offset error and 1/f low
frequéncy noise cannot be easily corrected.

BRIEF SUMMARY OF THE INVENTION

It is therefore an object of this invention to provide an improved one terminal
capacitor interface circuit.

It is a further object of this invention to provide such an improved one terminal
capacitor interface circuit suitable for use in sigma delta modulators and converters
and charge amplifiers or capacitance to voltage converters.

It is a further object of this invention to provide such an improved one terminal
capacitor interface circuit in Which the output repres’ents the sensed capacitance
substantially independent of the input common mode voltage of the interface circuit
components.

It is a further object of this invention to provide such an improved one terminal
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capacitor interface circuit which can cancel amplifier offset error and 1/f low
frequency noise.

It is a further object of this invention to provide such an improved one terminal
capacitor interface circuit which is applicable to differential capacitor sensors.

The invention results from the realization that an improved one terminal
capacitor interface circuit for single or differential capacitor sensing which is
independent of input common mode voltage can be achieved using a differential
integrating amplifier having an input common mode voltage; a switching circuit for
charging the capacitor to a first voltage level in a first phase, connecting, in a second
phase, the capacitor to one summing node of the differential amplifier to provide a
first output change substantially representative of the difference between the first
voltage level and the input common mode voltage; charging the capacitor to a second
voltage level in a third phase, and connecting, in a fourth phase, the capacitor to the
other summing node of the differential amplifier to provide a second output change
substantially representative of the difference between the second voltage level and the
input common mode voltage, the combined first and second output changes
representing the capacitance of the capacitor substantially independent of the input
common mode voltage. The invention also realizes that by chopping or alternately
inverting the inputs and outputs of the differential integrating amplifier the amplifier
offset and 1/f low frequency noise can be cancelled. The invention is useable in sigma
delta modulators and converters charge amplifiers or capacitance to voltage
converters.

The subject invention, however, in other embodiments, need not achieve all

these objectives and the claims hereof should not be limited to structures or methods
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capable of achieving these objectives.

This invention features a one terminal capacitor interface circuit for sensing
the capacitance of a capacitor. There is a differential integrating amplifier having an
input common mode voltage and two summing nodes whose voltage is substantially
equal to the input common mode voltage. A switching circuit charges the capacitor to
a first voltage level in a first phase and connects, in the second phase, the capacitor to
one of the summing nodes of the differential amplifier to provide a first output change
substantially representative of the difference between the first voltage level and the
input common mode voltage and also representative of the capacitor. The switching
circuit also charges the capacitor to a second voltage level in a third phase and
connects, in a fourth phase, the capacitor to the other summing node of the differential
amplifier to provide a second output change substantially representative of the
difference between the second voltage level and the input common mode voltage and
also representative of the capacitor. The combined first and second output changes
represent the capacitance of the capacitor substantially independent of the input
common mode voltage.

In a preferred embodiment the differential integrating amplifier may include a
control circuit for controlling the input common mode voltage at the summing nodes
to be substantially equal to an applied reference voltage. The differential integrating
amplifier may include a control circuit for controlling the output common mode
voltage of the amplifier to be substantially equal to an applied reference voltage. The
differential integrating amplifier may include a chopper circuit for selectively
inverting the inputs and the outputs of the differential integrating amplifier for

canceling amplifier offset error and low frequency noise. The chopper circuit may
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change state at the end of second phase and at the end of the fourth phase.

This invention also features a capacitance to voltage converter circuit for
sensing the capacitance of a one terminal capacitor including a differential integrating
amplifier having an input common mode voltage and two summing nodes whose
voltage is substantially equal to the input common mode voltage. A switching circuit
charges the capacitor to a first voltage level in a first phase and connects, in a second
phase, the capacitor to one of the summing nodes of the differential amplifier to
provide a first output change substantially representative of the difference between the
first voltage level and the input common mode voltage and also representative of the
capacitor. The capacitor is charged to a second voltage level in a third phase, and
connects, in a fourth phase, the capacitor to the other summing node of the differential
amplifier to provide a second output change substantially representative of the
difference between the second voltage level and the input common mode voltage, and
also representative of the capacitor. The combined first and second output changes
represent the capacitance of the capacitor substantially independent of the input
common mode voltage. A reset switching circuit resets the differential integrating
amplifier.

In a preferred embodiment the reset switching circuit may reset the integrating
capacitors of the differential integrating amplifier. The differential integrating
amplifier may include a control circuit for controlling the input common mode voltage
at the sMg nodes to be substantially equal to an applied reference voltage. The
differential integrating amplifier may include a control circuit for controlling the
output common mode voltage of the amplifier to be substantially equal to an applied

reference voltage. The differential integrating amplifier may include a chopper circuit
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for selectively inverting the inputs and the outputs of the differential integrating
amplifier for canceling amplifier offset error and low frequency noise.

This invention also feature a capacitive input sigma delta modulator for
sensing the capacitance of a one terminal capacitor including at least one integrating
stage, a quantizer, and a digital to analog converter, having positive and negative
reference voltage. The first integrating stage includes a differential integrating
amplifier having an input common mode voltage and two summing nodes whose
voltage is substantially equal to the input common mode voltage. A switching circuit
charges the capacitor to a first voltage level in a first phase, and connects, in a second
phase, the capacitor to one of the summing nodes of the differential amplifier to
provide a first output change substantially representative of the difference between the
first voltage level and the input common mode voltage, and also representative of the
capacitor. The capacitor is charged to a second voltage level in a third phase and
connects, in a fourth phase, the capacitor to the other summing node of the differential
amplifier to provide a second output change substantially representative of the
difference between the second voltage level and the input common mode voltage, and
also representative of the capacitor. The combined first and second output changes
represent the capacitance of the capacitor substantially independent of the input
common mode voltage.

In a preferred embodiment the differential integrating amplifier may include a
control circuit for controlling the input common mode voltage at the summing nodes
to be substantially equal to an applied reference voltage. The differential integrating
amplifier may include a control circuit for controlling the output common mode

voltage of the amplifier to be substantially equal to an applied reference voltage. The
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differential integrating amplifier may include a chopper circuit for selectively
inverting the inputs and the outputs of the differential integrating amplifier for
canceling amplifier offset error and low frequency noise. The first and second voltage
levels may be the positive and negative reference voltages of the digital to analog
converter of the sigma delta modulator. The first and second voltage levels may be
proportional to the positive and negative reference voltages of the digital to analog
converter of the sigma delta modulator.

This invention also features a differential capacitor one terminal capacitor
interface circuit for sensing the capacitance of first and second capacitors including a
differential integrating amplifier having first and second summing nodes and an input
common mode voltage. A switching circuit charges a first capacitor of the differential
one terminal capacitor to a first voltage level and a second capacitor of the differential
one terminal capacitor to a second voltage level in a first phase. In a second phase the
first capacitor is connected to the first summing node and the second capacitor to the
second summing node of the amplifier to provide first and second output changes
substantially representative of the difference between the first and second voltage
levels and the input common mode voltage. In a third phase the first capacitor is
charged to the second voltage level and the second capacitor is charged to the first
voltage level. In a fourth phase the first capacitor is connected to the second summing
node and the second capacitor is connected to the first summing node of the amplifier
to provide third and fourth output changes substantially répresentative of the
difference between the first and second voltage levels and the input common mode
voltage. The combined first, second, third and fourth changes represent the ’

capacitance of the first and second capacitors substantially independent of the input
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common mode voltage.

In a preferred embodiment the differential integrating amplifier may include a
control circuit for controlling the input common mode voltage at the summing nodes
to be substantially equal to an applied reference voltage. The differential integrating
amplifier may include a control circuit for controlling the output common mode
voltage of the amplifier to be substantially equal to an applied reference voltage. The
differential integrating amplifier may include a chopper circuit for selectively
inverting the inputs and the outputs of the differential integrating amplifier for
canceling amplifier offset error and low frequency noise.

This invention also features a capacitance to voltage converter circuit for
sensing the capacitance of a differential one terminal capacitor including a differential
integrating amplifier having an input common mode voltage, a switching circuit for
charging a first capacitor to a first voltage level and a second capacitor to a second
voltage level in a first phase. In a second phase the first capacitor is connected to a
first summing node and the second capacitor is connected to a second summing node
of the amplifier to provide first and second output changes substantially representative
of the difference between the first and second voltage levels and the input common
mode voltage. In a third phase the first capacitor is charged to the second voltage
level and the second capacitor is charged to the first voltage level. In a fourth phase
the first capacitor is connected to the second summing node and the second capacitor
is connected to the first summing node éf the amplifier to provide third and fourth
output changes substantially representative of the difference between the first and
second voltage levels and the input common mode voltage. The combined first,

second, third and fourth changes represent the capacitance of the first and second



WO 2006/098976 PCT/US2006/008214

9
capacitors substantially independent of the input common mode voltage. A reset
switching circuit resets the differential integrating amplifier.

In a preferred embodiment the reset switching circuit may reset the integrating
capacitors of the differential integrating amplifier. The differential integrating
amplifier may include a control circuit for controlling the input common mode voltage
at the summing nodes to be substantially equal to an applied reference voltage. The
differential integrating amplifier may include a control circuit for controlling the
output common mode voltage of the amplifier to be substantially equal to an applied
reference voltage. The differential integrating amplifier may include a chopper circuit
for selectively inverting the inputs and the outputs of the differential integrating
amplifier for canceling amplifier offset error and low frequency noise.

This invention also features a capacitive input sigma delta modulator for
sensing the capacitance of a differential one terminal capacitor including at least one
integrating stage, a quantizer and a digital to analog converter having positive and
negative reference voltage. The first the integrating stage includes, a differential
integrating amplifier having first and second summing nodes and an input common
mode voltage, and a switching circuit for charging a first capacitor of the differential
one terminal capacitor to a first voltage level and a second capacitor of the differential
one terminal capacitor to a second voltage level in a first phase. In a second phase the
first capacitor is connected to the first summing node and the secoﬁd capacitor is
connected to the second summing node of the amplifier to provide first and second
output changes substantially representative of the difference between the first and
second voltage levels and the input common mode voltage. In a third phase the first

capacitor is charged to the second voltage level and the second capacitor is charged to
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the first voltage level. In a fourth phase the first capacitor is connected to the second
summing node and the second capacitor is connected to the first summing node of the
amplifier to provide third and fourth output changes substantially representative of the
difference between the first and second voltage levels and the input common mode
voltage. The combined first, second, third and fourth changes represent the
capacitance of the first and second capacitors substantially independent of the input
common mode voltage.

In a preferred embodiment the differential integrating amplifier may include a
contro] circuit for controlling the input common mode voltage at the summing nodes
to be substantially equal to an applied reference voltage. The differential integrating
amplifier may include a control circuit for controlling the output common mode
voltage of the amplifier to be substantially equal to an applied reference voltage. The
differential integrating amplifier may include a chopper circuit for selectively
inverting the inputs and the outputs of the differential integrating amplifier for
canceling amplifier offset error and low frequency noise. The first and second voltage
levels may be the positive and negative reference voltages of the digital to analog
converter of the sigma delta modulator. The first and second voltage levels may be
proportional to the positive and negative reference voltages of the digital to analog

converter of the sigma delta modulator.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects, features and advantages will occur to those skilled in the art
from the following description of a preferred embodiment and the accompanying

drawings, in which:



WO 2006/098976 PCT/US2006/008214

11

Fig. 1 is a schematic diagram of a prior art one terminal capacitor interface
circuit;

Fig. 2 is a schematic diagram of a one terminal capacitor interface circuit
according to this invention;

Fig. 2A is a schematic block diagram of a differential amplifier showing a
common mode control circuit;

Fig. 3 is a schematic diagram of one terminal capacitor interface circuit similar
to that of Fig. 2 with chopping or inverting of the amplifier inputs and outputs to
cancel offset error and 1/f noise;

Fig. 4 is a schematic diagram of a one terminal capacitor interface circuit
embodied in a charge amplifier or capacitance to voltage converter;

Fig. 5 illustrates timing waveforms occurring in the operation of the charge
amplifier of Fig. 4; :

Fig. 6 is a schematic diagram of a one terminal capacitor interface circuit of
this invention incorporated in a sigma delta modulator; and

Fig. 7 is a schematic diagram of a differential capacitor one terminal capacitor

interface circuit according to this invention.

DISCLOSURE OF THE PREFERRED EMBODIMENT

Aside from the preferred embodiment or embodiments disclosed below, this
invention is capable of other embodiments and of being practiced or being carried out
in various ways. Thus, it is to be understood that the invention is not limited in its
application to the details of construction and the arrangements of components set forth

in the following description or illustrated in the drawings. If only one embodiment is
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described herein, the claims hereof are not to be limited to that embodiment.
Moreover, the claims hereof are not to be read restrictively unless there is clear and
convincing evidence manifesting a certain exclusion, restriction, or disclaimer.

There is shown in Fig. 1, a conventional prior art one terminal capacitor
interface circuit 10 which includes an integrating amplifier 12 including amplifier 14
with feedback or integrating capacitor Cj; 16. Also included in interface circuit 10
are phased switches 18 and 20. The capacitor 22 whose capacitance is to be sensed
has one end grounded at 24, the other end is connected to terminal 26, which is used
to both charge and discharge capacitor 22. Interface circuit 10 is operated in two
phases. In phase one switch 18 is closed and switch 20 is opened so that capacitor 22
charges to the reference voltage Vy. In phase two switch 18 is open and switch 20 is
closed so that capacitor 22 is now connected to input or summing point 28 of

-amplifier 14 and the charge is delivered to the integrating capacitor 16. Any
difference between the voltage at input 28 and the Vy voltage at 30 causes amplifier
14 to produce a current to minimize that difference. The current thereby provided
transfers a charge equal to (Vy. V3)* Csensor to the integrating amplifier 12. This in
turn gives a change in voltage on output terminal 32 which represents the capacitance
of capacitor Cgepsor 22. Thus a charge equal to (V. V)* Ceensor is transferred to the
integrating amplifier 12. V, is the voltage at the input of the integrator 14 and is the
source of a problem. The input of the integrator is normally at the AC ground point
which can be a fixed voltage but it oftenr is at half the supply voltage. For example,
with a supply voltage of five volts V, would typically be 2.5 volts. When Vy is thus
related to the supply voltage it will vary directly with variations in the supply voltage.

In either case, the input of the integrator is at a voltage slightly different than the AC
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ground point and this voltage difference will depend upon the amplifier offset and
gain. The gain in particular will vary with supply voltage and temperature. In all
cases the variation in Vy will corrupt the charge being transferred from the sensing
capacitor 22 to the integrator 12 and will cause an error in the measurement of the
capacitor 22.

In accordance with this invention, a one terminal capacitor interface circuit 40,
Fig. 2, includes a differential integrator 42 including a differential amplifier 44 with
feedback or integrating capacitors Ciyy 46 and Cin 48 and switching circuit 57
including switches 58, 60, 62 and 64. V, shown here at input 50 to amplifier 44 is an
input common mode voltage of amplifier 44. Amplifier 44 will commonly contain a
common mode control circuit which can directly control the input common mode or
indirectly by controlling the output common mode, and then relying on the amplifier’s
feedback network to control the input common mode. In either case the amplifier
input terminals 66 and 68 are nominally set to the known common mode voltage Vy,
typically Vdd/2, i.e., half the supply voltage. The capacitor Csensor 52 to be sensed, has
one end connected to ground 54 and the other end connected to terminal 56. There are
now two reference voltages: Vi connected to switch 58 and V, connected to switch 60.
There are two other switches 62 and 64 which are connected directly to summing
nodes 66 and 68 of amplifier 44. Interface circuit 40 according to this invention
operates on a four phase cycle. In phase one switch 58 is closed and switches 62, 64,
and 60 are open. Capacitor 52 charges té the voitage Vi in phase one. In phase two
switch 58 is open as are switches 64 and 60 but switch 62 is closed and so capacitor
52 is connected to summing node 66 and the charge is delivered to the integrating

capacitor Ciyy 46. Any difference between the voltage on summing node 66 and Vy at
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50 causes amplifier 44 to provide an current to equalize those voltages. That current
causes a voltage to appear on output terminal V,, 69 and that change is a
representation of the capacitance of Csensor Capacitor 52. In phase three switch 60 is
closed, while switches 58, 62 and 64 are open, thus capacitor 52 charges up to V,. In
phase four switch 64 is closed while switches 58, 62 and 60 are open. Now capacitor
52 is connected to summing node 68 of amplifier 44 and the charge is exchanged with
feedback or integrating capacitor Ci; 48. Any difference between the voltage at
summing node 68 and Vy, on terminal 50 causes an output which is fed back to
minimize that difference and that output appears on output terminal V,, 70. Thus at
the end of phase two the charge transferred to the integrator is (Vyx — Vy)*Csensor and at
the end of phase four the charge transferred to the integrator is — (V, — V¥)*Csensor.
The total charge over all four phases then is ((Vx—Vy) — (V-V))*Censor 01 (Vi — V) *
Csensorl. Note that therefore the charge transfer term depends on the two reference :
voltages Vy and V,, only, and no longer is dependent on the Vy term. There are other
factors involved in the varying voltage conditions e.g., amplifier offset error, 1/f low
frequency noise and amplifier finite gain effects, and so it perhaps is not precise to say
that the charge transfer term depends only on Vy and V, but it certainly depends
substantially on them and is substantially not dependent on the Vyterm. The
interface circuit 40, Fig. 2, is a fully differential integrator commonly used in data
converters. The output of the integrator is the difference between the two output
terminals Vo, — Von.  The two integrating cape;citors Cint1 46 and Ciyp 48 are typically
substantially equal.

Differential amplifier 44, in addition to an input stage 100 and an output stage

102, typically contains a common mode control circuit 106, as shown in Fig. 2A. As
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the input and output signals of amplifier 44 are differential, the input signal being
processed is represented by the difference between the two input nodes 66 and 68, and
the output signal is represented by the difference between the two output nodes 69 and
70. The mean voltage level between the two input nodes is referred to as the input
common mode, and the mean voltage level between the two output nodes is the output
common mode. The inputs and outputs are linked by the external feedback network
104, which in the case of a differential integrator consists of two integrating
capacitors. However, either the input or the output common mode needs to be
controlled for the circuit to function properly, otherwise the circuit will find an
arbitrary common mode voltage which may restrict the differential voltage range. The
function of the common mode control circuit 106 is to control either the input or
output common mode voltage by reference to an applied voltage Vy.

The common mode control circuit 106 typically has an output 112 which can
be connected to output stage 102 to adjust the output common mode voltage, which in
turn will adjust the input common mode voltage via feedback circuit 104. The
common mode control circuit also has sense inputs 108 and 110, which either connect
to input nodes 66 and 68 to sense the input common mode, or to output nodes 69 and
70 to control the output common mode. The action of the common mode control
circuit 106 is to provide an output common mode adjustment signal 112 so that either
the input or output common mode is substantially equal to Vy.

Referring again to interface circuit 40, F1g 2, and examining the operation a
little closer, and taking the example of control of the input common mode, and
incorporating the offset error in the consideration it can be seen that in phase one the

sensor capacitor Csensor 52 is charged to Vy. There is a voltage (Vop1-(Vy+Voss/2)
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across the integrating capacitor. In phase two Cgensor 52 is connected to the summing
node 66 so that it discharges to (Vy + Vg/2) and the charge is transferred to the
integrating capacitor Ciyy 46 causing the voltage on the positive output to change to
Vopz. The total charge on both phases must remain constant giving the equation:
Vi*Coensor T (Vop1-(Vy+Vos/2))* Cine= (Vy+Vors/2)* Coensor + (Vopa-(Vy+Viee/2))*Cint
)

(Vop2-Vop1) = (Vi-(Vy+Vo15/2))*Coensor/Cint = AV gp
@
The equation is the same for the prior art case.

In this invention two additional phases are added. In phase three the sensor -
capacitor 52 is again charged up to a fixed voltage, this time V,. The voltage across
the lower integrating capacitor is (Von3-(Vy-Vos/2)). In phase four the sensor capacitor

- 52 is connected to summing node 68 so that this time Csensor 52 discharges into
integrating capacitor Ciy 48 causing the voltage on the negative output to change to
Vons. As before the total charge must be the same for both phases, giving the equation
V2*Censor + (Von3-(Vy-Vos/2))*Cint = (Vy=Vor/2*Csensor + (Vona-(Vy~Voss/2))*Cint
3

(Von4‘Von3) = (Vz"(Vy'Vofs/ 2))*Csensor/ Cint = A\70n

“4)
At the end of the four clock phases the change in the integrator output AV, is
given as
AVy= AV~ AV,
©)

= (V x'(Vy+Vofs/ 2))*Csensor/ Cint - (Vz“(vy‘vofs/ 2))*Csensor/ Cint
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©)
= (Ve Vz+Vos)*Csensor/ Cint @)

This result then represents the capacitance of Cgengor 52. Note, again, that the
output is dependent only on the applied voltages Vi and V, and not Vy. There is here
the added problem of the Vg term but it is only a 5 to 10 milivolt magnitude while Vy
was of a 2.5 volt magnitude. Thus, the fraction of error is minimal now with the 5 to
10 milivolt range as compared to the 2.5 volt range. But, even this can be reduced by
chopping the input and output to the amplifier. Equation (7) also holds for the case
where the common mode at the amplifier output is controlled.

Thus interface circuit 40a, Fig. 3, adds to switching circuit 57a the additional
chopping or inverting switches 80, 82, 84, 86 at the input of amplifier 44 and 88, 90,
92 and 94 at the output of amplifier 44. The use of the four phase clock according to
this invention has the added advantage of supporting chopping or inverting of the
integrator amplifier 44. Chopping is desirable because it eliminates the offset of the
amplifier, that is, the Vg in equation (7). It involves inverting both the inputs and the
outputs of amplifier 44 periodically, thus, inverting the offset polarity for half the
time. The result is that the positive and negative offsets cancel when the output is
averaged over time.

In operation switches 80, 88, 86 and 94 are closed for two phases (phases 1
and 2) of four phase operation while switches 82, 84, 90 and 92 are open, thereby,
operating amplifier 44 in the normal way. In the next two phases (phases 3 and 4) of
operation of the four phases, switches 80, 88, 86, and 94 are open while switches 82,
84, 90, and 92 are closed. In this mode, the inputs to amplifier 44 are inverted and so

are the outputs. The alternate switching of the positive and the negative offset cancels
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the offsets as averaged over time.

The interface circuit of this invention as shown in Figs. 2 or 3, is easily
applicable for use in a charge amplifier or capacitive to voltage converter 40b, Fig. 4.
In order to facilitate the interface circuit of this invention as a charge amplifier or
capacitance to voltage converter it need only be provided with some means to reset the
amplifier after each cycle or after a fixed number of cycles. In Fig. 4, circuit 40b has
added to it reset switches 101, and 103 which reset their respective integrating
capacitors Ciny 46 and Ciy, 48, although any number of different means for resetting
integrator 42 may be used. The four phase signals, Phl, Ph2, Ph3, Ph4 are shown in
Fig. 5, along with the reset signal which is operative in Fig. 4. The chop signal which
operates switches 80 - 94 in Fig. 3 is also shown in Fig. 5.

Another application of the interface circuit according to this invention is in a
sigma delta modulator 110, Fig.6. Modulator 110 includes switched capacitor circuit
112 having inputs Vyes + 114 and V,es— 116 which receives an output feedback from
quantizer 118. There is also one or more integrator stages 120, 122. The first stage
120 includes the interface circuit 40 according to this invention. While a sigma delta
modulator is depicted at 110 in Fig. 6, the addition of a digital filter as at 124 would
transform the sigma delta modulator into a sigma delta converter. The quantizer may
be implemented using a comparator and often is. The switched capacitor circuit may
be replaced with a digital to analog converter or a one bit digital to analog converter if
the quantizer is implemented using a compafator. Inteﬁace circuit 40 in integrator
120 works in the same way as in the previous descriptions with respect to Fig. 3. Note
in Fig. 6 the Vst at 114 could be used for Vx and Vi at 116 could be used for V, or

a scaled version of them. Then the circuit will operate in a ratio metric fashion and
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the conversion result will also be independent of the values Vy and V., and therefore
insensitive to changes even in these voltages.

While thus far the interface circuit of this invention has been shown with only
a single one terminal capacitor it is applicable to differential capacitor sensors as well.
For example, differential capacitor one terminal capacitor interface circuit 40c, F ig. 7,
is shown having differential capacitor sensing Cs; 52¢ and Cg, 52cc. It is also shown
as a part of a sigma delta modulator or converter 110a. In interface circuit 40c, Fig. 7,
switching circuit 57¢ includes, in addition to switches 58 — 64, four additional
switches, 130, 134, 132 and 136 are closed in phases one, two, three and four,
respectively. In operation, then, in phase one sensor capacitor Cy; 52¢ is connected to
Vx and sensor capacitor Cs; 52cc is connected to reference V,,. In phase two sensor
capacitor 52c¢ is connected to integrating capacitor Cyyy 46 while sensor capacitor Csy
52cc is connected to integrating capacitor Cin 48. In phase three the situation is
reversed: sensor capacitor C; 52¢ is connected to reference V, while sensor capacitor
Cs2 52cc is connected to reference Vy. In phase four sensor capacitor 52¢ is connected
to integrating capacitor Cin; 48 while sensor capacitor Cy, 52cc is connected to
integrating capacitor Ciny 46. In this way both capacitors simultaneously are
monitored. This embellishment of switching circuit 57c can be combined with that
shown in Fig. 3 so that the offset and 1/f errors can be cancelled as well. Thus the
interface circuit of this invention is substantially independent of error terms due to AC
ground voltage or due to amplifier off;set voltages. This enables a precision
measurement of an unknown differential sensor capacitor. The timing of the circuit is
not critical; as long as the phases do not overlap the integrator output is valid after

four phases. The duration of each phase is not critical either; it needs to be sufficient
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for the exponential charging transient to be sufficiently complete so that the charge for
the sensor capacitor is substantially transferred to the integrator, typically 10 to 11
time constants. The phase durations can be longer than this without materially
affecting the circuit performance.

Although specific features of the invention are shown in some drawings and
not in others, this is for convenience only as each feature may be combined with any
or all of the other features in accordance with the invention. The words “including”,
“comprising”, “having”, and “with” as used herein are to be interpreted broadly and
comprehensively and are not limited to any physical interconnection. Moreover, any
embodiments disclosed in the subject application are not to be taken as the only
possible embodiments.

In addition, any amendment presented during the prosecution of the patent
application for this patent is not a disclaimer of any claim element presented in the
application as filed: those skilled in the art cannot reasonably be expected to draft a
claim that would literally encompass all possible equivalents, many equivalents will
be unforeseeable at the time of the amendment and are beyond a fair interpretation of
what is to be surrendered (if anything), the rationale underlying the amendment may
bear no more than a tangential relation to many equivalents, and/or there are many
other reasons the applicant can not be expected to describe certain insubstantial
substitutes for any claim element amended.

Other embodiments will occur to those skilled in the art and are within the
following claims.

What is claimed is:
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CLAIMS

1. A one terminal capacitor interface circuit for sensing the capacitance of
a capacitor comprising:

a differential integrating amplifier having an input common mode
voltage and two summing nodes whose voltage is substantially equal to said input
common mode voltage;

a switching circuit for charging said capacitor to a first voltage level in
a first phase, connecting, in a second phase, said capacitor to one of said summing
nodes of said differential amplifier to provide a first output change substantially
representative of the difference between said first voltage level and said input
common mode voltage, and also representative of said capacitor; charging said
capacitor to a second voltage level in a third phase, and connecting, in a fourth phase,
said caj:;"acitor to the other summing node of said differential arl';f)liﬁer to provide a
second output change substantially representative of the difference between said
second voltage level and said input common mode voltage, and also representative of
said capacitor; the combined first and second output changes representing the
capacitance of said capacitor substantially independent of said input common mode

voltage.

2. The one terminal capacitor interface circuit of claim 1 in which said
differential integrating amplifier includes a control circuit for controlling the input
common mode voltage at said summing n(;des to be substantially equal to an applied
reference voltage.

3. The one terminal capacitor interface circuit of claim 1 in which said
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differential integrating amplifier includes a control circuit for controlling the output
common mode voltage of said amplifier to be substantially equal to an applied

reference voltage.

4. The one terminal capacitor interface circuit of claim 1 in which said
differential integrating amplifier includes a chopper circuit for selectively inverting
the inputs and the outputs of said differential integrating amplifier for canceling

amplifier offset error and low frequency noise.

5. The one terminal capacitor interface circuit of claim 2 in which said
chopper circuit changes state at the end of second phase and at the end of said fourth
phase.

6. A capacitance to voltage converter circuit for sensing the capacitance
of a one terminal capacitor comprising:

a differential integrating amplifier having an input common mode
voltage and two summing nodes whose voltage is substantially equal to said input
common mode voltage;

a switching circuit for charging said capacitor to a first voltage level in
a first phase, connecting, in a second phase, said capacitor to one of said summing
nodes of said differential amplifier to provide a first output change substantially
representative of the difference between said first voltage level and said input
common mode voltage; and also representative of said capacitor; charging said

capacitor to a second voltage level in a third phase, and connecting, in a fourth phase,
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said capacitor to the other summing node of said differential amplifier to provide a
second output change substantially representative of the difference between said
second voltage level and said input common mode voltage, and also representative of
said capacitor the combined first and second output changes representing the
capacitance of said capacitor substantially independent of said input common mode
voltage, and

a reset switching circuit for resetting the differential integrating

amplifier.

7. The capacitance to voltage converter circuit of claim 6 in which said
reset switching circuit resets the integrating capacitors of said differential integrating
amplifier.

8. The capacitance to voltage converter circuit of claim 6 in which said
differential integrating amplifier includes a control circuit for controlling the input
common mode voltage at said summing nodes to be substantially equal to an applied

reference voltage.

9. The capacitance to voltage converter circuit of claim 6 in which said
differential integrating amplifier includes a control circuit for controlling the output
common mode voltage of said amplifier to be substantially equal to an applied

reference voltage.

10.  The capacitance to voltage converter circuit of claim 6 in which said
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differential integrating amplifier includes a chopper circuit for selectively inverting
the inputs and the outputs of said differential integrating amplifier for canceling

amplifier offset error and low frequency noise.

11. A capacitive input sigma delta modulator for sensing the capacitance of

a one terminal capacitor comprising:

at least one integrating stage, a quantizer and a digital to analog
converter having positive and negative reference voltage, the first integrating stage
including

a differential integrating amplifier having an input common mode
voltage and two summing nodes whose voltage is substantially equal to said input
common mode voltage;

a switching circuit for charging said capacitor to a first voltage level in
a first phase, connecting, in a second phase, said capacitor to one of said summing
nodes of said differential amplifier to provide a first output change substantially
representative of the difference between said first voltage level and said input
common mode voltage, and also representative of said capacitor; charging said
capacitor to a second voltage level in a third phase, and connecting, in a fourth phase,
said capacitor to the other summing node of said differential amplifier to provide a
second output change substantially representative of the difference between said
second voltage level and said input common mode Volta;ge, and also representative of
said capacitor; the combined first and second output changes representing the
capacitance of said capacitor substantially independent of said input common mode

voltage.
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12.  The capacitive input sigma delta modulator of claim 11 in which said
differential integrating amplifier includes a control circuit for controlling the input
common mode voltage at said summing nodes to be substantially equal to an applied

reference voltage.

13, The capacitive input sigma delta modulator of claim 11 in which said
differential integrating amplifier includes a control circuit for controlling the output
common mode voltage of said amplifier to be substantially equal to an applied

reference voltage.

14.  The capacitive input sigma delta modulator of claim 11 in which said
differential integrating amplifier includes a chopper circuit for selectively inverting
the inputs and the outputs of said differential integrating amplifier for canceling

amplifier offset error and low frequency noise.

15.  The capacitive input sigma delta modulator of claim 11 in which said
first and second voltage levels are the positive and negative reference voltages of the

digital to analog converter of said sigma delta modulator.

16.  The capacitive input sigma delta modulator of claim 11 in which said
first and second voltage levels are proportional to the positive and negative reference

voltages of the digital to analog converter of said sigma delta modulator.
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17. A differential capacitor one terminal capacitor interface circuit for

sensing the capacitance of first and second capacitors comprising:

a differential integrating amplifier having first and second summing
nodes and an input common mode voltage; and

a switching circuit for charging a first capacitor of said differential one
terminal capacitor to a first voltage level and a second capacitor of said differential
one terminal capacitor to a second voltage level in a first phase, in a second phase
connecting said first capacitor to said first summing node and said second capacitor to
said second summing node of said amplifier to provide first and second output.
changes substantially representative of the difference between said first and second
voltage levels and said input common mode voltage, in a third phase charging said
first capacitor to said second voltage level and said second capacitor to said first
voltage level, and in a fourth phase connecting said first capacitor to said second
summing node and said second capacitor to said first summing node of said amplifier
to provide third and fourth output changes substantially representative of the
difference between said first and second voltage levels and said input common mode
voltage, the combined first, second, third and fourth changes representing the
capacitance of said first and second capacitors substantially independent of said input

common mode voltage.

18.  The differential capacitor one terminal capacitor interface circuit of
claim 17 in which said differential integrating amplifier includes a control circuit for
controlling the input common mode voltage at said summing nodes to be substantially

equal to an applied reference voltage.
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19.  The differential capacitor one terminal capacitor interface circuit of
claim 17 in which said differential integrating amplifier includes a control circuit for
controlling the output common mode voltage of said amplifier to be substantially

equal to an applied reference voltage.

20.  The differential capacitor one terminal capacitor interface circuit of
claim 17 in which said differential integrating amplifier includes a chopper circuit for
selectively inverting the inputs and the outputs of said differential integrating

amplifier for canceling amplifier offset error and low frequency noise.

21. A capacitance to voltage converter circuit for sensing the capacitance
of a differential one terminal capacitor comprising:

a differential integrating amplifier having an input common mode
voltage;

a switching circuit for charging a first capacitor to a first voltage level
and a second capacitor to a second voltage level in a first phase, in a second phase
connecting said first capacitor to a first summing node and said second capacitor to a
second summing node of said amplifier to provide first and second output changes
substantially representative of the difference between said first and second voltage
levels and said input common mode voltage, in a third phase charging said first
capacitor to said second voltage level and said second capacitor to said first voltage
level, and in a fourth phase connecting said first capacitor to said second summing

node and said second capacitor to said first summing node of said amplifier to provide
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third and fourth output changes substantially representative of the difference between
said first and second voltage levels and said input common mode voltage, the
combined first, second, third and fourth changes representing the capacitance of said
first and second capacitors substantially independent of said input common mode
voltage, and
areset switching circuit for resetting the differential integrating

amplifier.

22.  The capacitance to voltage converter circuit of claim 21 in which said
reset switching circuit resets the integrating capacitors of said differential integrating

amplifier.

23.  The capacitance to voltage converter circuit of claim 21 in which said
differential integrating amplifier includes a control circuit for controlling the input
common mode voltage at said summing nodes to be substantially equal to an applied

reference voltage.

24.  The capacitance to voltage converter circuit of claim 21 in which said
differential integrating amplifier includes a control circuit for controlling the output
common mode voltage of said amplifier to be substantially equal to an applied

reference voltage.

25.  The capacitance to voltage converter circuit of claim 21 in which said

differential integrating amplifier includes a chopper circuit for selectively inverting
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the inputs and the outputs of said differential integrating amplifier for canceling

amplifier offset error and low frequency noise.

26. A capacitive input sigma delta modulator for sensing the capacitance of

a differential one terminal capacitor comprising:

at least one integrating stage, a quantizer and a digital to analog
converter having positive and negative reference voltage, the first said integrating
stage including

a differential integrating amplifier having first and second summing
nodes and an input common mode voltage; and

a switching circuit for charging a first capacitor of said differential one
terminal capacitor to a first voltage level and a second capacitor of said differential
one terminal capacitor to a second voltage level in a first phase, in a second phase
connecting said first capacitor to said first summing node and said second capacitor to
said second summing node of said amplifier to provide first and second output
changes substantially representative of the difference between said first and second
voltage levels and said input common mode voltage, in a third phase charging said
first capacitor to said second voltage level and said second capacitor to said first
voltage level, and in a fourth phase connecting said first capacitor to said second
summing node and said second capacitor to said first summing node of said amplifier
to provide third and fourth output changes substantially representative of the
difference between said first and second voltage levels and said input common mode
voltage, the combined first, second, third and fourth changes representing the

capacitance of said first and second capacitors substantially independent of said input
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common mode voltage.

27.  The capacitive input sigma delta modulator of claim 26 in which said
differential integrating amplifier includes a control circuit for controlling the input
common mode voltage at said summing nodes to be substantially equal to an applied

reference voltage.

28.  The capacitive input sigma delta modulator of claim 28 in which said
differential integrating amplifier includes a control circuit for controlling the output
common mode voltage of said amplifier to be substantially equal to an applied

reference voltage.

29.  -The capacitive input sigma delta modulator of claim 26 in which said
differential integrating amplifier includes a chopper circuit for selectively inverting
the inputs and the outputs of said differential integrating amplifier for canceling

amplifier offset error and low frequency noise.

30.  The capacitive input sigma delta modulator of claim 26 in which said
first and second voltage levels are the positive and negative reference voltages of the

digital to analog converter of said sigma delta modulator.

31.  The capacitive input sigma delta modulator of claim 26 in which said
first and second voltage levels are proportional to the positive and negative reference

voltages of the digital to analog converter of said sigma delta modulator.
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