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A Compact Power-Efficient 3 V CMOS
Rail-to-Rail Input/Output Operational
Amplifier for VLSI Cell Libraries

Ron Hogervorst, John P. Tero, Ruud G.

Abstract— This paper presents a two-stage, compact, power-
efficient 3 V CMOS operational amplifier with rail-to-rail input
and output ranges. Because of its small die area of 0.04 mm’, it is
very suitable as a VLSI library cell. The floating class-AB control
is shifted into the summing circuit, which results in a noise and
offset of the amplifier which are comparable to that of a three
stage amplifier. A floating current source biases the combined
summing circuit and the class-AB control. This current source
has the same structure as the class-AB control which provides a
power-supply-independent quiescent current. Using the compact
architecture, a 2.6 MHz amplifier with Miller compensation and
a 6.4 MHz amplifier with cascoded-Miller compensation has been
realized. The opamps have, respectively, a bandwidth-to-supply-
power ratio of 4 MHz/mW and 11 MHz/mW for a capacitive
load of 10 pF.

I. INTRODUCTION

HE design of low-cost mixed/mode VLSI systems re-

quires compact, power-efficient library cells. Digital li-
brary cells fully benefit from the continuing down-scaling
of CMOS processes as well as from the ongoing reduction
of the supply voltage. The down-scaling of processes results
in smaller digital cells, because these cells can be designed
using minimum-length components. The power consumption
of digital cells is reduced by using a lower supply voltage [1].
In contrast to digital cells, analog library cells, such as the op-
erational amplifier, cannot be designed using minimum-length
components, for reasons of gain, offset etc. Furthermore,
a lower supply voltage does not necessarily decrease the
dissipation of the cell because it often leads to more complex
designs, resulting in a larger quiescent current. To obtain
compact, low-voltage, power-efficient analog cells, simple
library cells with good performance need to be developed.

A two-stage opamp is very suitable to obtain a compact de-
sign. Published two-stage rail-to-rail opamps, however, contain
complex class-AB output stages, which use large die area [2],
[3]. Moreover, the class-AB control contributes significantly
to the noise and offset of the amplifier. Very recently, an
operational amplifier which overcomes the aforementioned
problems has been described in [4]. This amplifier, however,
uses a complex floating current source to bias the summing
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circuit and the class-AB control. The transconductance of
the input stage varies strongly with the common-mode input
voltage, which impedes an optimal frequency compensation.
Moreover, the quiescent current in the output transistors de-
pends on supply voltage variations.

In this paper a compact, two-stage, 3 V CMOS opamp with
rail-to-rail input and output ranges will be presented. Because
of its small die area, it is very suitable as a VLSI library cell.
The opamp contains a constant-g,, rail-to-rail input stage and a
simple class-AB output stage. To save die area, the class-AB
driver circuit has been incorporated in the folded-cascoded
summing circuit of the rail-to-rail input stage. The floating
architecture of the class-AB driver prevents that it contributes
to the noise and offset of the amplifier. This makes the input
offset and noise of the amplifier comparable to those of a three-
stage amplifier. The combined summing circuit and class-AB
control is biased by a simple floating current source which
has the same structure as the class-AB control, resulting in a
quiescent current which is independent of the supply voltage.

Using the compact opamp, two designs with different types
of frequency compensation have been realized. The first opamp
is compensated using the well-known Miller splitting tech-
nique [5], resulting in a unity-gain frequency of 2.6 MHz. The
second opamp is compensated by inserting the folded-cascode
of the summing circuit in the Miller loop, which increases the
unity-gain frequency up to 6.4 MHz. The compact design of
the opamps provides a low-power consumption of 0.5 mW at
a 3 V supply voltage. Both opamps occupy 0.04 mm?.

The constant-g,, rail-to-rail input stage and class-AB driver
circuit are described in Section II and Section III, respectively.
Section 1V describes the topology of the compact opamp. The
overall design and the frequency compensation are described
in Section V. The realizations and measurement results are
discussed in Section VI. Finally, some conclusions are drawn
in Section VIIL

II. CONSTANT-GM RAIL-TO-RAIL INPUT STAGE

In order to obtain a reasonable signal-to-noise ratio in low-
voltage design, the input stage should be able to deal with
common-mode input voltages from rail-to-rail. This can be
achieved by placing an N-channel and a P-channel differential
input pair in parallel, as is shown in Fig. 1 [5]. The N-channel
input pair, M; — My, is able to reach the positive supply rail
while the P-channel input pair, M3 — My, is able to reach
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Fig. 1. Common-mode input range of the rail-to-rail input stage. The supply
voltage is larger than Visp + Vien + 2V igar -
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Fig. 2. Common-mode input range of the rail-to-rail input stage. The supply
voltage is smaller than Visp + Visn + 2Visae.

the negative supply rail. This input stage requires a supply
voltage of at least:

Vsup,min = Vgsp + Vgsn + 2",dsat ()

where Vi, and Vi, are the gate-source voltage of an N-
channel and the gate-source voltage of a P-channel transistor,
respectively. Visae 1s the voltage across a current source which
is necessary to ensure that it operates as a current source. If
the supply voltage is below Viyp min the input stage ceases to
operate in the middie of the common-mode input range, as is
shown in Fig. 2.

A drawback of the rail-to-rail input stage is that its g,
varies by a factor of two over the common-mode input range,
as shown in Fig. 3. This large variation of the g,, impedes
an optimal frequency compensation [5]. An optimal frequency
compensation requires a constant g,, of the input stage. In
order to obtain a constant g,,, over the common-mode input
range, the g, at the lower and upper part of the common-
mode input range has to be increased by a factor of two. Since
the g, of a MOS transistor operating in strong inversion is
proportional to the square-root of its drain current, the tail-
current of the actual active input pair could be increased by
a factor of four.

This principle is realized in the circuit as shown in Fig. 4
[6]. The g,,-control is implemented by means of two current
switches, M5 and Mg, and two current mirrors, Mg — M7 and
Mg — Mg, each with a gain of three. The principles of the g,,,-
control can be best understood by dividing the common-mode
input range into three parts.

If low common-mode input voltages are applied, i.e., voit-
ages between Vgg and Vsg + 1 V, only the P-channel input
pair operates. The /V-channel current switch conducts while
the P-channel one is off. The N-channel current switch takes
away the current I,.r; and directs it to the current mirror,
Mg — My, where it is multiplied by a factor three and added
t0 Lier. Since I and I are equal, the tail-current of the
P-channel input equals 47.s.
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Fig. 4. Rail-to-rail input stage with g.-control by three-times current
mirrors.

If intermediate common-mode input voltages are applied,
i.e., voltages between Vgs + 1.3 V and Vpp — 1.3V, the
P-channel as well as the N-channel input pair operate. Now,
both current switches are off. The result is that the tail currents
of the N-channel input pair and that of the P-channel input
pair are equal to [p.r.

If high common-mode input voltages are applied, i.e.,
voltages between Vpp —1 V and Vpp, only the N-channel
input pair operates. The P-channel current switch conducts
while the N-channel current switch is off. The P-channel
current switch takes away the current I,.¢> and feeds it into the
current mirror, Mg — Mo, where it is multiplied by a factor 3
and added to the current I.¢;. The result is that the tail-current
of the N-channel input pair equals 47f.

It can be calculated that for each part of the common-mode
input range the g, is given by:

Im = V KIref

. w w
with K = MpCOX(f)p = NNCOX(T)N (2)

where p is the mobility of the charge carriers, Cox is the
normalized oxide capacitance, W and L are the width and
the length of a transistor, respectively. The subscripts N
and P refer to an N-channel or P-channel input transistor,
respectively.
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From (2) it can be observed that for a constant g, the W
over L ratios of the P-channel and the N-channel input pair
have to obey the following relation:

HN _ (%)P

"e (%) N
If the ratio pn over pp differs from its nominal value because
of process variations, the g,, will have an additional variation.
For example if pzx over pp changes about 15%, the additional
variation will be approximately 7.5%.

It can be concluded that the g¢,, is approximately constant
over the common-mode input range except for two take-over
ranges, i.e.,, common-mode input voltages between Vss + 1
V and Vss + 1.3 V and common-mode input voltages
between Vpp — 1.3 V and Vpp — 1 V, where the g, varies
only 15%, as is shown in Fig. 3. In the take-over ranges
the current through one of the current switches changes
from O to I..r, Or vice versa.

The offset of the rail-to-rail input stage changes over the
common-mode input range because the N-channel input pair
and the P-channel input pair have, in general, a different
offset. This change in offset limits the CMRR of the input
stage, since it is defined as the change of offset relative to
the change in common-mode input voltage. To maximize the
CMRR the change of offset should be spread out over a large
part of the common-mode input range. In this circuit, the
change of offset is spread out over the two take-over ranges
of the current-switches. This allows a relatively large CMMR
for these types of input stages.

At supply voltages below 2.9 V both current switches might
conduct at the same common-mode input voltage. To prevent
the positive feedback loop, M5 — M1, from becoming active,
Mog— M3 are added to the circuit. Each side of the differential
pair, Mg — M3, is connected via a voltage source, Vg5 or
Ve, to either one of the supply-rails. The differential pair,
Mjg — M3g measures the supply voltage. If the supply voltage
is larger than 2.9 V the gate-voltage of the current switch, Mg,
is biased by Ms;. At supply voltages lower than 2.9 V, the
differential pair gradually turns off Mg. Thus. the gate-voltage
of the N-channel current switch moves towards the positive
supply rail. This means that the current switch is always off at
supply voltages below 2.9 V. In this way the positive feedback
loop can never become active.

The current mirror, My; — M4, together with the folded
cascodes, M5 — Mg, form a summing circuit. This summing
circuit adds the signals coming from the complementary rail-
to-rail input stage.

3)

III. RAIL-TO-RAIL CLASS-AB OUTPUT STAGE

To make efficient use of the supply voltage and supply-
current, an opamp requires class-AB biased output transistors
connected in a common-source configuration. Moreover, the
class-AB control should be compact to efficiently use die area.

The compact class-AB output stage is shown in Fig. 5 [7]. It
consists of two common-source connected output transistors,
M5 and Myg, which are directly driven by two in-phase signal
currents, ;) and 7;,». The floating class-AB control is formed
by Mig and My,. The stacked diode-connected transistors,
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Fig. 5. Rail-to-rail output stage with floating class-AB control.

Mi2_ Vb1 b7 b8

ﬁo @:;%x

VDD

1élm

P19 %” os

b3 b4 Vb4 106 b5

1$m2

Fig. 6. Two-stage cascaded operational amplifier.

Myy — Myy and My — My, bias the gates of the class-
AB transistors M9 and Mag, respectively. As was shown in
the previous section the minimum required supply voltage is
limited by the demand for a fully rail-to-rail common-mode
input range. Therefore, two stacked gate-source voltages are
allowed in the class-AB output stage.

The floating class-AB control transistors, the stacked diode-
connected transistors and the output transistors set up two
translinear loops Mazq, M2, Mas, Mas and Mig, Mas, May,
Mag, which determine the quiescent current in the output
transistors. The class-AB action is performed by keeping the
voltage between the gates of the output transistors constant.
Suppose the in-phase signal current sources, fi;1 and i, are
pushed into the class-AB output stage. As a result, the current
of the P-channel class-AB transistor, M»q, increases while the
current in the N-channel class-AB transistors, Mgy, decreases
by the same amount. Consequently, the gate-voltages of both
the output transistors move up. Thus the output stage pulls
a current from the output node. This action continues until
the current through the P-channel class-AB transistor is equal
to I,7. Now, the current of the P-channel output transistor
is kept at a minimum value, which can be set by W over L
ratios of the class-AB control transistors. Note that the current
through the N-channel output transistor is still able to increase.
A similar discussion can be held when input signals are pulled
from the class-AB output stage.
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Fig. 7. Three-stage cascaded operational amplifier.
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Fig. 8. Compact two-stage opamp. The floating class-AB control is biased
by the cascodes of the summing circuit.

A drawback of the class-AB control is that the quiescent
current of the output transistors depends on supply voltage
variations. The supply voltage variations are directly put, by
the gate-source voltages of the output transistors, across the
finite output impedances of the floating class-AB transistors.
The result is a power-supply dependent variation of the qui-
escent current.

IV. TOPOLOGY OF THE OPAMP

In the previous sections the rail-to-rail input stage and the
rail-to-rail class-AB output stage have been described. In this
section the overall topology of the operational amplifier will
be described.

The conventional way to design a two-stage opamp is to
place the input stage, My — My and M;; — Mg, and the
class-AB output stage, M9 — Mag, in cascade, as is shown in
Fig. 6. The capacitors C'pr; and Caz2 can be used to frequency
compensate the opamp. For reasons of clarity, the ¢,,-control
of the input stage has been omitted. Although a compact design
is obtained, this approach has important drawbacks. Firstly, the
gain of the amplifier decreases because the bias current sources
of the class-AB control, I and I7, are in parallel with the
cascodes, My, and Mg, of the summing circuit. Secondly,
apart from the input transistors, M; — My, and My, — M,
and Ip3 — Ip4 of the summing circuit , also the bias current
sources of the class-AB control, I, and I;7, contribute to the
noise and offset of the amplifier. These bias sources contribute
significantly to the input offset and noise, because the current
gain between the bias sources of the class-AB control and the
drain currents of the input transistors is equal to one.
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Fig. 9. Compact two-stage opamp. The summing circuit contains two current
mirrors which are biased by two separate current sources.

Both drawbacks can be overcome by adding an intermediate
circuit to the two stage cascaded opamp, as is shown in Fig.
7. The intermediate stage, M3, and Mso, increases the current
gain between the input transistors, M; — My, and the bias
currents of the class-AB control, I and Ip7, so the noise
and offset contribution of I and I7 can be neglected. The
result is that the noise and offset of the operational amplifier
is only determined by the input transistors, M; — My, and
by M1 — Mi2 and by Ip3 — Ip4. The price to pay is more
die area and a lower unity-gain frequency. In general, more
stages result in a lower unity-gain frequency of the opamp. If
nested Miller compensation is used, the unity-gain frequency
decreases by a factor of two [5]. The die area is increased
not only because an additional stage is needed, but also
because additional capacitors, Cns3 and Cjyy, are needed to
compensate the opamp. These capacitors, which are normally
of the order of several pFs, occupy considerable die area.

An alternative way to reduce the noise and offset contribu-
tion of the class-AB control, without the cost of die area and
a loss of unity-gain frequency, is to shift the floating class-AB
control, M;9 and My, into the summing circuit, M — Mg,
as is shown in Fig. 8. The floating class-AB control is biased
by the cascodes of the summing circuit. Now, the noise and
offset of the amplifier are mainly determined by the input
transistors and the summing circuit. This is also the case in
the three stage amplifier as is shown in Fig. 7. The opamp is
even smaller than the two-stage cascaded operational amplifier,
as is shown in Fig. 6, because the bias sources of the class-
AB control have been eliminated. Note that for reasons of
simplicity, the Cpr; and Cpso have been omitted.

A drawback of shifting the class-AB control into the sum-
ming circuit is that the quiescent current of the output transis-
tors depends on the common-mode input voltage. When the
common-mode input voltage varies, the tail currents of the
input pairs, and therefore the currents through the cascodes,
change. The result is that the bias current of the class-AB
control, and consequently the quiescent current of the output
transistors, depends on the common-mode input voltage. This
problem can be overcome by using a summing circuit with
two current mirrors, M1; — My, and M5 — Mig, which are
biased by two separate current sources, I3 and [p4, as is shown
in Fig. 9. Both sides of each current mirror are loaded by
equal common-mode currents, coming from the input stage,
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Fig. 10. Compact two-stage opamp. The summing circuit contains two
current mirrors which are biased by one floating current source.

M, — M. Since I3 and {4 have the same value, the output
current of both current mirrors is equal to {p3.

A drawback of the separate biased current mirrors is that
the bias current sources of the current mirrors contribute to
the noise of the amplifier because the current gain between the
current sources and the drain currents of the input transistors
is equal to one. Mismatch in the bias current sources will also
contribute to the offset of the amplifier. To overcome these
problems the current mirrors are biased by a floating current
source, I3, as is shown in Fig. 10. Because of the floating
architecture of the current source, it does not contribute to the
noise and offset of the amplifier [8], [9].

As described in Section III, the class-AB control, and
therefore the quiescent current in the output transistors, suffers
from supply voltage variations. To make the quiescent current
of the output transistors insensitive to supply voltage varia-
tions, the floating current source should have the same supply
voltage dependency as the class-AB control. Fig. 11 shows
the amplifier with a practical realization of such a floating
current source, Moy — Mag. The floating current source has
the same structure as the floating class-AB control. The value
of the current source is set by two translinear loops, M,
Moy, Mas, Mog and M7, My, Moy, Mo7. The mirrors,
M, — My, and M5 — Mg, are loaded by the drain currents
of the input pairs M; — M, and My — My, respectively. These
drain currents, and consequently the gate-source voltages of
M7y, and M7, change with the common-mode input voltage.
If, for example, the common-mode input voltage approaches
the positive supply rail, the g,,-control circuit increases the
current of Iy and decreases the current of ;. As a result, the
gate-source voltage of M, decreases while the gate-source
voltage of M7 increases. However, this hardly effects the
value of the floating current source, My — Mg, because an
increase of the gate-source voltage of one mirror compensates
for a decrease in the other mirror. The result is that the current
of the floating-current source varies only 5% over the full
common-mode input range, as is shown in Fig. 12.

Since the floating current source, M7 — Mog, has the same
structure as the class-AB driver circuit, M9 — Mag, the supply
voltage dependency of the current mirror compensates for the
supply voltage dependency of the class-AB driver. The result
is a quiescent current which is insensitive to supply voltage
variations.
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Fig. 11. Compact two-stage opamp. The floating current source is imple-
mented by means of Afy7 and Afag.
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Fig. 12.  Simulation result of the normalized value of the floating current
source versus the common-mode input voltage.

The resulting two-stage topology is compact which makes
it very suitable as a VLSI library cell. It has an offset and
noise which are comparable to those of a three stage amplifier.
Moreover, the quiescent current of the operational amplifier is
insensitive to supply voltage variations.

V. OVERALL DESIGN AND FREQUENCY COMPENSATION

Using the topology as described in the previous section, a
compact opamp with Miller compensation has been designed,
and is shown Fig. 13. The opamp consists of the rail-to-rail
input stage, M — My, g,,-control, Ms— Mo and Mog—Mj;, a
summing circuit, M1; — Mg, and a rail-to-rail class-AB output
stage, M9 — Mae. The floating current source, Mo7 — Mag,
biases the summing circuit and the floating class-AB control.
The opamp is compensated using the conventional Miller
technique. The capacitors Cjy; and Cjye around the output
transistors, M5 and Mag, split apart the poles ensuring a 20
dB per decade roll off of the amplitude characteristic. The
conventional Miller splitting shifts the output pole up to a
frequency of approximately

Wout = (]C1’nLo 4)

where g, is the transconductance of the output transistors and
C is the load capacitor. In Fig. 14, a second design of the
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Fig. 14. Overall design of the compact rail-to-rail operational amplifier with
cascoded-Miller compensation.

compact rail-to-rail opamp is shown. This opamp is basically
the same as the opamp shown in Fig. 13, except for the
frequency compensation scheme. This opamp is compensated
by including the cascode stages, M4 and Mg, in the Miller
loops. This compensation technique shifts the output pole to
a frequency of approximately

C}\I Gmyg
Wout = =
" Cgsou CL

where Cjs and Cgsout are the total Miller capacitor and
the total gate-source capacitance of the output transistor,
respectively.

The output pole in (5), and therefore the unity-gain fre-
quency of the cascoded Miller compensation, is a factor
Cr /Cas,out larger than the output pole in (4). In the opamp as
shown in Fig. 14, this ratio is chosen to be about 2.5, resulting
in a unity-gain frequency of the compact opamp with cascoded
Miller compensation which is about 2.5 times higher compared
to the opamp with conventional Miller compensation.

5)

VI. REALIZATIONS AND MEASUREMENT RESULTS

The opamps have been realized in a 1 sm BiCMOS process.
The N-channel transistors and the P-channel transistors have
threshold voltages of 0.64 V and —0.75 V, respectively. The
micrograph of the compact opamp with Miller compensation
and the micrograph of the opamp with cascoded-Miller com-
pensation are shown in Fig. 15. A Bode plot of the compact
opamp with Miller compensation is shown in Fig. 16. The
opamp has a unity-gain frequency of 2.6 MHz, with a load
capacitor of 10 pF. The unity-gain phase margin is 66°. Fig.
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Fig. 15. Micrograph of the compactrail-to-rail operational amplifier with (a)
Miller compensation. (b) cascoded-Miller compensation.

16 shows the Bode plot of the compact opamp with cascoded
Miller compensation. The opamp has a unity-gain frequency of
6.4 MHz and a phase margin of 530, with the same capacitive
load of 10 pF. To compare the amplifiers, the following figure
of merit is used:

B

F= Feoup lCL=10pF ©

where B is the unity-gain frequency of the opamp, P,y is
the quiescent dissipation and Cy, is the load capacitor [10].
The figure of Merits of the opamp with Miller compensation
and that of the opamp with cascoded-Miller compensation are
4 and 11 MHz/mW, respectively, for a capacitive load of 10
pF. It can be concluded that the opamp with cascoded-Miller
compensation uses the power about 2.5 times more efficiently,
with respect to bandwidth than the Miller compensated opamp.
Fig. 17 shows the small signal step response of the opamp
with Miller and cascoded-Miller compensation, respectively.
The opamp with Miller compensation responds to small-
signals within 1% of the final value in 220 ns, for a load
of 10 pF and a step of 100 mV. The opamp with cascoded
Miller compensation has a small signal-settling time 180 ns,
for the same accurracy of 1%, capacitive load and step. The
large signal step response of the opamps is shown in Fig. 18.
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Fig. 17. Small-signal step response (Vitep = 100 mV) of the compact rail-to-rail operational amplifier with (a) Miller compensation and (b) cascoded
Miller compensation. (y-axis scale = 10 mV/div).

The 1% large-signal settling time for the compact opamp with
Miller compensation is 440 ns, for a capacative load of 10
pF and a step of 1 V. The 1% large-signal settling time for
the compact opamp with cascoded Miller compensation is 275
ns, for the same capacitive load and step. It can be concluded
that the compact opamp with cascoded Miller compensation
is faster than that with the Miller compensation.

From Fig. 18 it can be observed that the slew-rate of the
opamps change by a factor of two. As was explained in Section
II, in the intermediate common-mode, input voltage range in
both input pairs are active. At the upper and lower part of the
common-mode input range, the tail current of the actual active
input pair is increased by a factor of four. Thus, in the outer
parts of the common-mode input range, there is two times as
much current to charge the compensation capacitor as there
is in the intermediate part of the common-mode input range.
Therefore, slew-rate changes by a factor of two. The slew-rate
of the compact opamp with Miller compensation is 2 V/us,
when the common-voltage is in the range of Vss + 1.3 V and
Vop — 1.3 V. It is 4 V/us when the common-voltage is in
the range of Vsg and Vsg + 1 V or in the range of Vpp — 1
V and Vpp. The slew-rate of the compact opamp with Miller
compensation is 4 V/us, when the common-voltage is in the
range of Vgs + 1.3 V and Vpp — 1.3 V. It is 8 V/um when
the common-voltage is in the range of Vgg and Vss +1 V or
in the range of Vpp — 1 V and Vpp.

At high output currents, the cascoded-Miller compensation
could give rise to peaking [11]. However, at the maximum
output current of this opamp, which has a value of 3 mA,
the peaking is negligible. If the operational amplifier has to
drive output currents much larger than 3 mA, the amplifier
with Miller compensation should be used.

A list of specifications is given in Table I. The minimum
supply voltage is 2.5 V. At this voltage both opamps dissipate
only 0.45 mW. At supply voltages between 2.5 and 2.9 V
the opamp is able to deal with common-mode voltages in the
range from Vg — 0.4 V to Vpp — 1.4 V. At supply voltages
above 2.9 V, the opamps are able to deal with common-mode
input voltages from rail-to-rail, or even beyond the rails. The
common-mode input range is from Vgg — 0.4 V to Vpp + 0.5
V. The maximum supply voltage is 6 V and is determined
by the process. The gain of both opamps is approximately
85 dB. The gain can be increased by applying gain boosting
techniques to the cascodes M14 and M16 of the amplifiers as
shown in Figs. 13 and 14 [12]. The offset of both opamps
is about 5 mV, which is comparable to that of three-stage
operational amplifiers. The offset can be reduced, to values
of about 2 a 3 mV, by increasing the area of the input
transistors and by using common-centroid layout structures.
The CMRR of the opamps is determined by the change of
offset relative to the change in common-mode input voltage.
The offset changes gradually during the take-over ranges, i.e.,
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Fig. 18. Large-signal step response of (Viep = 1 V) the compact rail-to-rail operational amplifier with (a) Miller compensation; (b) cascoded-Miller

compensation (y-axis scale = 200 mV/div).

TABLE I
MEASUREMENT RESULTS Vsupply = 3.3 V, Rload = 10 k€2,
Cload = 10 pf, TA = 27°C, UNLESS OTHERWISE STATED

Table I: Measurement results Vsupply=3.3V, Rload=10k, Clead=10 pF, TA=27°C,

unless otherwise stated
Parameter opampi opamp2
Dic arca 004 0.04 mm”
Supply voltage range 2.5-6 2.56 v
Quiescent current 180 180 HA
Peak output current 3 3 mA
Common-mode input range v
Voupt from 3 V 10 6V Vgs4 10 Vppt+S Vss 4o Vppt+.5
Viup: fr0m 25 V 1029V Virdto Vpp-ld | Vg doVppet s
Output voltage swing Vsst0.1 0 Vpp-02 | Vg0l to Vpp02 |V
Offset voltage 40 50 mV
Input noise voltage@ 10 kHz 22 31 aV/VHz
CMRR dB
Veommen: r0m Vg4V 10 Vs+1V 70 70
and from: Vg+1.3V to Vpp- 1.3V
and from Vpp-1V to Vpp+.5
Veommon: from Vsg+1 V 0 Vsst1.3V 43 43
and from Vpp-1.3V to Vpp-1V
Open-loop gain 85 87 dB
Unity-gain frequency 26 6.4 MHz
Unity-gain phasc-margin 66 53 °
Slew-rate Vius
Voommen: from Vss+1.3V to Vpp-1.3V 2 4
Veommon' r0m Vg4V 10 Vst 1V 4 8
and from Vpp- 1V (0 Vpp+.5
Large signal settling time (1 %) V,,,p= v 440 275 ns
Small signal setiling time (1%) Vi,,,=100mV _ [ 220 180 (13

Opamp 1 refers to the compact opamp with Miller compensation
Opamp 2 refers to the compact opamp with cascoded Miller compensation

common-mode voltages between Vsg + 1 Vand Vgs +1.3 V
and common-voltages between Vpp — 1.3 Vand Vpp ~- 1V,
of the current switches. Moreover, the change offset is spread
out over two take-over ranges. In each take-over range the
offset changes about 2 mV. The result is CMRR of 43 dB in
the take-over ranges of the current switches. It increases up to
70 dB, in the other parts of the common-mode input voltage.

VII. CONCLUSION

A two stage compact operational amplifier with rail-to-
rail input and output ranges has been presented. The opamp
contains a rail-to-rail input stage with a g,,,-control with three-
times current mirrors and simple class-AB control. The g,,, of
the input stage varies only 15% over the common-mode input
range.

The simple design of the opamp results in a very small die
area of 0.04 mm?. In spite of its simplicity it shows a very good
performance. The offset and noise of the compact opamp are
comparable to that of a three stage amplifier, because the float-
ing class-AB control is shifted into the summing circuit. The
summing circuit is biased by a floating current source which
has the same structure as the class-AB control, resulting in a
quiescent current which is independent of the supply voltage.

Using the compact amplifier, two designs have been real-
ized. The key difference in the designs is in the frequency
compensation scheme. The first design is compensated using
Miller compensation. This results in a bandwidth-to-supply
power ratio of 4 MHz/mW. The second amplifier is compen-
sated using the cascoded Miller compensation, resulting in a
bandwidth-to-supply-power ratio of 11 MHz/mW.
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