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(57) Abstract: Disclosed examples include amplifier circuits (100) with a first stage (AS1) to amplify an input voltage signal (INP,
INM) according to a first stage gain to provide a first stage output voltage signal (VOUT1), and a second stage (AS2) to provide an
amplitier output voltage signal (VOUT). A bias circuit (114, 120) provides an amplifier bias current signal (IAMP) to a current mir -
ror circuit (CM1, CM2) coupled with the first stage (ASI) to control a first stage bias current (I1), and an adjustment circuit (120) to
reduce the amplifier bias current signal (IAMP) and increase the first stage gain when the input voltage signal (INP, INM) is near a
first supply voltage (AVDD) or a second supply voltage (GND).
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AMPLIFIER CIRCUIT AND METHOD FOR ADAPTIVE AMPLIFIER BIASING

BACKGROUND

[0001] Buffer amplifiers are used in a variety of applications to interface an input signal to a
receiving circuit. For example, opamps are used in voltage-follower configurations with an
inverting or ‘minus’ input terminal connected to an output, so that the output voltage ideally tracks
the input voltage signal. However, opamps loose gain as their output is driven towards a supply
rail, such as ground, because the common-source output transistor goes into triode region
operation when the associated drain-source voltage Vpg is less than its saturation voltage VDgar.
Thus, despite connection in a voltage-follower configuration, the overall amplifier gain is not
linear across the entire input signal range, and the gain is less than unity near the supply rails, such
as 100 to 200 mV depending on bias and sizing of the output transistor. True unity gain can only
be achieved in a middle range and the amplifier circuit suffers from gain error limiting the useful
signal range.

SUMMARY

[0002] Disclosed examples include amplifier circuits having first and second stages to amplify
an input voltage signal and to provide an amplifier output voltage signal. A bias circuit provides
an amplifier bias current signal to a current mirror circuit coupled with the first stage to control a
first stage bias current. An adjustment circuit reduces the amplifier bias current signal to increase
the first stage gain when the input voltage signal is near a supply voltage. The increased first stage
gain compensates for the output stage gain loss near the supply rail to enhance gain uniformity
across the full output signal range of the amplifier circuit. In certain examples, the adjustment
circuit reduces the amplifier bias current signal according to a signal received at a control input.
The control input can be connected to an input node of the amplifier circuit to reduce the amplifier
bias current signal when the input voltage signal is near a supply voltage in a follower buffer
application. In other examples, the control input is connected to the second amplifier stage to
receive an amplifier output signal to adaptively bias the first amplifier stage when the output signal
is near the supply rail. In certain examples, the first amplifier stage includes a differential
amplifier. The adjustment circuit reduces the amplifier bias current signal to increase the first
stage gain when the amplifier output voltage signal is near either of a first supply rail voltage or a

second supply rail voltage in certain examples.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0003] FIG. 1 is a schematic diagram of an adaptively biased dual stage amplifier with an
adjustment circuit to change a first amplifier stage gain.

[0004] FIG. 2is a simplified schematic diagram of the amplifier of FIG. 1 connected in a voltage
follower bufter amplifier configuration with an adjustment circuit control input connected to an
input terminal.

[0005] FIG. 3 is a schematic diagram of the amplifier of FIG. 1 including a p-channel first stage
differential amplifier with a first example adjustment circuit.

[0006] FIG. 4is a schematic diagram of another example amplifier including a first stage with an
n-channel differential amplifier and a second example adjustment circuit.

[0007] FIG. 5 is a schematic diagram of a rail-to-rail amplifier including a first stage with
p-channel and n-channel differential amplifiers and a third example adjustment circuit.

[0008] FIG. 6 is a simplified schematic diagram of the amplifier of FIG. 1 with an adjustment
circuit control input connected to the amplifier output terminal.

[0009] FIG. 7is a schematic diagram of another example amplifier including a first stage with an
n-channel differential amplifier and an adjustment circuit.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0010] In the drawings, like reference numerals refer to like elements throughout, and the
various features are not necessarily drawn to scale. If a first device couples to or is coupled with a
second device, that connection may be through a direct electrical connection, or through an
indirect electrical connection via one or more intervening devices and connections.

[0011] Referring initially to FIGS. 1 and 2, FIG. 1 shows a two-stage buffer amplifier 100 that
provides adaptive biasing using an adjustment circuit 120 (BIAS ADJUSTMENT CIRCUIT in
FIG. 1). The adjustment circuit 120 facilitates improved output drive near a supply voltage, in this
case ground node 118 GND. FIG. 2 shows an amplifier circuit 200 with the amplifier 100
connected as a voltage follower buffer amplifier in which an adjustment circuit control input 122
(CONT) is connected to an input terminal 131. Disclosed examples provide intelligent amplifier
circuit biasing and gain control to counteract output stage gain loss near one or more supply
voltages or rails, such as AVDD at node 116 and/or GND at node 118 in FIG. 2. The example in
FIG. 2 provides follower type buffer amplifier applications of the disclosed amplifier circuit 100.
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Techniques of example embodiments are useful in other opamp circuits and amplifier
configurations.

[0012] The amplifier circuit 100 in FIG. 1 includes a first amplifier stage AS1 that amplifies an
input voltage signal according to a first stage gain to provide a first stage output voltage signal
VOUTI1. A second amplifier stage circuit AS2 includes an output transistor 107 to amplify the
first stage output signal VOUT1 to provide an amplifier output voltage signal VOUT. In this
example, the first amplifier stage circuit AS1 includes transistors 101-104 that form a common
source differential pair in an amplifier circuit to amplify a differential input voltage signal from
first and second amplifier input terminals or nodes 131 (plus input INP) and 132 (minus input
INM) according to a first stage gain to provide a single-ended first stage output voltage signal
VOUTTI at an output node 134. In other examples, the first stage AS1 can be a fully differential
amplifier stage providing a differential output signal. In this example, p-channel transistors 101
and 102 form a differential pair and are preferably matched with one another. The transistors 101
and 102 have source terminals connected to one another at a common source node to receive a first
stage bias current [1. Drain terminals of the transistors 101 and 102 are connected to an n-channel
current mirror load formed by transistors 103 and 104. The drain of transistor 101 is connected to
a first stage output node 134 to provide the VOUTT signal to the gate terminal of the second stage
output transistor 107. The source of the second stage output transistor 107 is connected to the
ground rail GND, and the drain of the transistor 107 provides the amplifier output voltage signal
VOUT at an amplifier output node 136. A resistor R1 and a capacitor C1 are connected in series
with one another to form a frequency compensation circuit between the first stage output node 134
and the amplifier output node 136. Although the illustrated examples include first and second
stages directly connected to one another, other examples are possible including three or more
stages, in which a final output stage directly or indirectly amplifies a first stage output signal,
irrespective of whether single-ended or differential.

[0013] The amplifier 100 also includes a bias circuit with a current source 114 coupled between
a positive supply voltage or rail AVDD and an input node 124 of a first current mirror circuit CM1.
The current source 114 provides a bias current signal IBIAS to the current mirror input node 124.
The current signal IBIAS is selectively modified by an adjustment current IADJ diverted from the
node 124 by the adjustment circuit 120. The resulting current IAMP = IBIAS — IADJ is provided

to the first mirror circuit CM1. The circuit CM1 includes transistors 109-112 to provide a mirrored
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current 10 to a second current mirror circuit CM2. Any suitable first current mirror circuit can be
used, so long as it receives the IAMP current signal and provides a proportionate current signal 10.
In this example, the transistors 111 and 112 are connected between the current mirror input node
124 and the second supply voltage or rail GND. The gate and drain of the transistor 111 are
connected to one another and to the gate of the transistor 110 to mirror the current flowing through
the transistor 111 to the transistor 110. Similarly, the gate and drain of the transistor 112 are
connected to one another and to the gate of the transistor 109. The transistors 109 and 110 are
connected in series with one another between the second current mirror circuit CM2 and GND. In
another example, the transistors 109 and 112 can be omitted, with the source terminals of the
transistors 110 and 111 being connected to GND.

[0014] The second current mirror circuit is coupled with the upper supply voltage AVDD, and
includes a p-channel transistor 108 connected between AVDD and the drain of the transistor 110 to
conduct the current I0. The gate and drain of the transistor 108 are connected to the gates of
p-channel transistors 105 and 106, and the source terminals of the transistors 105 and 106 are
coupled to AVDD. The transistor 105 mirrors the current I0 flowing in the transistor 108 to
provide the first bias current I1 to the sources of the first stage transistors 101 and 102 to bias the
first amplifier stage AS1 according to the amplifier bias current signal IAMP flowing into the first
current mirror circuit CM1. The ratio of the current signals 10 and I1 is set according to the relative
sizes of the transistors 108 and 105. Similarly, the gate of the current mirror transistor 106 is
connected to the gate of the transistor 108. The transistor 106 mirrors the current signal 10 from
the first current mirror circuit CM1 to provide a second stage bias current signal 12 to the drain of
the second amplifier stage output transistor 107, which is proportional to I0.

[0015] The adjustment circuit 120 reduces the amplifier bias current signal IAMP by diverting
the adjustment current IADJ from the node 124. This adjustment reduces the first amplifier stage
bias current I1 through operation of the current mirror circuitry CM1 and CM2. This reduction in
the first stage bias current I1, in turn, increases the first amplifier stage gain. The adjustment
circuit 120 adjusts the amplifier bias current IAMP when the amplifier output voltage signal
VOUT is near the second supply rail voltage GND. In the example of FIG. 1, the adjustment
circuit 120 operates according to a control input signal CONT.

[0016] The low frequency gain A;, of the first amplifier stage ASI1 is given by the following
equation (1):
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(1) Ay =-gmM1/(gdsM1 + gdsM3),
where M1 is the first stage amplifier transistor 101, M3 is the transistor 103, and the
transconductance gm and gds are given by the following equations (2) and (3):

@)  gm=(uCo(W/L))",

(3) gds = Alp.
where gdss is the slope of the I, curve as a function of the drain-source voltage Vpg in the saturation
region, and A is the channel length modulation parameter that varies with the gate length of the
transistor. As a result, the first stage gain Ay is inversely proportional to the square root of Ip.
[0017] With respect to the second stage AS2, the second stage gain A,, when the transistor 107 is
operating in the saturation region is given by the following equation (4), where M6 is the transistor
106 and M7 is the transistor 107:

4) A= -gmMT7/(gdsMT + gdsM6),
[0018] However, as the OUTPUT nears ground, the transistor 107 will go into the triode region
of operation, and the transconductance gm of the output transistor 107 is given by the following
equation (5):

(5)  gm = pCox(W/L) Vg,
where V4 1s the output voltage VOUT. At the transition from saturation to triode region operation,
the transconductance gm of the second stage gain decreases roughly linearly with output voltage
VOUT. The gds of the upper current mirror transistor 106 decreases by the square root of the
current 12, and the gds of the output transistor 107 increases according to the following equation
(6):

(6)  gds = pnCoxd(W/L)(Vgs - V1 - V).
[0019] The overall effect on the second stage gain is dependent upon the method for decreasing
IAMP. As a buffer amp (e.g., as shown in FIG. 2 below), the closed loop gain is given by the
following equation (7):

(7Y A=A An)/(1+ A An).
[0020] For high values of the first and second stage gains 4;, and 4, in equation (8), the gain of
the buffer is approximately unity. However, if the product of 451 and 4 1s sufficiently low (e.g.,
when the output voltage VOUT is low), the gain of the buffer is <1. Also, low gain affects the
output impedance of the buffer according to the following equation (8), where the amplifier circuit

output impedance should ideally be low:
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(8)  Routpyper = OpampRO/(1 + Ay An).

[0021] The adjustment circuit 120 adjusts the amplifier bias current IAMP to counteract this
gain loss when the amplifier output voltage signal VOUT is near the second supply rail voltage
GND.

[0022] FIG. 2 shows an amplifier circuit 200 with the amplifier 100 connected as a voltage
follower buffer amplifier in which an adjustment circuit control input 122 (CONT) is connected to
an input terminal 131 (INP). As INP approaches ground, the adjustment current IADJ increases,
which decreases IAMP and decreases the first stage bias I1 in FIG. 1, which (in turn) increases the
gain of the simple differential pair first stage AS1. This increase in gain allows the buffer
amplifier to drive more effectively near ground. The amplifier 100 in this case is configured as a
voltage-follower buffer, and the input voltage VIN should equal the output voltage VOUT. In
operation, as the input voltage VIN approaches a supply rail, such as the ground voltage GND at
node 118, a part of the input bias current IBIAS for the amplifier 100 is diverted from the first stage
AS]1, so that the as the amplifier output voltage VOUT at the node 136 approaches GND. This (in
turn) increases the gain of the first stage AS1 to compensate for gain lost at the output stage as the
common-source output stage transistor 107 enters the triode region. The higher first stage gain
gives the amplifier 100 the ability to drive the output closer to the rail or ground. In at least one
example operation, the amplifier 100 can drive voltage follower amplifier and drive the output to
less than 20 mV from the supply rail or ground. In contrast, an amplifier using a similar output
transistor, without the bias current adjustment implemented using the circuit 120, can only provide
unity gain about 100 to 200 mV away from the supply rails. Accordingly, the disclosed examples
extend the signal range of the amplifier circuit 200 to practically include the supply voltages or
rails. Moreover, this solution is achieved without addition of a negative supply rail to drive the
output signal down to ground.

[0023] FIG. 3 shows an example of the amplifier 100 of FIG. 1 including a p-channel first stage
differential amplifier with a first example adjustment circuit 120A. As in FIG. 1 above, the
amplifier 100 includes a first stage AS1A with an output node 134A and transistors 101-104 biased
by a current signal I1 from a second current mirror circuit CM2A with transistors 105, 106 and
108. A second amplifier stage AS2A includes an output transistor 107 as described hereinabove.
In this example, an adjustment circuit 120A includes transistors 311 and 312 coupled in series with

one another between the current mirror input node 124 and the supply rail GND. In another
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possible implementation, a third adjustment circuit transistor (not shown) can be included in series
between the transistors 311 and 312. The n-channel transistor 312 is connected in series with the
p-channel control transistor 311 between the node 124 and GND. The adjustment circuit 120A in
FIG. 3 is connected in parallel with the first current mirror circuit CM 1, and between the current
source 114 and a supply rail node 118. The first adjustment circuit transistor 311 includes a gate
control terminal connected to the control input 122 to receive the control input signal CONT, and
the second transistor 312 is diode connected, such that the voltage of the current mirror input node
124 is the voltage at the source of the transistor 311 plus the gate-source voltage VGS of the
second transistor 312. In another example, two transistors 312 and a third diode connected
transistor (not shown) have substantially identical dimensions, and the gate-source voltages VGS
of the second and third transistors is designed to be less than the VGS of the diode connected
current mirror transistor 111. Where the circuit 120A includes only the transistors 311 and 312,
the VGS of the adjustment circuit transistors 311 and 312 are designed with a sum of VGSs less
than the sum of the VGSs of the current mirror transistors 111 and 112. In other examples, such as
where the transistors 109 and 112 are omitted, the gate-source voltage or voltages of the diode
connected transistor or transistors of the adjustment circuit 120A are omitted, and the VGS of 311
is designed to be less than the gate-source voltage or voltages of the diode connected transistor of
the first current mirror circuit CM1.

[0024] In operation, when the voltage of the control signal CONT is at a level where the second
stage output transistor 107 is operating in the saturation region, the p-channel adjustment circuit
transistor 311 pulls the voltage at the source of the transistor 312 toward the GND supply voltage
level. In this condition, the voltage across the adjustment circuit transistor 312 is less than the
voltage at the current mirror input circuit node 124 (the voltage across the transistors 111 and 112),
so the adjustment current IADJ is essentially zero. After the voltage of the control signal CONT is
close enough to the lower supply voltage GND, and the transistor 311 is sufficiently on, the
adjustment circuit 120A begins to divert a non-zero current IADJ from the current mirror input
node 124. This lowers the amplifier current IAMP, and the first stage bias current I1 decreases
accordingly. This increases the first stage gain and causes the first stage output voltage VOUT1 to
increase. Accordingly, the second stage output transistor 107 can drive the amplifier output
voltage VOUT closer to the lower supply voltage GND. The magnitude of the current IADJ

increases (and therefore the amount of first stage gain increases) as the control voltage signal
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CONT gets closer to the supply voltage GND to further turn on the transistor 311. In this manner,
the adjustment circuit 120A operates according to the control input signal CONT to reduce the
amplifier bias current signal IAMP to increase the first stage gain when the amplifier output
voltage signal VOUT is near the supply rail voltage GND. In certain examples, the addition of the
adjustment circuit 120A involves only two or three additional transistors.

[0025] Moreover, the control input 122 can be connected to the input node 131 in
voltage-follower configurations to provide a suitable input to control the adjustment circuit 120 for
enhanced gain uniformity by counteracting gain errors when the output voltage VOUT is near the
supply voltage GND. In such a configuration, as shown in FIG. 2 above, the first stage gain
increase occurs only when the input (and output) is near the supply rail or ground GND, and the
buffer amplifier performance is unchanged when the input and output are not near the supply rails.
As discussed below in connection with FIG. 6, the control input terminal or node 122 can
alternatively be connected to the output node 136 for similar operation in voltage-follower
configurations, and also for other opamp circuit configurations, such as inverting amplifiers.
[0026] FIG. 4 shows another example two-stage amplifier 100 with adaptive biasing using an
adjustment circuit 120B for improved output drive near the upper supply voltage AVDD. In this
case, the amplifier 100 includes a first amplifier stage AS1B with n-channel transistors 401 and
402 receiving input signals from input terminals 131 and 132 (INP and INM), along with a second
amplifier stage including a p-channel output transistor 407, a bias circuit with a source 114 and
first current mirror circuit CM1 as described above, with a second current mirror circuit CM2B
including transistors 405 and 406 to conduct bias currents I1 and 12 from the respective first and
second output stages to the GND supply voltage or rail. The amplifier 100 in FIG. 4 generally
operates in complementary fashion to the amplifier in FIG. 3. The first amplifier stage circuit
ASIB includes transistors 401-404 forming a common source differential amplifier circuit to
amplify a differential input voltage signal according to a first stage gain, and to provide a
single-ended first stage output voltage signal VOUT]1 at a first stage output node 134B. In other
examples, the first amplifier stage circuit AS1B can provide a differential for stage output voltage
signal.

[0027] The n-channel transistors 401 and 402 form a differential pair and are preferably matched
with one another, with source terminals connected to one another at a common source node to

conduct a first stage bias current I1 from the current mirror transistor 405, and p-channel
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transistors 403 and 404 provide a current mirror load for the n-channel differential pair 401, 402.
The output transistors 109 and 110 of the first current mirror circuit CM1 are connected in series
with a p-channel transistor 408 between the GND and AVDD supply rails, and the gate terminals
of the transistors 405 and 406 in the second current mirror circuit CM2B are connected to the gates
of the transistors 109 and 112. In this manner, the amplifier current IAMP establishes the currents
I1 and 12 for biasing the dual stage amplifier. The current signal I1 biases the first stage AS1B via
transistor 405, and the mirror circuit transistor 406 provides a bias current signal 12 to bias the
output p-channel transistor 407. The current source 114 provides a bias current signal IBIAS to
the current mirror input node 124, and the adjustment circuit 120B selectively modifies the
amplifier bias current IAMP by diverting an adjustment current IADJ from the node 124 according
to a control signal CONT as described hereinabove. The amplifier bias current IAMP =
IBIAS —IADJ is provided to the first mirror circuit CM1.

[0028] The adjustment circuit 120B in this case includes an n-channel control transistor 411
connected in series with one or more diode connected n-channel transistors 412 and 413. In
another possible implementation, the third adjustment circuit transistor 413 can be omitted, with
transistors 411 and 412 connected between GND and the node 124. In the illustrated example, the
circuit 120B lowers the current IAMP to decrease I1 and increase the first stage amplifier gain as
the control signal voltage CONT approaches AVDD. As in the example of FIG. 3, the adjustment
circuit 120B in FIG. 4 is connected in parallel with the first current mirror circuit CM1 another
between the current source 114 and GND. The gate of the transistor 411 is connected to the
control input 122 to receive the control input signal CONT, and the transistors 412 and 413 are
diode connected, such that the voltage of the current mirror input node 124 is the voltage at the
drain of the transistor 411 plus the sum of the gate-source voltages VGS of the transistors 412 and
413. In one example, the transistors 412 and 413 have substantially identical dimensions, and the
gate-source voltages VGS of the transistors 412 and 413 is designed to be less than the VGS of the
diode connected current mirror transistors 111 and 112. In other examples, such as where the
transistors 109 and 112 are omitted, the gate-source voltage or voltages of the diode connected
transistor or transistors of the adjustment circuit 120B are designed to be less than the gate-source
voltage or voltages of the diode connected transistor or transistors of the first current mirror circuit

CMLI.
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[0029] In FIG. 4, when the voltage of the control signal CONT is at a level where the second
stage output transistor 407 is operating in the saturation region, the transistor 411 remains off, and
the adjustment current IADJ is zero while the control signal voltage CONT is less than the sum of
the VGS voltages of the transistors 412 and 413 plus the threshold voltage VT of the control
transistor 411. After the control signal voltage is greater than or equal to the sum of the VGS
voltages of the transistors 412 and 413 plus the threshold voltage VT of the control transistor 411,
the transistor 411 turns on and draws a non-zero adjustment current IADJ from the current mirror
input node 124 to decrease IAMP. As in the examples hereinabove, this decrease in IAMP
decreases the first amplifier stage bias current I1 to increase the first stage gain. In this manner, as
the second stage output transistor 407 transitions from saturation region operation into triode
region operation, the adjustment circuit 120B compensates for the second stage gain loss by
enhancing the first stage gain. The amount of the diverted current IADJ increases (and therefore
the amount of first stage gain increases) as the control voltage signal CONT gets closer to the
supply voltage AVDD to further turn on the transistor 411.

[0030] FIG. 5 shows a rail-to-rail amplifier example 500 including a pair of first amplifier stages
AS1A and AS1B with p-channel and n-channel differential amplifiers. The first stage ASTA
includes transistors 101-104 and an output node 134 A, and the circuit AS1A operates as described
above in connection with FIG. 3. The first stage AS1B includes transistors 401-404 and an output
node 134B as described above in connection with FIG. 4. The amplifier 500 also includes a third
example adjustment circuit including a pair of adjustment circuits 120A and 120B, as respectively
described above in connection with FIGS. 3 and 4. The amplifier 500 includes a first current
mirror circuit CM1 including transistors 109-112 as described above, which receives and mirrors a
current signal IAMP from an input node 124 to provide a current signal 10 flowing from AVDD
through two series connected transistors 108 and 502.

[0031] A second current mirror circuit CM2A provides a first stage bias current I1A to the first
stage circuit ASTA. An additional current mirror circuit CM2B includes a transistor 405 (as
described above in FIG. 4) and a transistor 508, each having a gate connected to receive the gate
voltage VN1 of the first current mirror transistors 109 and 112. The mirror circuit CM2B draws a
current I1B from the common source connection of transistors 401 and 402 in the first stage AS1B,
as described above in connection with FIG. 4. Also, the amplifier 500 includes a floating current

bias circuit formed by a p-channel transistor 504 and an n-channel transistor 506 connected

10
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between the upper and lower mirror transistors 106 and 508 to conduct a current 13 based on the
amplifier bias current IAMP. The gate of the transistor 506 is connected to receive a voltage signal
VN2 from the gates of the transistors 110 and 111 of the first current mirror circuit CM1. The gate
of the transistor 504 is connected to receive a voltage signal VP2 from the gate of the transistor
502.

[0032] The first amplifier stage circuit ASTA amplifies the differential input signal at the
terminals 131 (INP) and 132 (INM) by the first stage gain to provide an output signal VOUT1A at
a node 134A to control the gate of the lower n-channel output transistor 107, with a frequency
compensation circuit formed by a resistor R1A and a capacitor C1A connected between the stage
output node 134A and the amplifier output node 136. The other first amplifier stage circuit AS1B
amplifies the differential input signal at the terminals 131 (INP) and 132 (INM) by the first stage
gain to provide an output signal VOUTIB at a node 134B. This signal VOUT1B controls the gate
of the upper p-channel output transistor 407 as described above in connection with FIG. 4.
Another frequency compensation circuit is formed by a resistor R1B and a capacitor C1B
connected between the stage output node 134B and the amplifier output node 136. The second
stage includes a stage AS2A formed by the transistor 107, and an output stage AS2B including the
upper output transistor 407.

[0033] In operation, when the control signal CONT is in a middle range between GND and
AVDD where both output transistors 107 and 407 are operating in the saturation region (e.g., the
output voltage VOUT is not near AVDD or GND), the adjustment circuit transistors are off, and
the rail-to-rail amplifier 500 is biased according to the current IBIAS from the current source 114
(IAMP = IBIAS, and IADJ is zero).

[0034] When the control input voltage is close to GND, the transistor 311 is fully on and the
adjustment circuit 120A begins to divert a non-zero current IADJ from the current mirror input
node 124. This lowers the amplifier current IAMP and the current I1A, increases the gain of the
first stage AS1A, and causes the first stage output voltage VOUT1 to increase to lower VOUT,
thereby allowing the amplifier 500 to drive the output near GND. When the control signal voltage
CONT is greater than or equal to twice the VGS voltages of the transistors 412 and 414 plus the
threshold voltage VT of the control transistor 411 in the adjustment circuit 120B, the transistor 411
turns on and draws a non-zero adjustment current IADJ from the current mirror input node 124 to

decrease IAMP. This decreases the bias current [1B and increases the first stage gain of the circuit
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ASIB as described above in connection with FIG. 4. Accordingly, the adjustment circuitry 120A
and 120B adaptively bias the output stages to drive the output voltage VOUT closer to both AVDD
and GND by selectively diverting bias current IADJ away the current mirror input node 124 when
the control signal voltage CONT close to AVDD or GND.

[0035] FIG. 6 shows another amplifier circuit configuration 600 including an amplifier 100 or
500 as described above. In this example, the adjustment circuit control input terminal 122 is
connected to the second amplifier stage AS2 at the output terminal 136. In this circuit 600, the
adjustment circuitry is directly controlled according to the output voltage VOUT. For example,
the circuit 600 can be configured to operate as a voltage-follower buffer by connecting the output
node 136 to the minus input node 132, to follow the voltage applied to the plus input node 131. In
other examples, resistors, capacitors and/or other feedback components can be connected to
implement a variety of opamp circuit configurations, where the adjustment circuitry 120 operates
to enhance the capability to drive the output voltage VOUT close to one or both of the supply
voltages AVDD and/or GND.

[0036] FIG. 7 shows another example amplifier 700 including a first stage AS1B, a second stage
AS2B generally as described above in connection with FIG. 4. Also, the circuit 700 includes an
adjustment circuit 120C and first and second current mirror circuits CM1 and CM2. In this
example, a current source 114 is connected between the current mirror circuit CM1 and GND. The
adjustment circuit 120C and the first current mirror circuit CM1 are connected between the
positive supply rail AVDD and the current mirror input node 124. In this example, the adjustment
circuit includes a first transistor 701 with a gate connected to receive the control signal CONT, and
a diode-connected second (p-channel) transistor 702 coupled between the source of the transistor
701 and the node 124. The first current mirror circuit CM1 includes p-channel transistor 703-706,
and a transistor 707 which mirrors an amplifier current IAMP to create first and second stage by
his currents I1 and 12 via transistors 405 and 4006, respectively. In this example, the bias current
IBIAS from the current source 114 is generally constant, and the adjustment circuit 120C can
selectively reduce the mirror circuit current IAMP by sourcing an adjustment current IADJ to the
node 124 when the control signal CONT is at or near AVDD.

[0037] Modifications are possible in the described embodiments, and other embodiments are

possible, within the scope of the claims.
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CLAIMS
What is claimed is:
1. A circuit, comprising:

an amplifier circuit, including: an input to receive an input voltage signal; a first amplifier
stage circuit to amplify the input voltage signal according to a first stage gain to provide a first
stage output voltage signal; and a second amplifier stage circuit, including an output transistor to
amplify the first stage output signal to provide an amplifier output voltage signal; and

a bias circuit, including a current source to provide an amplifier bias current signal to set
the first stage gain of the first amplifier stage circuit; and

an adjustment circuit, including a control input to receive a control input signal, the
adjustment circuit operative according to the control input signal to increase the first stage gain
when the amplifier output voltage signal is near to a supply rail voltage.
2. The circuit of claim 1, wherein:

the input includes a first input node and a second input node to receive a differential input
voltage signal;

the first amplifier stage circuit includes a plurality of transistors forming a differential
amplifier circuit to amplify the differential input voltage signal according to the first stage gain to
provide the first stage output voltage signal;

the amplifier circuit includes a current mirror circuit coupled with the first amplifier stage
circuit to control a first bias current flowing in the differential amplifier circuit according to the
amplifier bias current signal; and

the adjustment circuit reduces the amplifier bias current signal to increase the first stage
gain according to the control input signal.
3. The circuit of claim 2, wherein: the current source provides a bias current signal to an input
node of the current mirror circuit; and the adjustment circuit selectively sinks an adjustment
current signal from the input node of the current mirror circuit according to the control input signal
to reduce the amplifier bias current signal.
4. The circuit of claim 3, wherein: the adjustment circuit includes first and second transistors
connected in series with one another between the input node of the current mirror circuit and a

supply rail node; the first transistor includes a first control terminal connected to the control input
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to receive the control input signal; and the second transistor includes a drain terminal and a second
control terminal connected to one another.

5. The circuit of claim 3, wherein the control input is connected to one of the first input node
and the second input node.

6. The circuit of claim 3, wherein the control input is connected to the second amplifier stage
to receive the amplifier output voltage signal.

7. The circuit of claim 1, wherein: the adjustment circuit includes first and second transistors
connected in series with one another between the current source and a supply rail node; the first
transistor includes a first control terminal connected to the control input to receive the control input
signal; and the second transistor includes a second drain terminal and a second control terminal
connected to one another.

8. The circuit of claim 7, wherein the adjustment circuit includes a third transistor connected
between the first and second transistors, the third transistor including a third drain terminal and a
third control terminal connected to one another.

9. The circuit of claim 7, wherein: the amplifier circuit includes a current mirror circuit
coupled with the first amplifier stage circuit to control a first bias current flowing in the differential
amplifier circuit according to the amplifier bias current signal, the current mirror circuit including
diode connected first and second current mirror transistors connected in series with one another
between the current source and a supply rail node; and a gate-source voltage of the first and second
transistors of the adjustment circuit is less than a sum of gate-source voltages of the first and
second current mirror transistors.

10.  The circuit of claim 1, wherein: the amplifier circuit includes a current mirror circuit
coupled with the first amplifier stage circuit to control a first bias current flowing in the first
amplifier stage circuit according to the amplifier bias current signal; the current source provides a
bias current signal to the input node of the current mirror circuit; and the adjustment circuit
selectively sinks an adjustment current signal from the input node of the current mirror circuit
according to the control input signal to reduce the amplifier bias current signal.

11. The circuit of claim 10, wherein: the adjustment circuit includes first and second
transistors connected in series with one another between the input node of the current mirror circuit

and a supply rail node; the first transistor includes a first control terminal connected to the control

14



WO 2016/187346 PCT/US2016/033142

input to receive the control input signal; and the second transistor includes a drain terminal and a
second control terminal connected to one another.

12. The circuit of claim 1, wherein the control input is connected to one of the first input node
and the second input node.

13. The circuit of claim 1, wherein the control input is connected to the second amplifier stage
to receive the amplifier output voltage signal.

14. The circuit of claim 1, wherein the adjustment circuit reduces the amplifier bias current
signal to increase the first stage gain when the amplifier output voltage signal is near either of a
first supply rail voltage or a second supply rail voltage according to the control input signal.

15. An amplifier circuit, comprising:

a differential first amplifier stage circuit to amplify a differential input voltage signal
according to a first stage gain to provide a first stage output voltage signal;

a second amplifier stage circuit to provide an amplifier output voltage signal according to
the first stage output signal;

a current source to provide an amplifier bias current signal;

a current mirror circuit coupled with the first amplifier stage circuit to control a first bias
current flowing in the differential amplifier circuit according to the amplifier bias current signal;
and

an adjustment circuit to modify the amplifier bias current signal when the input voltage
signal is near a first supply voltage or a second supply voltage.
16. The amplifier circuit of claim 15, wherein the adjustment circuit diverts bias current away
from an input of the current mirror circuit according to a control input signal to increase the first
stage gain when the input voltage signal is near the first supply voltage or the second supply
voltage.
17. The amplifier circuit of claim 16, wherein the adjustment circuit includes a control input
connected an input node of the first amplifier stage circuit to receive an input voltage signal as the
control input signal.
18. An amplifier, comprising:

a first amplifier stage circuit, including first and second input nodes to receive a differential

input voltage signal, the first amplifier stage circuit including a plurality of transistors forming a
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differential amplifier circuit to amplify the differential input voltage signal according to a first
stage gain to provide a first stage output voltage signal,

a second amplifier stage circuit to amplify the first stage output voltage signal according to
a second stage gain to provide an amplifier output voltage signal,

a current mirror circuit coupled with the first amplifier stage circuit to control a first bias
current flowing in the differential amplifier circuit according to an amplifier bias current signal
received at a current mirror input node; and

a bias circuit, including: a current source to provide a bias current signal to the current
mirror input node, and an adjustment circuit to selectively sink an adjustment current from the
current mirror input node to reduce the amplifier bias current signal and increase the first stage
gain to counteract a decrease in the second stage gain when a voltage at the first input node is near
a first supply voltage or a second supply voltage.

19.  The amplifier of claim 18, wherein: the adjustment circuit includes first and second
transistors connected in series with one another between the current mirror input node and a supply
rail node; the first transistor includes a first control terminal connected to the first input node; and
the second transistor includes a drain terminal and a second control terminal connected to one
another.

20.  The amplifier of claim 19, wherein the adjustment circuit includes a third transistor
connected between the first and second transistors, the third transistor including a third drain

terminal and a third control terminal connected to one another.
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