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(57) ABSTRACT

Disclosed is a system comprising a plurality of operational
amplifiers, each operational amplifier having individually
adjustable operational parameters, and a trimming circuit.
The trimming circuit includes successive approximation
register (SAR) logic that determines associated memory
values. The trimming circuit changes the adjustable opera-
tional parameters of each operation amplifier based on the
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TRIMMING OPERATIONAL AMPLIFIERS

TECHNICAL FIELD

[0001] The present disclosure relates to the trimming of
amplifier devices. More particularly, the present disclosure
relates to a system having a plurality of operational ampli-
fiers (op-amps) and a trimming circuit for trimming the
operational amplifiers.

BACKGROUND

[0002] Operational amplifiers can be trimmed during or
after manufacture to improve the precision and accuracy of
the devices. Some of the main objectives for trimming
techniques include the correction of offset, gain and tem-
perature drift, among other parameters, in the devices.
Modern trimming techniques for the initial production
adjustment of offset, gain and other device parameters
generally comprise some type of on-chip digital memory, for
example in the form of EPROM or fuse links. During the
trimming process, test circuitry can be used to measure the
device parameters to make a determination as to how many
and which bits of a memory value should be set, e.g. from
a “zero” or “low” state to the opposite “one” or “high” state.

SUMMARY

[0003] A system comprising operational amplifiers and a
trimming circuit is disclosed. The system comprises a plu-
rality of operational amplifiers. Each operational amplifier
has individually adjustable operational parameters. The
trimming circuit can adjust the operational parameters based
on associated memory values to compensate for offset
voltages of the operational amplifiers. The trimming circuit
comprises a successive approximation register (SAR) logic
that controls the associated memory values. The SAR logic
can be configured to determine, for each operational ampli-
fier, the associated memory value that causes an output
voltage of the respective channel to be within a predeter-
mined voltage interval when applying a defined common
mode voltage to inverting and non-inverting inputs of the
operational amplifier. The SAR logic can be configured to
simultaneously iterate through bit positions of the associated
memory values, for each channel, determining bits of the
associated memory values at the bit positions.

[0004] Another example relates to an integrated circuit
comprising a system having a plurality of operational ampli-
fiers and a trimming circuit. Each channel has individually
adjustable operational parameters. The trimming circuit can
adjust the operational parameters based on associated
memory values to compensate for offset voltages of the
operational amplifiers. The trimming circuit can comprise a
successive approximation register (SAR) logic that controls
the associated memory values. The SAR logic can be
configured to simultaneously iterate through bit positions of
the associated memory values for each operational amplifier,
determining bits of the associated memory values at the bit
positions.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 illustrates a block diagram of a system for
trimming operational amplifiers integrated circuit according
to an embodiment of the invention.
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[0006] FIG. 2 illustrates SAR logic for trimming opera-
tional amplifiers integrated circuit according to an embodi-
ment of the invention.

[0007] FIG. 3 illustrates a table showing exemplary binary
states and values during each iteration of the SAR logic
while determining the associated memory values according
to an embodiment of the invention.

DETAILED DESCRIPTION

[0008] An integrated circuit (IC) is disclosed. The IC can
comprise a plurality of channels (op-amps). A channel
contains one of multiple op-amps contained on an IC or
within a package (e.g. Dual or Quad op-amps).

[0009] The IC can employ one or more integrated op-amps
to measure offset of the op-amps during trimming procedure
after fabrication of the IC. The IC can also include a
trimming circuit.

[0010] During the trimming procedure, the inputs (invert-
ing inputs and non-inverting inputs) of the respective op-
amps can be connected to a common voltage source at a
predetermined voltage level where an offset is expected. The
two inputs can also be connected to a pre-determined
voltage (does not always have to be a common-mode).
[0011] Upon detecting that the trimming procedure has
started, an oscillator can generate a clock signal. The oscil-
lator can provide the clock signal to a Successive Approxi-
mation Register logic (SAR logic) driven by the respective
op-amp output. During the trimming procedure, the op-amp
can operate as a comparator of its own offset voltages.
Moreover, based on the op-amp outputs, the SAR logic can
write associated values to memory that control a respective
offset voltage of the op-amps. In particular, the values are
employed to control switches that adjust internal operational
parameters of the op-amp (e.g. internal current and/or inter-
nal resistance) during normal operation of the op-amp.
[0012] FIG. 1 illustrates a block diagram of a system 50
for trimming an integrated circuit (IC) 52 that includes
operational amplifiers 54 and 55 such that the IC 52 can be
referred to as a multi-channel op-amp IC. Fabrication tol-
erances of the op-amp IC 52 allow for situations where the
internal components (e.g. transistors and resistors) cause
operational parameters of op-amps 54 and 55 to operate at
levels outside acceptable limits. Accordingly, the op-amp IC
52 can include an internal trimming circuit 56 that can
measure parameters under test, e.g. output voltages VOUT1
and VOUT2 of the respective op-amps 54 and 55, and
generate control voltages (trim control signals) VSC1 and
VSC2 that cause the op-amps 54 and 55 to compensate for
the undesired offset voltages of the respective op-amps 54
and 55. Comparable systems for trimming an op-amp (chan-
nel) are described in more detail in U.S. Pat. No. 10,033,331,
which is hereby incorporated by reference in its entirety.
[0013] For purposes of simplification of explanation, the
trimming circuit 56 is illustrated and described as being
internal to the IC 52. However, in some examples, the
trimming circuit 56 can be external to the IC 52.

[0014] Upon fabrication of the op-amp IC 52, the op-amps
54 and 55 can be electrically coupled to a trim voltage
supply 58. The trim voltage supply 58 can be, for example,
test circuitry (e.g. automatic test equipment) configured to
actuate a trimming procedure at the trimming circuit 56
connected to the op-amps 54 and 55. Additionally, inverting
input leads IN1 and IN3, and a non-inverting input leads IN2
and IN3 can be shorted together by the trim voltage supply
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58. Moreover, the trim voltage supply 58 can apply a
common mode voltage VCM1 and VCM2 to both inverting
input leads and a non-inverting input leads of the op-amps
54 and 55 respectively.

[0015] Op-amps 54 and 55 can be configured to operate at
a nominal voltage. For example, a given common mode
voltage VCM1 (e.g. a voltage at about 0.5 V less than the
nominal voltage), can be set at the inverting INV1 and the
non-inverting INV2 inputs of the op-amp 54 to actuate the
trimming procedure. In such a situation, the trimming circuit
56 can detect the given common mode voltage VCM1,
applied at both the inverting and non-inverting inputs of the
op-amp 54 and initiate the trimming procedure in response
to the detection. In some examples, multiple trimming
procedures can be executed. For instance, in some such
examples, the positive supply voltage VS2+ can be used to
set a trimming procedure for op-amp 55, and the common
mode voltage, VCM1, can be used to set another trimming
procedure for op-amp 54.

[0016] Upon application of the common mode voltages
VCM1 and VCM2 by the trim voltage supply 58 and/or the
positive supply voltages VS1+ and VS2+, the trimming
circuit 56 can trigger a trimming procedure(s). In some
examples, the trimming circuit 56 can measure the positive
supply voltage VS2+ of the op-amp 55. Accordingly, upon
detecting the positive supply voltage VS2+ being set to
voltage at or near the common mode voltage VCM2, the
trimming circuit can actuate the trimming procedure for
op-amp 55. In other examples, a code sequence can be
applied to inputs IN1, IN2, IN3, and IN4 of the op-amp IC
to indicate that the trimming procedure has started.

[0017] In the trimming procedure, the trimming circuit 56
can provide a trim signal VSC1 (e.g. a controlled voltage
and/or current signal) of the trimming circuit 56 that adjusts
(e.g. trims) operational parameters of the op-amp 54 which
in turn adjusts the parameter under test, e.g. the output
voltage VOUT1 of the op-amp 54. The trimming circuit 56
may comprise, for example, digital-to-analog converters
(DACs) 70 and 72 for each op-amp 54 and 55 respectively
that provides the respective trim signals VSC1 and VSC2
adjusting current provided by internal transistors of the
op-amps 54 and 55. In additional examples, the trimming
circuit 56 may use DACs 70 and 72 that provide the trim
signals VSC1 and VSC2 respectively to adjust a resistance
of internal resistors of the op-amps 54 and 55 respectively.
In further examples, the trimming circuit 56 may be con-
figured to provide the trim signals VSC1 and VSC2 to adjust
the size of a bank of internal transistor devices in the
op-amps 54 and 55. That is, multiple transistor devices can
be coupled in parallel in a bank of internal transistor devices,
and the trim signals VSC1 and VSC2 can be employed to
control the number of transistor devices that are activated in
the bank of internal transistor devices. Moreover, in some
examples, the trimming circuit 56 can be configured as a
combination of a current DAC, a resistor DAC and/or a
transistor adjustor.

[0018] The trimming circuit 56 can measure the parameter
under test (e.g. the output voltages VOUT1 and VOUT2) to
determine the trim signals VSC1 and VSC2 that results in a
parameter under test being within a predetermined interval,
e.g. output voltages VOUT1 and VOUT?2 that are within a
predetermined voltage interval. For example, the predeter-
mined voltage interval can be within +/-1 V, +/-0.5 V,
+/-0.1 V, or any suitable other voltage interval. Differently
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speaking, the trimming circuit 56 can determine the trim
signals VSC1 and VSC2 that respectively result in output
voltages VOUT1 and VOUT2 that are at or near 0 V (e.g.
electrically neutral). The trimming circuit 56 can record data
characterizing the trim control signals VSC1 and VSC2 with
the output voltage at or near 0 V in a non-volatile memories
76 and 78 respectively. Moreover, the trimming circuit 56
can also disable further trimming procedures, such that the
trimming procedure is executed once for the op-amp IC 52.
[0019] The op-amp IC 52 can be configured such that
upon completion of the trimming procedure, the op-amp IC
52 can be decoupled (e.g. removed) from the trim voltage
supply 58 and subsequently employed in another circuit. In
such a situation, the trimming circuit 56 can provide the trim
signals VSC1 and VSC2 that achieved output voltages
VOUT1 and VOUT2 of about 0 V with common mode
voltage signals VCM1 and VCM2 at the offset voltage level
VOS. In this manner, the op-amps 54 and 55 are considered
to be “trimmed” and can operate as a multi-channel preci-
sion op-amp.

[0020] By employment of the op-amp IC 52, no external
measurements of operational parameters, such as input and/
or output currents and/or voltages of the op-amps 54 and 55
are needed to trim the op-amps 54 and 55. Thus, the time and
expense of measuring such operational parameters with
external circuitry can be avoided. Furthermore, as explained
herein, the components of the trimming circuit 56 are
relatively small. Thus, the inclusion of the trimming circuit
56 as part of the op-amp IC 52 does not significantly
increase a die size (or cost) of the op-amp IC 52. The trim
voltage supply 58 sets the common mode voltages VCM1
and VCM2, and waits a time sufficient (e.g. 1-40 millisec-
onds) to determine the trim control signals VSC1 and VSC2.
Thus, the trim voltage supply 58 can be implemented with
relatively simple hardware and/or software.

[0021] In this example, two op-amps 54 and 55 were
illustrated. However, in other embodiments one op-amp may
be used or more than two op-amps may be used.

[0022] FIG. 2 illustrates an example of successive
approximation register (SAR) logic 300 for trimming an
op-amp IC having a plurality of op-amps. The SAR logic
300 may be implemented, by the op-amp IC being trimmed,
such as the op-amp IC 52 of FIG. 1. A trimming circuit 56
integrated or coupled with the op-amp IC can trigger opera-
tion of the op-amp IC in a trim mode. The triggering can be
based, for example on detection of a high voltage (e.g. 7 V)
signal at a supply voltage VS1+ of an op-amp (e.g. the
op-amp 54 of FIG. 1). Additionally or alternatively, the
triggering can based on a detection of a predetermined
common mode voltage being applied to an inverting input
IN1 and a non-inverting input IN2 of the op-amp 54. In trim
mode, inverted and non-inverting inputs of the op-amp 54
can be coupled to a common mode voltage VCMI1.

[0023] The trimming circuit 56 can adjust a trim control
signal VSC1 that adjusts a parameter under test, such as an
output voltage VOUT1 of the op-amp 54. The parameter
under test—e.g. the output voltage VOUT1—can be mea-
sured by the trimming circuit 56. A determination can be
made as to whether to accept the trim control signal VSCI1.
The determination may be based, for example on the mea-
sured values. For instance, if the parameter under test (e.g.
VOUT) is within a predetermined (voltage) interval (about
0 V), the determination can be positive (e.g. YES) and the
SAR logic can proceed. Conversely, if the parameter under
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test (e.g. VOUT) is not within the predetermined interval
(e.g. at a high voltage), the SAR logic can start a new
iteration.

[0024] In some examples, the SAR logic may iterate
(cycle) memory values, and/or trim adjustment voltage
VSC1 through a series of values, levels or voltages until the
offset voltages (detected at the output VOUT1 of the opera-
tional amplifier 54) falls below a threshold voltage (e.g.
determined by a threshold voltage in a Schmidt trigger).
When the offset value falls below the threshold voltage, the
trim adjustment values, levels, or voltages are stored in the
associated memory 76 of the op-amp IC 52 for further use
during normal operation (e.g. when not operating in trim
mode) of the op-amp.

[0025] With regard to FIG. 2 and FIG. 3, trimming a
dual-channel op-amp is described. It is to be understood,
however, that more than two channels can be trimmed
simultaneously without departing from the disclosed con-
cept. The SAR logic 300 is configured to simultaneously
iterate through bit positions of the associated memory values
for each channel, determining bits of equal bit-weight of the
associated memory values at the bit positions concurrently.
[0026] At 305, the memory values MV1, MV2 can be
cleared, if necessary. In other words, all register bits repre-
senting the memory values can be set to ‘0’/low. The
memory values MV1, MV2 are binary values having n bits.
In the following, a MSB-0 numbering scheme is used, i.e.
the bit of the memory values MV1, MV2 having the highest
bit weight (most significant bit) is the leftmost bit having the
index ‘0.

[0027] At the beginning, index i can be set to zero, such
that the first iteration of the SAR logic can determine the
most significant bits MV1[0], MV2[0] of the memory values
MV1, MV2, respectively.

[0028] At 315, the indexed bit one-hot (OH[i]) of the
one-hot bit-group OH[i] can be set to “1°/high. All other bits
of the one-hot bit-group OH can set to ‘0’/low. The one-hot
bit-group OH can be provided, for example, by a one-hot
counter, e.g. a straight ring counter. In the beginning, the
most significant bit OH[0] is set to high.

[0029] At 316, a binary OR-operation is performed on the
one-hot bit-group OH and the respective memory values
MV1, MV2. In a particular example, only bits 0 to n of the
memory values MV1, MV2, which have previously been
determined, are fed back into the binary OR-operation.
[0030] At 320, the trim control signals VSC1 and VSC2
can be adjusted. This can be done by controlling a plurality
of digital-to-analog converters 70 and 72 (or a dual-channel
DAC), such that the DACs translates the respective results
of the bitwise OR-operation to trim control signals VSC1
and VSC2 for trimming of the operational amplifier 54 and
operational amplifier 55 respectively.

[0031] At 321, the adjusted trim control signals VSC1 and
VSC2 are fed into the op-amps 54 and 55 respectively to
control their operational parameters. Outputs VOUT1 and
VOUT?2 of the respective op-amps 54 and 55 can be mea-
sured, after letting the op-amps 54 and 55 responses settle at
325.

[0032] At 322, the outputs of the op-amp can be inverted.
In other words, an output of approximately 0 V can be
interpreted as TRUE/high when measured, an output of
approximately the nominal voltage, e.g. 7 V can be inter-
preted as FALSE/low when measured.
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[0033] At 325, the SAR logic can wait/sleep for a prede-
termined timespan, to let the respective outputs of the DACs
70 and 72 and the operational amplifiers 54 and 55 settle.
The predetermined timespan can be constant. For example,
the predetermined timespan can approximately be between
1 to 40 ms (Milliseconds). In a digital implementation of the
SAR logic 300, this step can comprise a sleep routine. An
alternative implementation can comprise an appropriately
chosen clock cycle speed or an appropriate multiplier of the
frequency of an internal or external clock 80.

[0034] In an alternative example, the predetermined times-
pan can depend on the bit-weight of the bit to be determined.
[0035] At 330, the measured (and inverted) values can be
stored at the respective bit-positions of the memory values,
MV1[i], MV2[i]. All determined bits of the associated
memory values MV1[n:0], MV2[n:0] (or alternatively the
whole memory values) can be outputted into the OR-gate
(bitwise OR-operation) to start a new iteration cycle.
[0036] FIG. 3 shows a table comprising states of the
one-hot binary-group OH, the respective memory values
MV1, MV2 in binary format, as well as the (not yet inverted)
states of the op-amps 54 and 55, and the total time of the
trimming process.

[0037] It is assumed that in this particular example, the
first op-amp 54 has an offset voltage corresponding to a
decimal value equivalent of 506. The second op-amp 55 is
assumed to have an offset voltage corresponding to a deci-
mal value equivalent of 113.

[0038] The first column shows the one-hot bit-group OH[
] in a binary representation. The single hot-bit gets shifted
one bit position per iteration cycle from most significant bit
to least significant bit.

[0039] The second column shows the one-hot bit-group
OH][ ] in a decimal representation. In other words, the second
column shows the bit-weight of the respective hot-bit of the
same line in the first column.

[0040] The third and fourth column comprise the respec-
tive output voltage of the op-amp channels. A ‘1° represents
a high output voltage VOUT at around the nominal voltage.
A ‘0’ represents a low output voltage of approximately 0 V.
[0041] The fifth and sixth columns show the memory
values MV1] ] in iteration cycle i, associated with the first
op-amp 54 in a binary and a decimal representation. The
seventh and eighth columns show the memory values MV2[
] in iteration cycle i, associated with the second op-amp 55
in a binary and a decimal representation.

[0042] For example, the first bits MV1[i], MV2[i] for i=0
of the memory values MV1][ |, MV2][ ] can respectively be
determined by inverting the output of the op-amp 54 when
a trim value signal VSC1 representing the one-hot bit-group
OV][ ] having a high most significant bit (column 1) is fed
into the op-amp 54. The following bits MV[i=i+1] of the
respective memory values MV1[ |, MV2[ | can be deter-
mined in a similar manner, one iteration cycle at a time. Each
further iteration cycle i=i+1 comprises adding the inverted
output of the respective op-amp 54 at the current bit position
MVx[i] when feeding a trim control signal VSCI into the
op-amp 54, the trim control signal VSC corresponding to the
result of the logical inclusive OR-operation on the previ-
ously determined memory value MVx[ | for i-1 and the
current one-hot bit-group at the current bit position OH[i].
[0043] Consecutive time stamps for each iteration cycle
are shown in the last column. A determined constant times-
pan/wait-time of 20 ms per iteration cycle is assumed.
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[0044] What have been described above are examples. It
is, of course, not possible to describe every conceivable
combination of components or methodologies, but one of
ordinary skill in the art will recognize that many further
combinations and permutations are possible. Accordingly,
the disclosure is intended to embrace all such alterations,
modifications and variations that fall within the scope of this
application, including the appended claims. As used herein,
the term “includes™ and “comprises” means includes but not
limited to, the term “including” means including but not
limited to. The term “based on” means based at least in part
on. Additionally, where the disclosure or claims recite “a,”
“an,” “a first,” or “another” element, or the equivalent
thereof, it should be interpreted to include one or more than
one such element, neither requiring nor excluding two or
more such elements.

1. A system comprising:

a plurality of operational amplifiers, each operational
amplifier of the plurality of operational amplifiers hav-
ing individually adjustable operational parameters, and

a trimming circuit coupled to the plurality of operational
amplifiers;

wherein the trimming circuit comprises successive
approximation register (SAR) logic;

wherein the SAR logic is configured to determine for each
operational amplifier an associated memory value;

wherein the trimming circuit is configured to change the
adjustable operational parameters of each operational
amplifier based on the associated memory values.

2. The system of claim 1 wherein the SAR logic is
configured to iterate through bit positions of the associated
memory values for each operational amplifier, determining
bits of the associated memory values at the bit positions.

3. The system of claim 1 wherein the associated memory
values cause an output voltage of each operational amplifier
to be within a voltage range when a defined common mode
voltage is applied to inverting and non-inverting inputs of
each operational amplifier.

4. The system of claim 1 wherein the trimming circuit
adjusts the operational parameters based on associated
memory values to compensate for offset voltages on the
operational amplifiers.

5. The system of claim 1, wherein the SAR logic is
configured to wait a predetermined timespan during each
iteration for allowing operational amplifier responses to
settle after changing the operational parameters and before
testing the output voltages.

6. The system of claim 1, wherein the trimming circuit
comprises a one-hot counter providing the SAR logic with
a one-hot bit group, the one-hot bit group having the same
bit-length as the associated memory values.

7. The system of claim 6, wherein the one-hot counter is
configured to shift a single hot bit one bit-position per
iteration from most significant bit of the one-hot bit group to
least significant bit.

8. The system of claim 7, wherein the SAR logic is
configured to perform a bitwise OR-operation on the asso-

Nov. 10, 2022

ciated memory values with the one-hot bit group before
testing the respective resulting output voltages.

9. The system according to claim 1, wherein the opera-
tional amplifier and the trimming circuit are mutually com-
prised by an integrated circuit.

10. An integrated circuit comprising:

a successive approximation register (SAR) logic having a
first input, a second input, first output and a second
output wherein the first input of the SAR logic is
configured to be coupled to an output of a first opera-
tional amplifier and a second input of the SAR logic is
configured to be coupled to the output of the second
operational amplifier;

a first digital-to-analog converter (DAC) having an input
and an output wherein the input of the first DAC is
coupled to the first output of the SAR logic and the
output of the first DAC is configured to generate a first
trim signal; and

a second digital-to-analog converter (DAC) having an
input and an output wherein the input of the second
DAC is coupled to the second output of the SAR logic
and the output of the second DAC is configured to
generate a second trim signal.

11. The integrated circuit of claim 10 further compromis-

ing a clock circuit coupled to the SAR logic.

12. The integrated circuit of claim 10 further compromis-
ing a memory coupled to the SAR logic.

13. The integrated circuit of claim 12 wherein the SAR
logic is configured to determine a first memory value based
on an output signal from the first operational amplifier and
a second memory value based on an output signal from the
second operational amplifier.

14. The integrated circuit of claim 13 wherein the first and
second memory values are stored in the memory.

15. The integrated circuit of claim 14 wherein the SAR
logic is configured to change the first trim signal and the
second trim signal based on the first and second memory
values respectively.

16. The integrated circuit of claim 15 wherein the first
trim signal causes the output signal of the first operational
amplifier to be within a voltage range when a defined
common mode voltage is applied to inverting and non-
inverting inputs of the first operational amplifier.

17. The integrated circuit of claim 15 wherein the second
trim signal causes the output signal of the second operational
amplifier to be within a voltage range when a defined
common mode voltage is applied to inverting and non-
inverting inputs of the second operational amplifier.

18. The integrated circuit of claim 11, wherein the SAR
logic is configured to wait a predetermined timespan during
each iteration for allowing the output signals from the first
and second operational amplifiers to settle for a timespan
after applying the first and second trim signals.

19. The integrated circuit of claim 18, wherein the times-
pan is constant.

20. The integrated circuit chip according to claim 18,
wherein the timespan is a function of the clock.

#* #* #* #* #*



