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(57) Abstract: A current feed-back instrumentation amplifier (CFIA) comprises a differential pair (My,, M;y,) with degeneration for
amplifying small differential voltages in the presence of large common-mode voltages. The CFIA includes input and feedback transcon-
ductors and a trimming circuit (Rtarr N, Rram, re) that trims the back-bias voltages of the transistors in each transconductor. The
trimming circuit (Rtagr N, Rrar pp) includes a plurality of selectable resistors disposed in the signal path of the tail current in each
transconductor. Each of the plurality of selectable resistors has a switch coupled to it. When a switch is closed, only the resistors up to
the respective switch are in the signal path of the bulk-to-source voltage of the differentially paired transistors. The resistor trimming
circuit (Rtam. v, Rram. pp) reduces the mismatch between transconductances of the respective differential pair transistors, and thereby
reducing the CFIA's gain error.
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METHODS OF ADJUSTING GAIN ERROR IN INSTRUMENTATION AMPLIFIERS

RELATED PATENT APPLICATION

This application claims priority to commonly owned United States Provisional
Patent Application No. 62/500,448; filed May 2, 2017; which is hereby incorporated by
reference herein for all purposes.

TECHNICAL FIELD

In accordance with some embodiments of the disclosed subject matter, systems and
methods are provided for dynamically correcting the gain error of an instrumentation
amplifier that uses a current-feedback circuit architecture.

BACKGROUND

The gain error, e.g., the difference between the actual transfer function and an ideal
transfer function of a current feed-back instrumentation amplifier (CFTA) depends on the
accuracy of matching between the CFIA's input transconductor and feedback
transconductor. Some existing CFIAs try to address the gain error using an architecture in
which each transconductor includes pre-amplifiers to create a transfer function proportional
to the ratio between the degeneration resistors of the input and feedback transconductors,
see Figure 1. The advantage of this circuit architecture is that it provides a gain error that
depends almost exclusively on matching of resistors which is superior to the matching of
transistors. While the preamplifiers provide an overall low gain error, their noise adds to
the total noise of the instrumentation amplifier, making this architecture less suitable for
low noise designs. Another disadvantage is the presence of feedback loops around each
pre-amplifier, which makes frequency compensation rather complex and difficult.

In another approach, the CFIA's transconductors are each based on a differential
pair of transistors with degeneration. The noise is significantly lower than the solution that
uses preamplifiers, and there will be no extra feedback loops. However, the gain error will
also change: it will now be affected not only by the mismatch between the input and
feedback degeneration resistors, but also by any mismatch between the degenerated
differential paired transistors of each transconductor, and by any mismatch between the
respective tail currents being fed into each transconductor. As noted above, resistors match
much better than transistors do, so mismatches other than the mismatch between the

degeneration resistors dominate the gain error.
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SUMMARY

Therefore, what is needed is a CFIA having an architecture that minimizes the
mismatch between other elements of the input and feedback transconductors, such as the
transistors or the tail currents.

According to an embodiment, a method for gain error correction in a current-
feedback instrumentation amplifier may comprise the steps of: providing an input
transconductor comprising a first differential pair of transistors, a first tail current source,
and a first trimming circuit coupled between the first tail current source and the first
differential pair of transistors, and to a bulk of the first differential pair of transistors,
wherein the first trimming circuit may vary a first back-bias voltage on the bulk of the first
differential pair of transistors; providing a feedback transconductor comprising a second
differential pair of transistors, a second tail current source, and a second trimming circuit
coupled between the second tail current source and the second differential pair of
transistors, and to a bulk of the second differential pair of transistors; wherein the second
trimming circuit may vary a second back-bias voltage on the bulk of the second differential
pair of transistors; and adjusting the first or second trimming circuits to reduce gain error
between the input transconductor and feedback transconductor.

According to a further embodiment of the method, may comprise the steps of:
providing first degeneration resistors coupled between the first differential pair of
transistors and the first trimming circuit; and providing second degeneration resistors
coupled between the second differential pair of transistors and the second trimming circuit.
According to a further embodiment of the method, the first and second trimming circuits
may comprise a plurality of series connected resistors and a plurality of switches coupled
to the plurality of series connected resistors, whereby the first and second back-bias
voltages may be varied. According to a further embodiment of the method, may comprise
the step of storing open and closed states of the plurality of switches in a non-volatile
memory. According to a further embodiment of the method, may comprise the step of
coupling the input and feedback transconductors to an amplifier.

According to a further embodiment of the method, may comprise the steps of:
coupling a feedback network between an output of the amplifier and inputs of the feedback
transconductor; and determining the current-feedback instrumentation amplifier gain with

the feedback network. According to a further embodiment of the method, may comprise
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the steps of: providing a modulator circuit between the first and second tail current sources,
and the first and second trimming circuits; controlling the modulator circuit by alternating
first and second phase states; wherein during the first phase state the modulator circuit
couples the first tail current source to the first trimming circuit and the second tail current
source to the second trimming circuit, and during the second phase state the modulator
circuit couples the first tail current source to the second trimming circuit, and the second
tail current source to the first trimming circuit.

According to another embodiment, a current-feedback instrumentation amplifier
having gain error correction may comprise: an input transconductor that may comprise a
first differential pair of transistors, a first tail current source, and a first trimming circuit
that may be coupled between the first tail current source and the first differential pair of
transistors, and to a bulk of the first differential pair of transistors; wherein the first
trimming circuit may be configured to vary a first back-bias voltage on the bulk of the first
differential pair of transistors; a feedback transconductor that may comprise a second
differential pair of transistors, a second tail current source, and a second trimming circuit
that may be coupled between the second tail current source and the second differential pair
of transistors, and to a bulk of the second differential pair of transistors; wherein the second
trimming circuit may be configured to vary a second back-bias voltage on the bulk of the
second differential pair of transistors; and the first or second trimming circuits may be
adapted to be adjusted to reduce gain error between the input transconductor and feedback
transconductor.

According to a further embodiment, the first degeneration resistors may be coupled
between the first differential pair of transistors and the first trimming circuit; and second
degeneration resistors may be coupled between the second differential pair of transistors
and the second trimming circuit. According to a further embodiment, the first and second
trimming circuits may comprise a plurality of series connected resistors and a plurality of
switches coupled to the plurality of series connected resistors, wherein the plurality of
resistors and switches may be adapted to vary the first and second back-bias voltages.
According to a further embodiment, anon-volatile memory may be adapted for storing open
and closed states of the plurality of switches According to a further embodiment, an

amplifier may have inputs thereof coupled to outputs from the input and feedback
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transconductors. According to a further embodiment, a feedback network may be coupled
between an output of the amplifier and inputs of the feedback transconductor.

According to a further embodiment, the feedback network may comprise: a first
feedback resistor; a second feedback resistor; and a voltage reference; wherein the first and
second feedback resistors and the voltage reference may be connected in series, a first input
of the feedback transconductor may be coupled to a node between the second feedback
resistor and the voltage reference, a second input of the feedback transconductor may be
coupled to a node between the first feedback resistor and the second feedback resistor, and
the output of the amplifier may be coupled to the first feedback resistor; wherein gain may
be determined by a ratio of resistance values of the first and second feedback resistors.

According to a further embodiment, a modulator circuit may be coupled between
the first and second tail current sources, and the first and second trimming circuits, wherein
the modulator circuit may be adapted to alternate between first and second phase states;
wherein during the first phase state the modulator circuit may be adapted to couple the first
tail current source to the first trimming circuit and the second tail current source to the
second trimming circuit; and wherein during the second phase state the modulator circuit
may be adapted to couple the first tail current source to the second trimming circuit, and
the second tail current source to the first trimming circuit.

According to a further embodiment, the modulator circuit may comprise: a first
switch coupled between the first tail current source and the first degeneration resistors; a
second switch coupled between the first tail current source and the second degeneration
resistors; a third switch coupled between the second tail current source and the first
degeneration resistors; and a fourth switch coupled between the second tail current source
and the second degeneration resistors; wherein the first and fourth switches may be
configured to close and the second and third switches may be configured to open on a first
phase state control signal; and the second and third switches may be configured to close
and the first and fourth switches may be configured to open on a second phase state control
signal.

According to a further embodiment, the first and second phase state control signals
may be from a clock generator, wherein the first phase state control signal may be at a first
logic level and the second phase state control signal may be at a second logic level.

According to a further embodiment, the first, second, third and fourth switches may be
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metal oxide semiconductor field effect transistors (MOSFETS). According to a further
embodiment, the input and feedback transconductors may be fabricated on an integrated
circuit die.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the present disclosure may be acquired by
referring to the following description taken in conjunction with the accompanying drawings
wherein:

Figure 1 illustrates a schematic diagram of a prior art current-feedback
instrumentation amplifier that uses preamplifiers;

Figure 1A illustrates a schematic diagram of a prior art current-feedback
instrumentation amplifier;

Figure 2 illustrates a schematic diagram of a current-feedback instrumentation
amplifier with a back-bias voltage trimming circuit, according to a specific example
embodiment of the present disclosure;

Figures 2A and 2B illustrate schematic diagrams of trim resistor and switching
arrangements for current-feedback instrumentation amplifier shown in Figure 2, according
to specific example embodiments of the present disclosure;

Figure 2C illustrates a schematic diagram of a current-feedback instrumentation
amplifier without degeneration resistors and comprising a back-bias voltage trimming
circuit, according to another specific example embodiment of this disclosure;

Figure 3 illustrates a schematic diagram of a current-feedback instrumentation
amplifier according to the circuit architecture of Figure 2 and further comprising a tail
current source modulator circuit, according to yet another specific example embodiment of
the present disclosure;

Figure 3A illustrates a schematic diagram of the current-feedback instrumentation
amplifier shown in Figure 3 in a first phase state;

Figure 3B illustrates a schematic diagram of the current-feedback instrumentation
amplifier shown in Figure 3 in a second phase state;

Figure 4 illustrates a schematic diagram of a current-feedback instrumentation
amplifier with a back-bias voltage trimming circuit, according to still another specific

example embodiment of the present disclosure.
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While the present disclosure is susceptible to various modifications and alternative
forms, specific example embodiments thereof have been shown in the drawings and are
herein described in detail. It should be understood, however, that the description herein of
specific example embodiments is not intended to limit the disclosure to the particular forms
disclosed herein.

DETAILED DESCRIPTION

In accordance with some embodiments of the disclosed subject matter, the present
disclosure provides a Current Feed-back Instrumentation Amplifier (CFTA) fabricated on
an integrated circuit die and comprising a circuit architecture that is based on a differential
pair with degeneration. The present CFIA includes a trimming circuit that trims the back-
bias voltages of the transistors in each transconductor. The trimming circuit may include a
plurality of selectable resistors disposed in the signal path of the tail current in each
transconductor. Each of the plurality of selectable resistors has a switch coupled to it. The
switches in each transconductor are controlled in such a way that only one switch is closed
at a time, the rest remaining open. When a switch is closed, only the resistors up to the
respective switch are in the signal path of the bulk-to-source voltage of the differentially
paired transistors. The closed resistance of the switch is much less than the input resistance
value into the bulk terminals of the differentially paired transistors and does not affect the
signal path from the selectable resistors to the bulks.

A non-volatile memory (not shown) may be used to remember the open and closed
switch configurations. The resistor trimming circuit reduces the mismatch between
transconductances of the respective differential pair transistors, in turn reducing mismatch
of the overall transconductances of the transconductors, and thereby reducing the CFIA's
gain error. The resistor trimming circuit may also be used in conjunction with a tail current
modulator circuit architecture designed to eliminate the contribution of tail current
mismatch to the overall gain error, and further reduce the gain error.

The present disclosure is directed toward an architecture for a CFIA comprising
differential transistor pairs with degeneration for amplifying small differential voltages in
the presence of large common-mode voltages. The present CFIA circuit architecture
employs trimming of a target voltage, specifically the back-bias voltage, Vss, that is
inherent in any metal oxide semiconductor (MOS) transistor operating in a sub-threshold

region. Itis contemplated and within the scope of this disclosure that this invention is not
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limited to just the sub-threshold region, e.g., it is equally valid for transistors operating in
the saturation region. The back-bias voltage is a contributor to one of the factors that affects
the transconductance gm of a particular transistor; as shown below, trimming the back-bias
voltage of each MOS transistor, e.g., P-channel or N-channel MOS field effect transistor
(MOSFET), in the respective transconductors reduces mismatch between the
transconductances of the respective MOS transistors. In various embodiments, the back-
bias voltage is trimmed using a signal voltage fed from a variable resistor comprising a
selectable plurality of resistors of a switched resistor network and disposed in the tail
current signal path of each transconductor.

Referring now to the drawings, the details of example embodiments are
schematically illustrated. Like elements in the drawings will be represented by like
numbers, and similar elements will be represented by like numbers with a different lower-
case letter suffix.

Referring now to Figure 1A, depicted is a schematic diagram of a prior art current-
feedback instrumentation amplifier. An example current-feedback instrumentation
amplifier (CFTA), generally represented by the numeral 100A, may use a differential pair
with degeneration architecture. The CFIA 100 includes an input transconductor Gm,x that
operates on differential input voltages Vine and Vinn, and a feedback transconductor Gmrs
that operates on feedback voltages Vren and Vrsp. Each transconductor (Gm,v and Gmrs)
has a respective tail current Itaw source. Each transconductor (Gmi~ and Gmrs) includes
degeneration resistors Rp, a first pair of transistors Mia and M (for Gmn), and a second
pair of transistors Mic and Mid (for Gmrs). Both transconductors (Gmv and Gmrs) are
coupled together and output a signal to an amplifier Ar as shown in Figure 1A.

Generally, the gain error is given by the ratio between Gm~ and Gmrs. Gain error
= GmIN/ Gmrs -1, where it is assumed the matching between the external resistors R1 and

R> 1s much better than the match between Gmiv and Gmre. For the CFIA 200, G, ;y =

Imicd
2+9micdRpFB

dmiab

, where gmiab 1S the transconductance of transistors
2+gmiabRp,iN

a.nd Gm,FB =

Mia and Mip, and gmicd is the transconductance of transistors M and M4, and Rp~ and
Rprs have already been defined above. For simplicity, it is assumed there is no mismatch
between Mia and M and they have the same transconductance, gmiab. Likewise, it is

assumed there is no mismatch between Mic and Mid and they have the same
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transconductance gmied. For convenience, one usually choses gmiab = gmied, and

Rp.n=RprB, such that the ratio GmiN/Gmrs may be unity. For transistors operating in the

. i i
sub-threshold region g,,1g0p = —==2 and g10p = —==£E where Itaiv and ITALFB

2napVrab 2nedVred

are the tail currents of Gmm and Gmrs, respectively; na and ned are the sub-threshold
constants of transistors M1a and Mip, and Mic and Mg, respectively; and V1. and Vr,cd the
thermal voltages of Mia and Mib, and Mic and Mg, respectively. The gain error will
therefore depend on the matching between Rp,v and Rp.rs, Itarv and ITamw Fs, nab and ned,
and V.. and V1ed. In the ideal case, Ro.w = Rp g, ITAIL,IN = ITAILFB, Nab = Ned, VT.ab = VTocd,
and the gain error is zero. This disclosure particularly addresses the contribution of the
mismatch between nab and ned to the overall gain error.

It can be shown that the sub-threshold factor, n, for a MOS transistor depends on
the back-bias (bulk-to-source) voltage of the transistor. The factor n is a function of the
capacitances of the transistor: n = 1 + (Coui/Cox), where Cox is the gate oxide capacitance
and Couik is the capacitance of the depletion region around a constant source diffusion. Ceuix
is inversely proportional to the depletion region width, wa, where Coux = €si’'wa. The
depletion region width, w4, is, in turn, proportional to the back-bias (also known as "body

bias") voltage Vs present at the back gate of the transistor:

: . . [2e5{2¥Wp+Vis)
wy = depletion region width = [——2—2% 25 5s
kY iV 4

where €si is the permittivity of silicon, Ws is the Fermi potential, and Na is the bulk
concentration in the transistor material. Thus, the sub-threshold factor n is inversely
proportional to the back-bias voltage Vas, which means gmiab is directly proportional to
Vasab (of transistors Mia and M), and gmicd 1s directly proportional to Vsscd (of transistors
Mic and M14). Furthermore, it can be assumed that the other parameters that make up the
factor n are relatively constant between transistors, such that matching Vss across
transistors will cause the transistors' transconductances, gmiab and gmicd, to match as well.
Referring now to Figure 2, depicted is a schematic diagram of a current-feedback
instrumentation amplifier with a back-bias voltage trimming circuit, according to a specific
example embodiment of the present disclosure. A CFIA, generally represented by the
numeral 200, may use back-bias voltage trimming circuits to minimize or substantially

eliminate the contribution of mismatched transistor transconductances to the gain error of
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the CFIA 200. In some embodiments, the CFIA 200 may comprise the CFIA 100
architecture shown in Figure 1 and a trimming circuit 202, 204 in each transconductor Gm,IN,
Gmps, respectively. The trimming circuits 202, 204 connect the bulks or "bodies" of the
transistors (Mia, M) and (M1c, Miqd) in each differential pair (e.g., through the bulk or
"body" terminal of the transistor) to variable resistors Rraw.v and Rraw s, respectively,
that are disposed in the signal paths of the tail currents Itaw. v and ITaw rs, respectively.
The variable resistors Rraw v and Rrawrs thereby serve as bias networks to which the
transistor bodies M1a and M, and M1c and M, respectively, are connected, rather than
being connected to power or ground. In some embodiments, the variable resistor Rtai. may
be a plurality of series-connected resistors Rtriv that are connected to the tail current
source. The trimming circuits 202, 204 are thus one way to obtain a variable bulk-to-source
voltage: the bulks of transistors M1a and Mis, and Mic and Miq; are connected to the 'center
tap' (represented by an arrow) of the variable resistors Rraw. v and RraiLrs, respectively,
placed in series with the tail currents of the input and feedback transconductors. In the
architecture shown in Figure 2, Vssab =Itar. N * Rrawiy + (Itamy * Rpiv/4) and
VBsed = ITarLFB * Rrawrs + (ITars * Rprs/4).

Referring to Figures 2A and 2B, depicted are schematic diagrams of trim resistor
and switching arrangements for current-feedback instrumentation amplifier shown in
Figure 2, according to specific example embodiments of the present disclosure. The
variable resistor Rra. may comprise a plurality of series coupled Rtrmv resistors and
corresponding switches. The Rrriv resistors may be series coupled between the tail current
source and the bulks of the transistors. A corresponding switch when closed will connect
the associated Rtriv resistor to the bulks of the differentially paired transistors, altering
their back-bias voltage. When the corresponding switch is open the associated Rtrmv
resistor will no longer be part of the variable resistor Rrai.. The switches may comprise
MOS transistors as shown in Figure 2B.

An open and close pattern for the switches may be stored in a memory module (not
shown), such as, for example but is not limited to, an 8-bit memory module. The memory
module may comprise a non-volatile memory cell. Thus, the position (resistance) of the
center tap may be set by means of the switches controlled by a digital code and stored in a

non-volatile memory.
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For instance, if due to random mismatch Gm~ < Gmrs, the gain error is measured
lower than 0; increasing the Vs of transistors M1a and M1 will lead to an increase in their
gm, and consequently in GmiN. This is obtained by moving the tap of the input
transconductor's Rraw upwards, in other words switching on a switch of a higher code. If
on the other hand, the gain error is measured higher than O (the case where Gm, v > GmFB),
VBs of Mic and M1d needs to be increased until Gmrs becomes equal to Gm~ (and the gain
error is 0). The center tap of the feedback transconductor's Rraw will need to move
upwards. In the example shown here the trimming code has 4 bits, and the value of each
resistor Rtriv can only be adjusted upwards; if MSB = 0 the resistor of Gm~ is increased
until Gm N = Gmprs; if MSB = 1 the resistor of Gmrsis increased until Gmrs = GmIN. One
advantage of this method is the fact the MOS switches are arranged in such a way that when
a switch is ON, its channel resistance (non-linear and process-variable) is negligible
because it’s in series with a high impedance node, the bulks of the differentially connected
transistors.

Referring to Figure 2C, depicted is a schematic diagram of a current-feedback
instrumentation amplifier without degeneration resistors and comprising a back-bias
voltage trimming circuit, according to still another specific example embodiment of this
disclosure. A back-bias voltage trimming circuit may be effectively used to minimize or
substantially eliminate the contribution of mismatched transistor transconductances to the
gain error of the CFIA 200C even without the degeneration resistors used in the CFIAs 200,
300 and 400. The CFIA 200C shown in Figure 2C operates in substantially the same
fashion as the CFIA 200 described hereinabove, but is configured without degeneration
resistors Rp (Figure 2).

Referring now to Figure 3, depicted is a schematic diagram of a current-feedback
instrumentation amplifier according to the circuit architecture of Figure 2 and further
comprising a tail current source modulator circuit, according to another specific example
embodiment of the present disclosure. The circuit architecture shown in Figure 2 may be
combined with an additional error-reducing circuit architecture that employs dynamic
correction (e.g., “chopping™) of the tail current sources for each transconductor to average
out the tail current values in each transconductor, thereby reducing mismatch and improving
overall gain error and linearity. A CFIA, generally represented by the numeral 300, may

comprise the CFIA 200 circuit architecture shown in Figure 2 and a modulator circuit 302
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disposed between the tail current sources Ita. v and Itawrs and the Rrar resistors. The
modulator circuit 302 implements dynamic correction of the tail current mismatch by
periodically swapping tail current sources ItamiN and ItamnFB to minimize or eliminate the
contribution of mismatched currents to the CFIA gain error. This is in addition to the
reduction of gain error by trimming the back-bias voltages, as disclosed hereinabove. In
some embodiments, the modulator circuit 302 may operate based on input received as one
or more regulated signals phil and phi2, e.g., provided by a clock or another regulating
circuit. In an example implementation, the regulated signals phil and phi2 alternately
switch between low and high logic levels every half clock cycle, swapping the tail current
sources between transconductors Gm,v and Gmrs twice every clock cycle.

The modulator circuit 302 implements dynamic correction of the tail current
mismatch by periodically swapping tail currents: during one period the tail current Itamn
flows into the input transconductor and the tail current Itarrs flows into the feedback
transconductor, then the modulator circuit 302 switches the tail currents, and during the
next period the current Itawn flows into the feedback transconductor and the tail current
Itawrs flows into the input transconductor. In some embodiments, the modulator circuit
302 may operate based on input received as one or more regulated signals phil, phi2
provided by a clock or another regulating circuit. In an example implementation, the
regulated signals phil, phi2 switch between high and low logic levels every half clock cycle,
swapping the tail currents between transconductors twice every clock cycle. Over a
complete clock cycle the tail current that flows into the input transconductor is on average
equal to the tail current that flows into the feedback transconductor. This approach allows
the portion of the gain error contributed by mismatched tail currents to be continuously
corrected during operation of the CFIA 300.

Referring to Figures 3A and 3B, depicted are schematic diagrams of the current-
feedback instrumentation amplifier shown in Figure 3 in first and second phase states,
respectively. The modulator circuit 302 of Figure 3, may include four switches 302A-302D
that may be adapted to alternately connect each tail current, Itar. v and ItawFs, in the
transconductors Gm, v and Gmrs. The regulated signals phil and phi2 may be provided from
a clock signal and are shown to be in opposite phase, such that phil is low when phi2 is
high, and vice-versa. Asshown in Figure 3A, when phil is low and phi2 is high, the “outer”

switches 302A and 302D are closed, and the “inner” switches 302B and 302C are open. As
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shown in Figure 3B, when the desired period (e.g., a clock cycle, clock half-cycle, etc.)
elapses the values of the regulated signals phil, phi2 flip; whereby phil is high and phi2 is
low, the “outer” switches 302A and 302D are open, and the “inner” switches 302B and
302C are closed.

To illustrate how the current invention corrects the effect of tail current mismatch
to gain error, it may be assumed that the tail current of Gmn, Ita.v has a nominal value
of Itaw, while the tail current of transconductor Gmrs suffers from a random mismatch
denoted by 6 such that its value is Itawrs = Itaw + 6*ItaiL. During a first phase (phil low
and phi2 high — see Figure 3A) the "baseline" current Itar flows into the input
transconductor Gm,Iv and the mismatched tail current (1+ o6)*ItaL flows into the feedback
transconductor Gmrs. The transconductance of transistors Mia and Mip, gmiab Will have a
nominal value equal to gm, while the transconductance of Mic and Miq will suffer from an
equal mismatch, d, gmicd = gm + 6*gm; Gmm will be equal to a nominal value Gm, while
Gmrs will be approximately equal to Gm(1+3). Therefore, during this phase, the gain error
will be approximately -6. Then in the second phase (phil high and phi2 low — see figure
3B) the modulator circuit 302 switches the tail current sources, and the baseline current
ItTar. flows into the feedback transconductor Gmrs and the mismatched tail current (1+
&)*ItawL flows into the input transconductor Gmin. During this cycle, Gm~N will be Gm(1+
), Gmrs will be equal to Gm, and the gain error will be approximately +6. If during one
half clock cycle, the gain error is -8, and during the other half clock cycle +8, over a
complete clock cycle the gain error will be on average zero. Thus, the modulator circuit
302 provides a continuous correction of the gain error during CFIA 300 operation.

Additionally, various embodiments of the present CFIA architecture are suitable for
high-voltage designs, even when the difference between common-mode voltages Vinp,
VN, Vrsp, Veen on the respective transconductors is large (e.g., over five (5) volts).

Referring to Figure 4, depicted is a schematic diagram of a current-feedback
instrumentation amplifier with a back-bias voltage trimming circuit, according to yet
another specific example embodiment of the present disclosure. The CFIA 400 shown in
Figure 4 is configured and operates in substantially the same fashion as the CFIA 200
described hereinabove, but its architecture comprises N-channel MOSFETS instead of

P-channel MOSFETS (Figure 2).
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The present invention has been described in terms of one or more preferred
embodiments, and it should be appreciated that many equivalents, alternatives, variations,
and modifications, aside from those expressly stated (e.g., methods of manufacturing,

product by process, and so forth), are possible and within the scope of the invention.
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CLAIMS
What is claimed is:
1. A method for gain error correction in a current-feedback instrumentation

amplifier, said method comprising the steps of:
providing an input transconductor, the input transconductor comprising:
a first differential pair of transistors;
a first tail current source; and
a first trimming circuit:
coupled between the first tail current source and the first differential pair
of transistors, and to a bulk of the first differential pair of transistors; and
varying a first back-bias voltage on the bulk of the first differential pair
of transistors;
providing a feedback transconductor, the feedback transconductor comprising:
a second differential pair of transistors;
a second tail current source; and
a second trimming circuit;
coupled between the second tail current source and the second
differential pair of transistors, and to a bulk of the second differential pair of
transistors; and
varying a second back-bias voltage on the bulk of the second differential
pair of transistors; and
adjusting the first or second trimming circuits to reduce gain error between the input

transconductor and feedback transconductor.

2. The method according to Claim 1, further comprising the steps of:

providing first degeneration resistors coupled between the first differential pair of
transistors and the first trimming circuit; and

providing second degeneration resistors coupled between the second differential pair of

transistors and the second trimming circuit.

3. The method according to any of Claims 1-2, wherein the first and second

trimming circuits comprise a plurality of series connected resistors and a plurality of switches
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coupled to the plurality of series connected resistors, whereby the first and second back-bias

voltages are varied.

4. The method according to Claim 3, further comprising the step of storing open

and closed states of the plurality of switches in a non-volatile memory.

5. The method according to any of Claims 1-4, further comprising the step of

coupling the input and feedback transconductors to an amplifier.

6. The method according to Claim 5, further comprising the steps of:

coupling a feedback network between an output of the amplifier and inputs of the
feedback transconductor; and

determining the current-feedback instrumentation amplifier gain with the feedback

network.

7. The method according to any of Claims 1-6, further comprising the steps of:
providing a modulator circuit between the first and second tail current sources, and the
first and second trimming circuits; and

controlling the modulator circuit by alternating first and second phase states;
wherein:

during the first phase state the modulator circuit couples the first tail current
source to the first trimming circuit and the second tail current source to the second
trimming circuit; and

during the second phase state the modulator circuit couples the first tail current
source to the second trimming circuit, and the second tail current source to the first

trimming circuit.
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8. A current-feedback instrumentation amplifier having gain error correction,
comprising:
an input transconductor, comprising:
a first differential pair of transistors;
a first tail current source; and
a first trimming circuit;
coupled between the first tail current source and the first differential pair
of transistors, and to a bulk of the first differential pair of transistors; and
configured to vary a first back-bias voltage on the bulk of the first
differential pair of transistors;
a feedback transconductor, comprising:
a second differential pair of transistors;
a second tail current source; and
a second trimming circuit;
coupled between the second tail current source and the second
differential pair of transistors, and to a bulk of the second differential pair of
transistors; and
configured to vary a second back-bias voltage on the bulk of the second
differential pair of transistors;
wherein the first or second trimming circuits are adapted to be adjusted to reduce gain

error between the input transconductor and feedback transconductor.

9. The current-feedback instrumentation amplifier according to Claim 8, further
comprising:

first degeneration resistors coupled between the first differential pair of transistors and
the first trimming circuit; and

second degeneration resistors coupled between the second differential pair of transistors

and the second trimming circuit.

10. The current-feedback instrumentation amplifier according to any of Claims 8-
9, wherein the first and second trimming circuits comprise:

a plurality of series connected resistors; and
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a plurality of switches coupled to the plurality of series connected resistors;
wherein the plurality of resistors and switches are adapted to vary the first and second

back-bias voltages.

11.  The current-feedback instrumentation amplifier according to Claim 10, further
comprising a non-volatile memory adapted for storing open and closed states of the plurality

of switches.

12. The current-feedback instrumentation amplifier according to any of Claims 8-
11, further comprising an amplifier having inputs coupled to outputs from the input and

feedback transconductors.

13.  The current-feedback instrumentation amplifier according to Claim 12, further
comprising a feedback network coupled between an output of the amplifier and inputs of the

feedback transconductor.

14.  The current-feedback instrumentation amplifier according to Claim 13, wherein
the feedback network comprises:

a first feedback resistor;
a second feedback resistor; and
a voltage reference;
wherein:

the first and second feedback resistors and the voltage reference are connected
In series;

a first input of the feedback transconductor is coupled to a node between the
second feedback resistor and the voltage reference;

a second input of the feedback transconductor is coupled to a node between the
first feedback resistor and the second feedback resistor;

the output of the amplifier is coupled to the first feedback resistor; and

gain is determined by a ratio of resistance values of the first and second

feedback resistors.
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15. The current-feedback instrumentation amplifier according to any of Claims 8-
14, further comprising a modulator circuit coupled between the first and second tail current
sources, and the first and second trimming circuits, wherein:

the modulator circuit is adapted to alternate between first and second phase states;

during the first phase state the modulator circuit is adapted to couple the first tail
current source to the first trimming circuit and the second tail current source to the second
trimming circuit; and

during the second phase state the modulator circuit is adapted to couple the first tail
current source to the second trimming circuit, and the second tail current source to the first

trimming circuit.

16.  The current-feedback instrumentation amplifier according to Claim 15, wherein
the modulator circuit comprises:
a first switch coupled between the first tail current source and the first degeneration
resistors;
a second switch coupled between the first tail current source and the second
degeneration resistors;
a third switch coupled between the second tail current source and the first degeneration
resistors; and
a fourth switch coupled between the second tail current source and the second
degeneration resistors;
wherein:
the first and fourth switches are configured to close and the second and third
switches are configured to open on a first phase state control signal; and
the second and third switches are configured to close and the first and fourth

switches are configured to open on a second phase state control signal.

17.  The current-feedback instrumentation amplifier according to Claim 16,
wherein:

the first and second phase state control signals are from a clock generator; and

the first phase state control signal is at a first logic level and the second phase state

control signal is at a second logic level.
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18.  The current-feedback instrumentation amplifier according to any of Claims 16-
17, wherein the first, second, third and fourth switches are metal oxide semiconductor field

effect transistors (MOSFETs).

19. The current-feedback instrumentation amplifier according to any of Claims 8-

18, wherein the input and feedback transconductors are fabricated on an integrated circuit die.
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