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FOLDED FLOATING-GATE DIFFERENTIAL
PAIR AMPLIFIER

RELATED APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation Serial No. 60/281,641, filed on Apr. 5, 2001, the
specification of which is herein incorporated by reference.

GOVERNMENT FUNDING

The invention described herein was made with U.S.
Government support under Grant Number 1R01DC03926-
01 awarded by NINCD. The United States Government has
certain rights in the invention.

FIELD OF THE INVENTION

The present invention relates to differential pair
amplifiers, and in particular to a folded floating-gate differ-
ential pair.

BACKGROUND OF THE INVENTION

Conventional MOS differential pairs are used as inputs to
operational amplifiers, operational transconductance ampli-
fiers (OTAs), mixers, and many other circuits. The differ-
ential pair convert a voltage difference into a current differ-
ence in a more or less linear fashion, independent of
common-mode input voltage. FIG. 1 shows a prior art
differential pair comprising a simple nMOS differential pair
biased using a constant current source provided by a single
saturated nMOS transistor. A nearly constant transconduc-
tance is maintained by keeping the sum of the two output
currents, I, +1,, fixed at a constant value, I,. The voltage on
a common source node, V, moves up and down with the
input voltages V, and V,.

In order to maintain a constant transconductance from
such a simple differential pair, the common-mode input
voltage should stay sufficiently far above ground so that the
gate-to-source voltage of the input transistors is large
enough for them to pass a significant fraction of I, and so
that the transistor that sinks the bias current remains in
saturation. For bias currents at or near threshold, the input
common-mode voltage must remain greater than approxi-
mately V,+V,,,. This restriction on the common-mode
input voltage makes the simple differential pair unattractive
for low-voltage (e.g., V5 =2 V) applications.

One method that has been proposed for overcoming this
limitation of the simple differential pair in low-voltage
applications is to construct the differential pair from
floating-gate MOS (FGMOS) transistors, as shown in prior
art FIG. 2. Charge stored on the gates of the FGMOS
transistors are used as a level shift so that the common-mode
control-gate input voltage can be at ground, while the
common-mode floating-gate voltage is high enough to per-
mit proper operation of the differential pair. However, this
scheme actually reduces the output-voltage swing, because
the common-source node will be higher than it would be in
the conventional differential pair for any given common-
mode input voltage.

SUMMARY OF THE INVENTION

A folded floating-gate MOS differential pair amplifier
comprises a matched pair of transistors whose output cur-
rents are summed and compared with a constant bias current.
The voltage at a comparison node is used to regulate the total
output current via shunt feedback to the gates of each
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transistor in the pair. The swing of this voltage is folded up
into the same range over which the input and output voltages
swing. Output currents for the circuit are formed with a
second set of matched transistors as mirror copies of those
that are regulated. In a further embodiment, feedback that
regulates the sum of the currents is provided to an extra
control gate connected to the floating gates.

The control gate comprises a capacitor in one embodi-
ment that is coupled to gates of the differential pair transis-
tors and to those of the output transistors.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a prior art circuit diagram of a conventional
MOS differential pair amplifier.

FIG. 2 is a prior art circuit diagram of a floating-gate
differential pair amplifier.

FIG. 3 is a circuit diagram of a folded floating-gate
differential pair amplifier in accordance with the present
invention.

FIG. 4 is a circuit diagram of an alternative folded
floating-gate differential pair amplifier in accordance with
the present invention.

FIG. § is a circuit diagram of a further alternative folded
floating-gate differential pair amplifier with resistive feed-
back.

DETAILED DESCRIPTION OF THE
INVENTION

In the following description and the drawings illustrate
specific embodiments of the invention sufficiently to enable
those skilled in the art to practice it. Other embodiments may
incorporate structural, logical, electrical, process, and other
changes. Examples merely typify possible variations. Indi-
vidual components and functions are optional unless explic-
itly required, and the sequence of operations may vary.
Portions and features of some embodiments may be included
in or substituted for those of others. The scope of the
invention encompasses the full ambit of the claims and all
available equivalents. The following description is,
therefore, not to be taken in a limited sense, and the scope
of the present invention is defined by the appended claims.

A folded floating-gate MOS differential pair amplifier is
shown at 300 in FIG. 3. A constant current source 305
comprises a gate biased by a voltage V,, and has a constant
current I, flowing from drain to source as shown. The
current I, is received at node V 308, which is a feedback
voltage node. The current I, is divided between a first
floating-gate transistor 310 and a second floating-gate tran-
sistor 315. The floating-gate transistors 310 and 315 have
gates coupled to control gates 320 and 325, which comprise
capacitive voltage dividers between C, and C,. The control
gates 320 and 325 are coupled to feedback at node 308, and
are also coupled to input voltages V, and V, to sum the input
voltages and the feedback voltage by capacitive voltage
division, which is also used to control current flowing
through each of the floating-gate transistors 310 and 315.

A pair of output transistors 330 and 335 are provided in
parallel with the floating-gate transistors to mirror the cur-
rent flowing through each of the floating-gate transistors 310
and 315. The output transistors 330 and 335 each comprise
respective floating-gate transistors 337 and 338, having
floating gates coupled to the control gates 320 and 325 in the
same manner as the floating-gate transistors 310 and 315.
Central cascode transistors 340 and 345 are coupled in series
with floating-gate transistors 310 and 315 to node 308.
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Output cascode transistors 350 and 355 are coupled in series
with the mirror floating-gate transistors 337 and 338. The
output cascode transistors 350 and 355 mitigate the gate-to-
drain capacitance of floating-gate transistors 337 and 338
respectively. The output cascode transistors 350 and 355
have drains coupled to output voltages V,, and V, respec-
tively. Each of the cascode transistors 340, 345, 350 and 355
have gates coupled to a common bias voltage V..

In operation, the floating-gate amplifier 300 substantially
provides a rail-to-rail input voltage range, and a wide output
voltage swing. The circuit functions the same was as a
conventional differential pair, except that the output currents
are mirror copies of the currents whose sum is regulated by
V at node 308. In addition, feedback, V is applied to control
gates 320 and 325. In this configuration, the swing of the
voltage that regulates the sum of the output currents is folded
up into the same range over which the input and output
voltages swing, facilitating low-voltage operation.
Moreover, the output transistors have their sources
grounded, allowing an output-voltage swing extending
almost to ground, which is the negative supply rail.

A further embodiment of a folded floating-gate MOS
differential pair amplifier is shown at 400 in FIG. 4. Ampli-
fier 400 is different from amplifier 300 in that all floating-
gate transistors share a single floating gate on each side of
the circuit, negating the need for the pair of central cascode
transistors and an extra set of control gates on each side. In
amplifier 400, a constant current source 405 comprises a
gate biased by a voltage V,, and has a constant current I,
flowing from drain to source as shown. The current I, is
received at node V 408, which is a feedback voltage node.
The current I, is divided between a first floating-gate tran-
sistor 410 and a second floating-gate transistor 415. The
floating-gate transistors 410 and 415 have gates coupled to
control gates 420 and 425, which comprise capacitive volt-
age dividers between C; and C,. The control gates 420 and
425 are coupled to feedback at node 408, and are also
coupled to input voltages V,; and V, to sum the input
voltages and the feedback voltage by capacitive voltage
division, which is also used to control current flowing
through each of the floating-gate transistors 410 and 415.

A pair of current mirrors 430 and 435 are provided in
parallel with the floating-gate transistors to mirror current
flowing through each of the floating-gate transistors 410 and
415. The current mirrors 430 and 435 each comprise respec-
tive floating-gate transistors 437 and 438, having floating
gates coupled to the control gates 420 and 425 in the same
manner as the floating-gate transistors 410 and 415. Output
cascode transistors 450 and 455 are coupled in series with
the output floating-gate transistors 437 and 438. Output
cascode transistors 450 and 455 have drains coupled to
output voltages V,; and V,, respectively. Each of the
cascode transistors 450 and 455 has gates coupled to a
common bias voltage V.

In operation, the floating-gate amplifier 400 substantially
provides a rail-to-rail input voltage range, and a wide output
voltage swing. The circuit functions the same was as a
conventional differential pair, except that the output currents
are mirror copies of the currents whose sum is regulated by
V at node 408. In addition, feedback, V is applied to control
gates 420 and 425. In this configuration, the swing of the
voltage that regulates the sum of the output currents is folded
up into the same range over which the input and output
voltages swing, facilitating low-voltage operation.
Moreover, the output transistors have their sources
grounded, allowing an output-voltage swing extending
almost to ground, which is the negative supply rail.
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In one embodiment, all like devices are well matched, and
for selected frequencies, the transistors remain in saturation
mode. At low frequencies, the incremental differential-mode
transconductance gain is relatively constant until the input
signal reaches a frequency close to the nMOS bias current
transistor’s transition frequency for the bias current level.
Thus, the differential pair circuit of FIG. 4 is capable of
wideband operation relative to its bias current.

By changing capacitance C, of control gates 320 and 325,
the transconductance of the differential pair is increased or
decreased proportionally for a given bias current. In one
operational amplifier embodiment, the input stage is
designed to operate at a single bias current, and a high
transconductance is desired, resulting in a higher voltage
gain. Increasing C; provides such a result. When designing
operational transconductance amplifiers (OTAs), such as for
use in OTA-C filters, a range of bias current levels is desired,
along with lower transconductance for any given bias cur-
rent. Decreasing C; provides a proportionally larger linear
range. By changing C,, the low-frequency common-mode
rejection ratio (CMRR) is increased or decreased propor-
tionally. For applications requiring a high rejection of
common-mode input signals, C, is increased. C, controls
how much V changes in response to changes in either V_,,
or I,.

In one embodiment, the circuit of FIG. 4 is fabricated in
a 1.2-um double-poly n-well CMOS process. Each nMOS
transistor is formed as eight strips, each 54 um wide and 3.6
um long arranged in a stacked geometry, giving the transis-
tors an effective width of 432 um and a length of 3.6 um. The
bias transistor is formed as a pMOS transistor with sixteen
strips of the same drawn dimensions as the nMOS transis-
tors. Control gate capacitances are formed as poly 1-poly 2
capacitors with C1=1.2 pF and C2=5.3 pF. V_isset at 0.85V,
and V5, at 1.6V. This method of fabrication is shown as an
example of one method of fabricating the circuit. Many
other methods and dimensions for the circuit elements may
be used to obtain different performance points for the circuit.

FIG. 5 shows a variation of the circuit of FIG. 4 at 500.
The numbering of like parts is consistent between the two
Figures. Resistive feedback circuits are indicated at 510 and
520 coupled between node 440 and the gates of floating-gate
transistors 410 and 415 in parallel with C,. The feedback is
controlled by a voltage V,. The resistive path introduces a
first order low frequency roll off whose corner frequency is
set by C; and V,. At DC, the circuit is a pair of current
mirrors sharing I, equally. Above the corner, it acts as the
floating-gate circuit described herein.

In a further variation of the circuit of FIG. §, V, comprises
a clock signal. When the clock signal is high, the circuit
rebalances itself. When the clock signal is low, the circuit
acts just like the floating-gate circuit. Injected charge is
rejected as a common-mode signal if it matches on both
sides of the circuit.

I claim:

1. An amplifier comprising:

a constant bias current source;

a first pair of floating-gate transistors coupled in parallel

to the constant current source;

a pair of output transistors coupled in parallel with the

differential-pair floating-gate transistors; and

a feedback path coupled to the constant current source and

gates of the first pair of floating-gate transistors.

2. The amplifier of claim 1 wherein the feedback path
provides a regulating feedback voltage that is folded up into
the same range over which input and output voltages swing.
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3. The amplifier of claim 1 wherein each output transistor
pair comprises a floating-gate transistor and a cascode
transistor.

4. The amplifier of claim 3 wherein the output transistors
have respective sources that are grounded, allowing a wide
output-voltage swing.

5. The amplifier of claim 1 wherein the first pair of
floating-gate transistors each have a first floating gate
coupled to the feedback path, and a second floating gate
coupled to respective input voltages.

6. The amplifier of claim 1 wherein the output transistor
pairs each comprise a floating-gate transistor having a gate
coupled to a corresponding gate of the first pair of floating-
gate transistors.

7. The amplifier of claim 1 wherein each transistor of the
first pair of floating-gate transistors has a gate coupled to a
capacitive voltage divider.

8. The amplifier of claim 7 wherein the capacitive divider
has a first input coupled to an input voltage, and a second
input coupled to the feedback path.

9. The amplifier of claim 8 wherein the output transistors
each comprise a floating-gate transistor having a gate
coupled to respective capacitive voltage dividers.

10. An amplifier comprising:

a constant bias current source;

a first pair of floating-gate transistors coupled in parallel
to the constant current source;

a feedback path coupled to the constant current source and
gates of the first pair of floating-gate transistors; and

wherein each feedback path comprises a control gate

coupled to an input voltage.

11. The amplifier of claim 10, wherein the each control
gate comprises a pair of series coupled capacitors.

12. The amplifier of claim 11 wherein the gates of the
floating-gate transistors are coupled between the series
coupled capacitors.

13. The amplifier of claim 11 wherein the feedback path
further comprises a resistive component.

14. The amplifier of claim 13 wherein the resistive
component is controlled by a constant voltage, or a clock
signal.
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15. An amplifier comprising:

means for providing a constant bias current;

a first pair of floating-gate transistors coupled such that
the sum of current flowing through them is equal to the
constant bias current;

means for mirroring current flowing through the floating-
gate transistors; and

means for providing feedback to the gates of the first pair

of floating-gate transistors.

16. The amplifier of claim 15 wherein a voltage drop
across the means for providing a constant bias current is
folded up into the same range over which output voltages
swing.

17. The amplifier of claim 15 wherein each means for
mirroring current comprises means for providing an output.

18. The amplifier of claim 17 wherein the means for
providing an output comprise output transistors have respec-
tive sources that are grounded, allowing a wide output-
voltage swing.

19. The amplifier of claim 15 wherein the first pair of
floating-gate transistors each have a first floating gate
coupled to the means for providing feedback, and a second
floating gate coupled to respective input voltages.

20. The amplifier of claim 15 wherein the means for
mirroring current comprise a floating-gate transistor having
a gate coupled to a corresponding gate of the first pair of
floating-gate transistors.

21. The amplifier of claim 15 wherein each transistor of
the first pair of floating-gate transistors has a gate coupled to
a means for controlling the gate.

22. The amplifier of claim 21 wherein the means for
controlling the gate comprise capacitive voltage dividers.

23. The amplifier of claim 22 wherein the capacitive
dividers have a first input coupled to an input voltage, and
a second input coupled to the means for providing feedback.

24. The amplifier of claim 23 wherein the means for
mirroring current each comprise a floating-gate transistor
having a gate coupled to respective capacitive voltage
dividers.



